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Introduction
Paroxysmal nocturnal hemoglobinuria (PNH) is 
a rare, chronic hematologic disorder associated 
with inappropriate terminal complement activity 
on blood cells, resulting in intravascular hemoly-
sis (IVH), a risk of thromboembolic events (TEs), 
and organ damage (e.g. kidney impairment and 
pulmonary hypertension). This translates directly 

into increased morbidity and mortality if PNH is 
untreated.1–4 As PNH is a rare disease, studies on 
incidence and prevalence are limited. Incidence 
has been reported to be around 1 per million and 
prevalence estimated to around 8 per million in 
the United States agreeing with previous esti-
mates.5,6 In a recently published UK-based study, 
the incidence of PNH was estimated to be 0.35 
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per 100,000 and overall prevalence was 3.81 per 
100,000.7

Patients with PNH experiencing IVH often pre-
sent with elevated lactate dehydrogenase (LDH) 
levels.1 Elevated LDH levels ⩾ 1.5 × the upper 
limit of normal (ULN) are associated with a sig-
nificantly higher risk of TEs,8 one of the leading 
causes of death in PNH.9 Early diagnosis and 
treatment are essential for managing the wide-
ranging symptoms and life-threatening conse-
quences of PNH. However, diagnosis is often 
delayed by the diversity and nonspecific nature of 
its clinical manifestations (e.g. anemia and 
fatigue), compounded by its low prevalence.2,10 At 
present, the only curative therapy for PNH is 
hematopoietic stem cell transplantation. However, 
high rates of morbidity and mortality remain so, 
this is only considered feasible in select patients. 
Stem cell transplantation is therefore commonly 
reserved for management of the underlying bone 
marrow failure and not for the management of 
PNH because complement inhibitors are availa-
ble.11,12 The current mainstays of treatment for 
PNH are the terminal complement component 5 
(C5) inhibitors eculizumab and ravulizumab, 
which have demonstrated efficacy in controlling 
terminal complement-mediated IVH, reducing 
TEs and morbidity (including organ damage) in 
patients with PNH since their approval by the 
United States Food and Drug Administration 
(FDA) in 2007 and 2018, respectively.13–20 
Eculizumab treatment has also been shown to 
reduce mortality in patients with PNH.16 Beyond 
C5 inhibition, the first complement component 3 
(C3)-targeted therapy, pegcetacoplan, was 
approved for use in adults with PNH (May 2021) 
by the FDA21,22 and by the European Medicines 
Agency (EMA; December 2021) as a second-line 
treatment in adult patients with PNH who are 
anemic after treatment with a C5 inhibitor for at 
least 3 months in Europe.23

This review focuses on the pathophysiology of 
complications in PNH and why sustained inhibi-
tion of terminal complement activity is essential 
for the management of patients with this disease.

Role of terminal complement in the 
pathophysiology of PNH
PNH is a monogenic disease caused by acquired 
mutations in the phosphatidylinositol glycan 
anchor biosynthesis class A gene (PIGA) in 

hematopoietic stem cells, giving rise to red blood 
cells (RBCs), platelets, and white blood cells 
(WBCs) with the PNH phenotype.1,24,25 The dis-
ease starts with the expansion of the hematopoi-
etic stem cell that has the PIGA mutation 
conferring lack of glycophosphatidylinositol 
(GPI) anchors. How clonal expansion occurs has 
been a source of great debate and several hypoth-
eses have been proposed. These include, for 
example, the selective advantage of mutant cells 
due to an immune attack to the hematopoietic 
stem cells or the presence of a second mutation 
that grants fitness advantage.26 Mutations in 
PIGA lead to absence of the complement regula-
tory proteins CD55 and CD59, resulting in 
uncontrolled terminal complement activity. 
CD59 directly inhibits membrane attack complex 
(MAC) formation, preventing lytic pore devel-
opment, and so acts as a vital inhibitor of the ter-
minal complement pathway.1,13 Uncontrolled 
terminal complement activity causes IVH and 
complement-mediated activation of platelets and 
WBCs, with the associated increased risk of TEs, 
vasoconstriction, anemia, and fatigue. These all 
contribute to organ damage and an increased risk 
of morbidity and mortality.10

Thromboembolism is the most common cause of 
death in patients with PNH not treated with C5 
inhibitors, accounting for approximately 40–67% 
of deaths for which the cause is known,2,9 and 
individuals with PNH presenting with thrombosis 
have a 4-year survival rate of approximately 40%.27 
Elevated LDH levels occur because of IVH, which 
results in an increased release of free hemo-
globin.1–4 Free hemoglobin scavenges nitric oxide 
(NO), which plays a key role in vasodilation and 
inhibition of coagulation.1,9 Therefore, IVH and 
the downstream NO scavenging generate a vaso-
constrictive and procoagulant state that is associ-
ated with thrombophilia in PNH.1,9 Crosstalk 
between the activated/dysregulated complement 
and coagulation pathways is also thought to play a 
role in the mechanism of thrombosis in PNH, and 
multiple factors are likely to contribute to it.9 
Platelet activation, complement-mediated hemol-
ysis, impairment of the fibrinolytic system, and the 
presence of inflammatory mediators are all perti-
nent factors thought to be responsible for the 
increased TE risk observed in patients with PNH.9

Uncontrolled terminal complement activity has a 
role in other complications and symptoms of 
PNH. The fatigue experienced by patients with 
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PNH is not always associated with anemia and 
appears to be out of proportion with the hemo-
globin level.28,29 This fatigue is more likely to be 
associated with NO depletion resulting from 
IVH.30,31 The free hemoglobin release from IVH, 
and therefore the NO depletion, causes smooth 
muscle dystonia, resulting in abdominal pain, 
dysphagia, and erectile dysfunction.32,33 
Pulmonary hypertension is reported in 36–60% 
of patients with PNH and has two likely principal 
causes: NO depletion, resulting in pulmonary 
vasculature vasoconstriction, and, less com-
monly, silent pulmonary emboli; both are due to 
the activity of terminal complement.9,34,35 The 
chronic kidney disease seen in approximately 
65% of patients with PNH involves similar mech-
anisms.14,36 All of these factors highlight how 
PNH is a disorder of dysregulated terminal com-
plement activity, having an impact on not only 
RBCs but also platelets and WBCs.

Management of PNH and the impact  
of C5 inhibitors

Complement C5 inhibition in PNH
The treatment of patients with PNH can be com-
plex and challenging, given the heterogeneity and 
plethora of clinical symptoms, and the rare and 
chronic nature of the condition.37,38 Understanding 
that the significant symptomology of PNH, 
including increased morbidity and mortality, 
arises from dysregulated or uncontrolled terminal 
complement activity led to the C5 inhibition 
approach nearly 20 years ago.39 Disease manage-
ment for patients with PNH should therefore seek 
to achieve complete and sustained terminal com-
plement inhibition,37,38 which in itself will lead to 
(i) reduction in the incidence of TEs, (ii) reduc-
tion in IVH as indicated by lowered LDH levels, 
(iii) reduction in (or prevention of progression of) 
pulmonary pressures and renal impairment, (iv) 
improvement in PNH symptoms, and (v) 
improvement in patient health-related quality of 
life (HRQoL).

Targeting C5 was an attractive option because it 
impairs MAC formation while allowing the proxi-
mal complement system to function normally.40,41 
Patients with inherited C5 deficiency have near-
normal life expectancy compared with, for exam-
ple, those with inherited C3 deficiency, who may 
have recurrent pyogenic infections, autoimmune 
complications, and a much earlier death, often in 

childhood.42 However, as the majority of patients 
receiving a diagnosis of PNH are adults with an 
already mature immune system, therapeutic inhi-
bition is expected to result in a lower infection 
risk (notably meningococcal infection) in these 
patients than in those with a congenital 
deficiency.

The C5 inhibitors eculizumab and ravulizumab 
are humanized monoclonal antibodies designed to 
target the complement protein C5, thereby pre-
venting formation of the MAC, release of ana-
phylatoxin C5a, activation of WBCs and platelets, 
and lysis of RBCs with the PNH phenotype.40,41 
Eculizumab was the first complement inhibitor 
therapy and the first disease-specific treatment to 
be approved for patients with PNH by the FDA, 
EMA, and other regulatory agencies. Eculizumab 
is administered by intravenous (IV) infusion and 
has a terminal half-life of approximately 11 days, 
which translates to a 2-week dosing interval after 
an initial loading phase of weekly doses for 
5 weeks.41 Ravulizumab, an analog of eculizumab 
that binds to the same epitope on C5, is a second-
generation C5 inhibitor that differs from eculi-
zumab by the substitution of four amino acids. 
These substitutions alter its pharmacokinetic 
(PK) and pharmacodynamic (PD) profiles, result-
ing in a substantially longer terminal half-life 
(50 days) permitting a longer dosing interval 
(8 weeks), while retaining the clinical benefits of 
eculizumab.17,43 Based on a series of pivotal tri-
als17,28,29,43 and a 10-year pharmacovigilance 
study,44 eculizumab and ravulizumab are the  
current standard of care in patients with PNH  
in countries where they are commercially 
available.37,40

The efficacy and safety of eculizumab and ravuli-
zumab for the treatment of patients with PNH 
have been demonstrated in four pivotal phase 3 
clinical trials,17,28,29,43 involving 581 patients. 
These trials had placebo-controlled, non-pla-
cebo-controlled, and active-controlled study 
designs, and included patients with PNH who 
were either naïve to complement inhibitor ther-
apy or had clinically stable disease following on 
average 5.8 years of eculizumab therapy (Table 
1).17,28,29,43,45 In addition, the largest worldwide 
observational study of patients with PNH, the 
International PNH Registry, facilitates the ongo-
ing collection of real-world data regarding dis-
ease burden, disease progression, and clinical 
outcomes.46
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Clinical parameters
A range of clinical parameters may be used as key 
indicators of disease activity in PNH. Amelioration 
of these forms the basis of effective treatment for 
patients with this condition.

TEs and major adverse vascular events. It is para-
mount to reduce the risk of TEs in patients with 
PNH because these are the most common known 

cause of death.2,9 During the pivotal phase 3 clini-
cal trials, eculizumab and ravulizumab demon-
strated efficacy in reducing the incidence of TEs 
and major adverse vascular events (MAVEs) in 
patients with PNH,17,28,29,43 suggesting that these 
drugs were effective at lowering the incidence of 
one of the primary causes of death in PNH. In 
addition, a post hoc analysis found that 2 years of 
ravulizumab treatment resulted in fewer TEs and 

Table 1. Clinical trials of eculizumab and ravulizumab.

Clinical trial 
(ClinicalTrials.
gov identifier)

Study population Intervention(s) Study design Primary endpoint(s) Reference

TRIUMPH 
(NCT00122330)

Patients with PNH who 
had undergone at least 
four transfusions in 
the prior 12 months

Eculizumab
Placebo

Phase 3, 
randomized, 
multicenter, 
double-blind, 
placebo-controlled 
study

 • Stabilization of 
hemoglobin levels

 • Units of pRBC 
transfused up to 
26 weeks of treatment

Hillmen et al.29

SHEPHERD 
(NCT00130000)

Patients with PNH 
who had at least one 
transfusion in the past 
2 years for anemia 
or anemia-related 
symptoms, or personal 
beliefs that precluded 
transfusions

Eculizumab Phase 3, 
multicenter, open-
label, non-placebo-
controlled study

Efficacy:
 • Hemolysis as assessed 

by LDH area under the 
curve

Safety:
 • Adverse events
 • Clinical laboratory tests
 • ECG data
 • Vital signs

Brodsky et al.28

Study 301 
(NCT02946463)a

Patients with PNH with 
HDA who were naïve to 
complement inhibitors

Eculizumab
Ravulizumab

Phase 3, 
multicenter, 
randomized, active-
controlled, open-
label study

 • Transfusion avoidance
 • Hemolysis as measured 

by LDH normalization 
(ULN 246 U/L)

Lee et al.43

Study 302 
(NCT03056040)a

Patients with PNH who 
were clinically stable 
on eculizumab therapy

Eculizumab
Ravulizumab

Phase 3, 
multicenter, 
randomized, active-
controlled, open-
label study

 • Hemolysis as measured 
by percentage change 
in LDH level from 
baseline to day 183

Kulasekararaj 
et al.17

Study 303 
(NCT03748823)

Patients with PNH 
with clinically stable 
disease on eculizumab 
therapy

Ravulizumab SC
Ravulizumab IV

Phase 3, 
multicenter, 
randomized, active-
controlled, open-
label study

 • Day 71 serum 
ravulizumab pre-dose 
concentration (day 71 
Ctrough)

Yenerel et al.45

aProportion of patients experiencing major adverse vascular events (defined as any of the following: thrombophlebitis/deep vein thrombosis, 
pulmonary embolus, myocardial infarction, transient ischemic attack, unstable angina, renal vein thrombosis, acute peripheral vascular occlusion, 
mesenteric/visceral vein thrombosis or infarction, mesenteric/visceral arterial thrombosis or infarction, hepatic/portal vein thrombosis, cerebral 
arterial occlusion/cerebrovascular accident, cerebral venous occlusion, renal arterial thrombosis, gangrene [nontraumatic, nondiabetic], 
amputation [nontraumatic, nondiabetic], and dermal thrombosis) were assessed as a secondary endpoint.
Ctrough, trough serum concentration; ECG, electrocardiogram; HDA, high disease activity (defined as LDH ⩾ 1.5 × ULN and at least one PNH 
symptom within 3 months of screening); LDH, lactate dehydrogenase; PNH, paroxysmal nocturnal hemoglobinuria; pRBC, packed red blood cells; 
SC, subcutaneous; ULN, upper limit of normal.
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MAVEs than were reported in the 2 years before 
ravulizumab therapy was initiated, adding to the 
growing body of evidence that C5 inhibitors help 
to reduce the incidence of TEs and MAVEs.18

Although the pivotal phase 3 eculizumab studies 
were not designed to establish the effect of this 
drug on TEs,28,29 a retrospective analysis of data 
from both study populations demonstrated a sta-
tistically significant 92% reduction (p < 0.001) in 
TE rate during the period of eculizumab treat-
ment compared with that in the same time period 
before treatment was started.47

LDH. Elevated LDH levels are a biomarker for 
IVH,48 and are associated with a higher preva-
lence of TE and PNH symptoms, such as abdom-
inal pain, chest pain, and hemoglobinuria.49 
Patients with PNH experiencing persistent IVH 
can be identified on the basis of their LDH levels 
being ⩾ 1.5 × ULN.50,51 For example, in comple-
ment inhibitor-naïve patients with PNH recruited 
into one of the pivotal studies, baseline LDH 
levels were ⩾ 3 × ULN in 86.2% and 1.5 to  
< 3 × ULN in the remaining 13.8%.43 Achieving 
and maintaining an LDH level ⩽ 1.5 × ULN in 
patients with PNH is a clinically relevant thresh-
old based on the receiver operating characteristic 
analysis of TEs and LDH level conducted by Lee 
et al.8 (Figure 1). In addition, findings from phase 
3 clinical trials and real-world data analyses dem-
onstrate that clinically significant reduction in 
LDH levels (i.e. ⩽ 1.5 × ULN) is associated with 
reductions in the number of TEs and the degree 
of transfusion dependence, as well as improve-
ments in measures of anemia, fatigue, and 
HRQoL,52,53 which can be independent of hemo-
globin concentration. Therefore, physicians 
should regularly measure LDH levels in patients 
with PNH and use the threshold of ⩽ 1.5 × ULN 
as a treatment goal.38

Organ dysfunction and muscle dystonia. Owing to 
the more recent market approval of ravulizumab 
data analysis has not been conducted. Published 
data regarding improvements in organ dysfunc-
tion and muscle dystonia in patients with PNH 
are only available for those treated with eculi-
zumab. In patients with PNH and renal dysfunc-
tion as a result of chronic IVH and microvascular 
thrombosis, eculizumab treatment was associated 
with statistically significant improvements in cat-
egorical reduction of chronic kidney disease stage 

from baseline compared with placebo, with 
improvements being maintained for at least 
18 months.14

PNH pathophysiology is also associated with high 
levels of N-terminal pro-brain natriuretic peptide 
(NT-proBNP), a biomarker of ventricular and 
cardiac dysfunction,34 and highly predictive of 
pulmonary hypertension. In patients with PNH 
from the TRIUMPH study, significant reduc-
tions in the level of NT-proBNP (p < 0.001), in 
addition to clinically meaningful improvements in 
dyspnea, were observed in eculizumab-treated 
patients compared with individuals receiving 
placebo.34

Abdominal pain and dysphagia, attributed to 
smooth muscle dystonia, are commonly reported 
in patients with hemolytic PNH,32 and are now 
understood to be a direct consequence of IVH 
and the release of free hemoglobin.13 Reduction 
in IVH with eculizumab treatment resulted in 
considerable improvements in abdominal pain 
and severe dysphagia in patients with PNH who 
had a prior history of these symptoms.54

HRQoL. Patients with PNH often report poor 
HRQoL as a result of symptoms such as pain, 
anemia, erectile dysfunction, and fatigue.34,55 It 
has been suggested that the presence of IVH may 
be the causative etiology of low HRQoL in 
patients with PNH, and therefore treatment goals 

Figure 1. ROC curve of LDH cutoff for detecting thromboembolism.a

aTo test whether the LDH threshold of ⩾ 1.5 × ULN was an appropriate cutoff value 
for assessing the risk of a thromboembolic event, receiver operating characteristic 
analysis was used to investigate the effects of using cutoff points of LDH ⩾ 3.0 × ULN 
and LDH ⩾ 5.0 × ULN compared with the LDH ⩾ 1.5 × ULN cutoff point. Reproduced 
with permission from Lee et al.8 AUC, area under the curve; LDH, lactate 
dehydrogenase; ROC, receiver operating characteristic; ULN, upper limit of normal.
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should be focused on the reduction of LDH lev-
els.56 In the pivotal phase 3 clinical trials of eculi-
zumab and ravulizumab in individuals with PNH, 
both treatments were associated with statistically 
significant improvements in PNH-related symp-
toms and HRQoL (measured using the European 
Organization for Research and Treatment of Can-
cer Quality of Life Questionnaire–Core 30 
(EORTC QLQ-C30) and the Functional Assess-
ment of Chronic Illness Therapy–Fatigue 
(FACIT-F) scale).28,29,34,56–58 In addition, in an 
analysis of International PNH Registry data, ecu-
lizumab was better associated with clinically 
meaningful improvements in both FACIT-F and 
EORTC QLQ-C30 scores compared with no 
treatment, regardless of transfusion depen-
dence.52 Although hemoglobin may not return to 
normal levels in all patients, a significant and clin-
ically meaningful improvement in fatigue can be 
demonstrated by improvement in FACIT-F 
scores. These data suggest that NO depletion sec-
ondary to free hemoglobin from IVH may result 
in the fatigue reported in patients with PNH; 
therefore, controlling IVH is likely to help improve 
fatigue.31

A multivariate analysis also showed that a reduc-
tion in IVH was more predictive of improvement 
in fatigue than an increase in hemoglobin level.59

Survival. Before the approval of C5 inhibitors, 
the median survival of an individual following a 
PNH diagnosis was 10–15 years.2,27 An analysis 
comparing patients with PNH treated with eculi-
zumab with an historical cohort of individuals 
with PNH before approval of the drug and with a 
sex-matched healthy population found that those 
with PNH receiving eculizumab had mortality 
that was significantly lower than that of the his-
torical cohort and comparable with that in the 
sex-matched healthy population.16 Long-term 
data on survival in patients with PNH treated 
with ravulizumab are not available due to its more 
recent regulatory approval.

Breakthrough hemolysis. If terminal complement 
inhibition is suboptimal in a patient with PNH, 
there is a risk of breakthrough IVH (BTH), which 
represents temporary loss of disease control.50,60,61 
BTH is defined as the return of IVH and reap-
pearance of classic PNH symptoms (such as 
fatigue, hemoglobinuria, abdominal pain, dys-
pnea, anemia, MAVEs including TEs, dysphagia, 

and erectile dysfunction) in the presence of an 
LDH level ⩾ 2 × ULN after prior reduction to  
< 1.5 × ULN on treatment.17,43,50

Approximately, 10–15% of patients with PNH 
treated with eculizumab have been found to have 
suboptimal C5 inhibition at some point in time.50 
Suboptimal C5 inhibition may lead to PK BTH, 
which typically occurs in the final 24–48 h before 
the next planned infusion of eculizumab (when 
trough plasma levels of eculizumab are at their 
lowest) without any obvious trigger.1 PK BTH is 
identified by elevated LDH levels, free C5 levels, 
or detectable 50% hemolytic complement 
(CH50).50,62 Shortening the dosing interval or 
increasing the dose of eculizumab is usually effec-
tive for managing PK BTH.41 Conversely, PD 
BTH is more unpredictable in that it appears to 
be independent of the time from the last eculi-
zumab infusion. PD BTH is typically associated 
with complement-amplifying conditions such as 
infection, surgery, and other events that may trig-
ger inflammation and complement activation.50,63 
Of the five BTH events occurring in ravulizumab-
treated patients across the studies, none was tem-
porally associated with suboptimal C5 inhibition 
(free C5 ⩾ 0.5 mg/mL); four (80%) were tempo-
rally associated with complement-amplifying 
conditions.61

The occurrence of clinical BTH events was 
assessed in patients with PNH included in the 
two pivotal ravulizumab studies. A retrospective 
analysis assessing data from the 26-week primary 
evaluation periods of both studies found that 
fewer BTH events were reported in patients 
treated with ravulizumab than in those receiving 
eculizumab.43 When comparing BTH events 
occurring in each treatment group, it was found 
that none of the patients treated with ravulizumab 
had elevated C5 levels at the time of BTH, sug-
gesting that these were unrelated to suboptimal 
terminal complement inhibition. However, in 
patients treated with eculizumab who experi-
enced recurrent BTH, episodes were temporally 
associated with elevated free C5 levels.

Extravascular hemolysis. Patients with PNH 
receiving a terminal complement (C5) inhibitor 
are susceptible to extravascular hemolysis (EVH), 
which occurs when the now-surviving PNH 
RBCs accumulate C3 fragments on their surface, 
resulting in their recognition and subsequent 
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removal by hepatosplenic phagocytes.50 Some 
patients require periodic blood transfusions 
because of anemia.13,50 Although EVH can limit 
the hematologic benefit provided by C5 inhibi-
tors, it does not appear to have a clear impact on 
survival or other outcomes.13 To best equip physi-
cians for the optimal monitoring and manage-
ment of patients with PNH receiving C5 
inhibitors, a clinical algorithm has been devel-
oped to evaluate the causes of residual anemia 
comprehensively.38

Special populations
C5 inhibitors have proven to be efficacious in a 
variety of subpopulations of patients with PNH. 
Registry and post hoc clinical trial analyses have 
shown that eculizumab is effective and well toler-
ated when used concurrently with immunosup-
pressive therapy to treat underlying bone marrow 
failure while not diminishing the effectiveness of 
the immunosuppressive therapy.64,65

The effectiveness of eculizumab has also been 
demonstrated in pediatric patients with PNH, 
with reported improvements in clinical outcomes 
comparable with those seen in adults with the dis-
ease.66 The largest study of ravulizumab use in 
pediatric patients with PNH who are either com-
plement inhibitor-naïve or complement inhibitor-
experienced is ongoing, with results showing that 
ravulizumab is well tolerated and provides imme-
diate, sustained terminal complement inhibition 
irrespective of the patient’s prior eculizumab 
treatment status.67 Ravulizumab was approved 
for the treatment of pediatric patients by the FDA 
in June 2021 and is indicated for use in patients 
with PNH aged 1 month and older,68 and by the 
EMA in September 2021 for adults and children 
with PNH weighing at least 10 kg.69

Before the introduction of eculizumab in 2007, 
maternal mortality in pregnant patients with 
PNH was as high as 20%, driven primarily by 
TEs.70 In a retrospective analysis of 75 pregnan-
cies in 61 women, eculizumab was found to be 
well tolerated and effective. Maternal outcomes 
were superior to those seen in historical data. 
Only two TEs were reported, both occurring 
shortly after delivery, and there were no maternal 
deaths.70 In addition, only low-level eculizumab 
was detected in a minority of cord blood samples, 
and no drug was identified in breast milk. At pre-
sent, no data are available on the safety of 

ravulizumab in pregnant patients with PNH, but 
the potential for placental transfer of the drug and 
its long half-life should be considered when coun-
seling women with PNH.

A subset of patients has a C5 polymorphism that 
makes both eculizumab71 and ravulizumab inef-
fective. The prevalence of this polymorphism was 
reported as 3.2% in a population of Japanese 
patients with PNH and was comparable with that 
observed in a healthy Japanese population (3.5%). 
In addition, when the study investigators screened 
DNA samples from other ethnic populations, the 
same C5 polymorphism was identified with a 
prevalence of 0.8% in a Han Chinese population 
but was not detected in samples from populations 
with either British or Mexican ancestry.71 If a lack 
of clinical/biochemical response to eculizumab is 
observed in a patient with PNH (defined as the 
maintenance of elevated LDH levels and no 
improvements in PNH symptoms), clinicians 
should be mindful of this polymorphism. Other 
therapeutics not affected by the polymorphism 
are anticipated to be effective in such cases (see 
Table 2).72–74

Safety relating to the use of eculizumab  
and ravulizumab
Risk of meningococcal infections. As evidenced by 
populations with inherited complement deficien-
cies,42 inhibition of either the terminal or proxi-
mal complement pathway can leave patients 
vulnerable to infection from encapsulated bacte-
ria, particularly Neisseria meningitidis.85 Patients 
with PNH treated with C5 inhibitors should be 
appropriately vaccinated to account for this risk. 
However, the vaccines are not 100% effective, do 
not protect against all possible serotypes, and may 
not be available across jurisdictions.44 As such, 
vaccination reduces, but does not eliminate, the 
risk of N. meningitidis infection.85 If C5 inhibitor 
therapy is initiated within 2 weeks of a patient 
being vaccinated, prophylactic antibiotics are rec-
ommended in the 2 weeks after the start of treat-
ment, and countries such as the UK and France 
recommend their long-term use.86,87 The poten-
tial consequences of long-term use of antibiotics, 
including the risk of developing resistance, should, 
however, not be disregarded.

Despite the increased risk of meningococcal 
infection associated with the use of C5 inhibitors, 
no cases were reported in the 52-week findings 
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from the pivotal phase 3 clinical trials of either 
eculizumab or ravulizumab in patients with 
PNH.28,57,58 However, there was one fatal case of 
meningococcal sepsis 2.2 years after a patient 
received their first dose of ravulizumab.88

Two real-world studies assessing infection risk in 
patients with PNH have recently been conducted. 
An International PNH Registry study investi-
gated prophylactic antibiotic use and the risk of 
meningococcal infection in patients with PNH 
who had been given a meningococcal vaccination 
and were receiving eculizumab.89 The analysis 
found that 40.7% of patients were receiving pro-
phylactic antibiotics, and the rate of meningococ-
cal infection was 0.1 per 100 (95% confidence 
interval: 0.0–0.4) patient-years. The second study 
was a pharmacovigilance analysis that evaluated 
eculizumab use in patients with PNH and atypi-
cal hemolytic uremic syndrome over 10 years.44 
The rate of meningococcal infection for patients 
with PNH over the study period was 0.24 per 100 
patient-years, with the rate of fatal meningococcal 
infection reported as 0.03 per 100 patient-years. 
The rate in patients with PNH receiving eculi-
zumab during the pharmacovigilance study was 
approximately 1000–2000 times higher than that 
seen in a healthy population. However, the inves-
tigators concluded that current mitigation strate-
gies were generally effective, and that the few 
meningococcal infections that resulted in a fatal-
ity were largely due to delayed diagnosis and/or 
treatment.44 As new broad proximal inhibition 
therapies that target C3 or complement factors B 
and D become available, the risk of infection with 
pathogens, such as Haemophilus influenzae, Proteus 
species, and Pseudomonas species, as well as N. 
meningitis, will need to be assessed when more 
evidence becomes available after greater patient 
exposure to these treatments and increased access 
to longer-term safety data.

Adverse events. According to the results from 
pivotal phase 3 clinical trials of eculizumab and 
ravulizumab in PNH,17,28,29,43,57,58,88 and the find-
ings of a 10-year eculizumab pharmacovigilance 
analysis (in patients with PNH and atypical 
hemolytic uremic syndrome),44 both drugs are 
well tolerated. The most frequently reported 
adverse events were headache, nasopharyngitis, 
fatigue, and upper respiratory tract infection, and 
no new safety risks apart from meningococcal 
infection were reported.

New routes of administration and  
alternative C5 inhibitors
Approval of the first terminal complement inhibi-
tor, eculizumab, changed the treatment landscape 
of PNH by giving patients an effective therapy 
and demonstrated the critical role of terminal 
complement in this disease. Over time, interest 
has arisen in developing additional C5 inhibitors 
with different modes of administration and thera-
peutics targeting other components of the com-
plement cascade, especially broader C3 inhibition 
and proximal complement cascade factors, such 
as D and B. Eculizumab biosimilars have also 
emerged.90,91 Results from an ongoing phase 3 
clinical trial have shown noninferiority of a novel 
subcutaneous (SC) formulation of ravulizumab 
compared with IV ravulizumab at day 71 in eculi-
zumab-experienced patients with PNH.45 Current 
approved and future C5 treatments are listed in 
Table 2.75–84

Recent developments in the field of C5 inhibitors 
include crovalimab, tesidolumab, pozelimab, 
zilucoplan, coversin, and cemdisiran which all 
target C5 while having different mechanisms of 
action. Crovalimab, a monoclonal antibody that 
targets a different epitope to eculizumab/ravuli-
zumab and utilizes similar novel antibody recy-
cling technology to enhance its half-life,77,92 has 
demonstrated efficacy in achieving terminal com-
plement inhibition in eculizumab-experienced 
patients with PNH using either IV or SC formula-
tions.77 Tesidolumab is a monoclonal antibody 
under development in a proof-of-concept phase 2 
study in untreated patients with PNH; prelimi-
nary results are not yet available.73,83 Pozelimab is 
a monoclonal antibody that demonstrated com-
plement inhibition in healthy volunteers,93 and an 
open-label, single-arm, phase 2 study is ongoing 
in patients with PNH who are either complement-
inhibitor-naïve or have not recently received a 
complement inhibitor.84 Zilucopan is a synthetic 
macrocyclic peptide inhibitor of complement C5. 
Phase 2 studies assessing its efficacy and safety in 
PNH have been conducted and an extension 
study is ongoing.82 Coversin is a broad-acting  
C5 inhibitory protein that successfully reduced 
LDH levels to < 1.8 × ULN in untreated patients 
using an SC self-administered formulation.81 
Cemdisiran is an RNA interference therapeutic 
that targets hepatic C5 synthesis and has been 
shown to reduce levels of C5 in patients with 
PNH.78
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Conclusion
PNH is a chronic, life-threatening disorder of 
impaired terminal complement regulation in 
hematopoietic cells. Its pathology is driven not 
only by IVH, but also by direct terminal comple-
ment activation of GPI-negative platelets and 
WBCs. It is associated with a range of systemic 
clinical complications that can result in significant 
morbidity and mortality.1–4 In particular, uncon-
trolled terminal complement activity and its con-
sequences put patients at risk of TEs, pulmonary 
hypertension, renal failure, smooth muscle dysto-
nia, and symptomatic anemia. Complement acti-
vation rapidly amplifies in patients with PNH so 
terminal complement blockade needs to be effec-
tive and sustained.38 Results from a combination 
of large clinical trials, real-world stud-
ies,8,28,29,55,57,58,94 and analyses of safety data col-
lected over extended follow-up periods have 
shown that eculizumab and ravulizumab are effec-
tive and well tolerated when used for preventing 
morbidity and mortality related to PNH.95

Because PNH is a chronic disease, improved 
patient HRQoL is a continuing aim. As evidenced 
by the number of active and upcoming clinical tri-
als of novel complement inhibitors in PNH, the 
choice of treatments will most likely expand over 
the next few years. Therefore, when more than 
one therapeutic option is available the choice of 
treatment should be guided by patient preference. 
Influences on preference include the dosing inter-
val,96 the need for routine travel to clinic to receive 
treatment, and dosing duration. Ravulizumab, 
with its 8-weekly dosing interval, was considered 
the preferred choice for 93% of clinical trial par-
ticipants consulted.97

Pegcetacoplan, the first C3 inhibitor for the 
treatment of PNH, was recently approved by the 
FDA and EMA.21–23 New treatment strategies 
will aim to address some of the challenges of  
current therapies (e.g. EVH-mediated anemia, 
patient convenience, and HRQoL).98 Future 
PNH therapy should seek to maintain terminal 
complement suppression and improve HRQoL 
in this chronic and potentially devastating 
disease.

Acknowledgements
Writing assistance for this article was provided by 
Alistair Hewins, MRes, and Rebecca Hornby, 
PhD, of Oxford PharmaGenesis, Oxford, UK, 

with funding from Alexion, AstraZeneca Rare 
Disease.

Author contributions
Austin G. Kulasekararaj: Conceptualization; 
Methodology; Writing – original draft.

Robert A. Brodsky: Conceptualization; 
Methodology; Writing – original draft.

Jun-ichi Nishimura: Conceptualization; 
Methodology; Writing – original draft.

Christopher J. Patriquin: Conceptualization; 
Methodology; Writing – original draft.

Hubert Schrezenmeier: Conceptualization; 
Methodology; Writing – original draft.

Conflict of interest statement
The authors declared the following potential con-
flicts of interest with respect to the research, 
authorship, and/or publication of this article: AK 
received consulting fees from Alexion, Celgene/
BMS, Novartis, Ra Pharma, BioCryst, Amgen, 
Apellis, and Roche, and honoraria from Alexion, 
Celgene/BMS, Novartis, Ra Pharma, BioCryst, 
Amgen, Apellis, Roche, Takeda, and Jansen. AK 
received support for attending meetings and/or 
travel from Alexion, Ra Pharma, and Takeda,  
and has participated on a data safety monitoring 
board or advisory board for Alexion, Celgene/
BMS, Novartis, Ra Pharma, BioCryst, Amgen, 
Apellis, and Roche. CJP has received honoraria 
and consulting fees from Alexion, Apellis/Sobi, 
Regeneron, and BioCryst Pharmaceuticals. CJP 
has participated on an outcomes adjudication 
committee for Amgen. HS received travel sup-
port, honoraria, and research support (all to 
University of Ulm) from Alexion, AstraZeneca 
Rare Disease, and honoraria (to University of 
Ulm) from Novartis, Roche, Apellis, and Sanofi. 
JN received honoraria from Alexion and Chugai, 
and served as an advisor to Apellis Pharmaceuticals, 
Alexion, Novartis, Chugai, F. Hoffmann-La 
Roche, and BioCryst Pharmaceuticals. RB 
received research funding and consultancy fees 
from Alexion and received honoraria from 
UpToDate, Indy Hematology Review, Alexion, 
ISTH Congress and American Society of 
Hematology.

Funding
The authors disclosed receipt of the following 
financial support for the research, authorship, 

https://journals.sagepub.com/home/tah


Therapeutic Advances in Hematology 13

12 journals.sagepub.com/home/tah

and/or publication of this article: This study was 
funded by Alexion, AstraZeneca Rare Disease.

ORCID iD
Austin G. Kulasekararaj  https://orcid.org/ 
0000-0003-3180-3570

References
 1. Brodsky RA. Paroxysmal nocturnal 

hemoglobinuria. Blood 2014; 124: 2804–2811.

 2. Hillmen P, Lewis SM, Bessler M, et al. Natural 
history of paroxysmal nocturnal hemoglobinuria. 
N Engl J Med 1995; 333: 1253–1258.

 3. Holguin MH, Fredrick LR, Bernshaw NJ, et al. 
Isolation and characterization of a membrane 
protein from normal human erythrocytes that 
inhibits reactive lysis of the erythrocytes of 
paroxysmal nocturnal hemoglobinuria. J Clin 
Invest 1989; 84: 7–17.

 4. Jang JH, Kim JS, Yoon SS, et al. Predictive 
factors of mortality in population of patients with 
paroxysmal nocturnal hemoglobinuria (PNH): 
results from a Korean PNH registry. J Korean 
Med Sci 2016; 31: 214–221.

 5. Dingli D, Luzzatto L and Pacheco JM. 
Neutral evolution in paroxysmal nocturnal 
hemoglobinuria. Proc Natl Acad Sci U S A 2008; 
105: 18496–18500.

 6. Hill A, Platts PJ, Smith A, et al. The incidence 
and prevalence of paroxysmal nocturnal 
hemoglobinuria (PNH) and survival of patients in 
Yorkshire. Blood 2006; 108: 985.

 7. Richards SJ, Painter D, Dickinson AJ, et al. 
The incidence and prevalence of patients with 
paroxysmal nocturnal haemoglobinuria and 
aplastic anaemia PNH syndrome: a retrospective 
analysis of the UK’s population-based 
haematological malignancy research network 
2004-2018. Eur J Haematol 2021; 107: 211–218.

 8. Lee JW, Jang JH, Kim JS, et al. Clinical signs 
and symptoms associated with increased risk for 
thrombosis in patients with paroxysmal nocturnal 
hemoglobinuria from a Korean Registry. Int J 
Hematol 2013; 97: 749–757.

 9. Hill A, Kelly RJ and Hillmen P. Thrombosis in 
paroxysmal nocturnal hemoglobinuria. Blood 
2013; 121: 4985–4996; quiz 5105.

 10. Devos T, Meers S, Boeckx N, et al. Diagnosis 
and management of PNH: review and 
recommendations from a Belgian expert panel. 
Eur J Haematol 2018; 101: 737–749.

 11. Brodsky RA. Stem cell transplantation for 
paroxysmal nocturnal hemoglobinuria. 
Haematologica 2010; 95: 855–856.

 12. Santarone S, Bacigalupo A, Risitano AM, et al. 
Hematopoietic stem cell transplantation for 
paroxysmal nocturnal hemoglobinuria: long-
term results of a retrospective study on behalf of 
the Gruppo Italiano Trapianto Midollo Osseo 
(GITMO). Haematologica 2010; 95: 983–988.

 13. Hill A, DeZern AE, Kinoshita T, et al. 
Paroxysmal nocturnal haemoglobinuria. Nat Rev 
Dis Primers 2017; 3: 17028.

 14. Hillmen P, Elebute M, Kelly R, et al. Long-term 
effect of the complement inhibitor eculizumab 
on kidney function in patients with paroxysmal 
nocturnal hemoglobinuria. Am J Hematol 2010; 
85: 553–559.

 15. Hillmen P, Hall C, Marsh JC, et al. Effect 
of eculizumab on hemolysis and transfusion 
requirements in patients with paroxysmal 
nocturnal hemoglobinuria. N Engl J Med 2004; 
350: 552–559.

 16. Kelly RJ, Hill A, Arnold LM, et al. Long-term 
treatment with eculizumab in paroxysmal 
nocturnal hemoglobinuria: sustained efficacy  
and improved survival. Blood 2011; 117:  
6786–6792.

 17. Kulasekararaj AG, Hill A, Rottinghaus ST, et al. 
Ravulizumab (ALXN1210) vs eculizumab in 
C5-inhibitor-experienced adult patients with 
PNH: the 302 study. Blood 2019; 133: 540–549.

 18. Peffault de Latour R, Hill A, Füreder W, et al. 
Ravulizumab reduces the risk of thrombosis 
in adult patients with paroxysmal nocturnal 
hemoglobinuria and high disease activity: 2-year 
data from a phase 3, open-label study. Presented 
at the EHA 2021 virtual congress, 11 June 2021.

 19. FDA News. FDA approves Alexion’s soliris for 
PNH, https://www.fdanews.com/articles/91963-
fda-approves-alexion-s-soliris-for-pnh (2007, 
accessed 2 November 2021).

 20. Food and Drug Administration (FDA). FDA 
approves ravulizumab-cwvz for paroxysmal 
nocturnal hemoglobinuria, https://www.fda.gov/
drugs/resources-information-approved-drugs/
fda-approves-ravulizumab-cwvz-paroxysmal-
nocturnal-hemoglobinuria (2018, accessed 2 
November 2021).

 21. Hoy SM. Pegcetacoplan: first approval. Drugs 
2021; 81: 1423–1430.

 22. Hillmen P, Szer J, Weitz I, et al. Pegcetacoplan 
versus eculizumab in paroxysmal nocturnal 

https://journals.sagepub.com/home/tah
https://orcid.org/0000-0003-3180-3570
https://orcid.org/0000-0003-3180-3570
https://www.fdanews.com/articles/91963-fda-approves-alexion-s-soliris-for-pnh
https://www.fdanews.com/articles/91963-fda-approves-alexion-s-soliris-for-pnh
https://www.fda.gov/drugs/resources-information-approved-drugs/fda-approves-ravulizumab-cwvz-paroxysmal-nocturnal-hemoglobinuria
https://www.fda.gov/drugs/resources-information-approved-drugs/fda-approves-ravulizumab-cwvz-paroxysmal-nocturnal-hemoglobinuria
https://www.fda.gov/drugs/resources-information-approved-drugs/fda-approves-ravulizumab-cwvz-paroxysmal-nocturnal-hemoglobinuria
https://www.fda.gov/drugs/resources-information-approved-drugs/fda-approves-ravulizumab-cwvz-paroxysmal-nocturnal-hemoglobinuria


AG Kulasekararaj, RA Brodsky et al.

journals.sagepub.com/home/tah 13

hemoglobinuria. N Engl J Med 2021; 384: 
1028–1037.

 23. European Medicines Agency. Aspaveli 
(pegcetacoplan) authorization, https://www.
ema.europa.eu/en/medicines/human/EPAR/
aspaveli (2021, accessed 15 December 2021).

 24. Bessler M, Mason PJ, Hillmen P, et al. 
Paroxysmal nocturnal haemoglobinuria (PNH) is 
caused by somatic mutations in the PIG-A gene. 
EMBO J 1994; 13: 110–117.

 25. Richards SJ, Norfolk DR, Swirsky DM, 
et al. Lymphocyte subset analysis and 
glycosylphosphatidylinositol phenotype 
in patients with paroxysmal nocturnal 
hemoglobinuria. Blood 1998; 92: 1799–1806.

 26. Mon Pere N, Lenaerts T, Pacheco JM, et al. 
Evolutionary dynamics of paroxysmal nocturnal 
hemoglobinuria. PLoS Comput Biol 2018; 14: 
e1006133.

 27. Socié G, Mary JY, de Gramont A, et al. 
Paroxysmal nocturnal haemoglobinuria: long-
term follow-up and prognostic factors. French 
Society of Haematology. Lancet 1996; 348: 
573–577.

 28. Brodsky RA, Young NS, Antonioli E, et al. 
Multicenter phase 3 study of the complement 
inhibitor eculizumab for the treatment of patients 
with paroxysmal nocturnal hemoglobinuria. Blood 
2008; 111: 1840–1847.

 29. Hillmen P, Young NS, Schubert J, et al. The 
complement inhibitor eculizumab in paroxysmal 
nocturnal hemoglobinuria. N Engl J Med 2006; 
355: 1233–1243.

 30. Brodsky RA. Advances in the diagnosis and 
therapy of paroxysmal nocturnal hemoglobinuria. 
Blood Rev 2008; 22: 65–74.

 31. Escalante CP, Chisolm S, Song J, et al. Fatigue, 
symptom burden, and health-related quality of 
life in patients with myelodysplastic syndrome, 
aplastic anemia, and paroxysmal nocturnal 
hemoglobinuria. Cancer Med 2019; 8: 543–553.

 32. Moyo VM, Mukhina GL, Garrett ES, et al. 
Natural history of paroxysmal nocturnal 
haemoglobinuria using modern diagnostic assays. 
Br J Haematol 2004; 126: 133–138.

 33. Rother RP, Bell L, Hillmen P, et al. The 
clinical sequelae of intravascular hemolysis 
and extracellular plasma hemoglobin: a novel 
mechanism of human disease. JAMA 2005; 293: 
1653–1662.

 34. Hill A, Rother RP, Wang X, et al. Effect of 
eculizumab on haemolysis-associated nitric oxide 
depletion, dyspnoea, and measures of pulmonary 
hypertension in patients with paroxysmal 
nocturnal haemoglobinuria. Br J Haematol 2010; 
149: 414–425.

 35. Hill A, Sapsford RJ, Scally A, et al. Under-
recognized complications in patients with 
paroxysmal nocturnal haemoglobinuria: raised 
pulmonary pressure and reduced right ventricular 
function. Br J Haematol 2012; 158: 409–414.

 36. Villegas A, Núñez R, Gaya A, et al. Presence of 
acute and chronic renal failure in patients with 
paroxysmal nocturnal hemoglobinuria: results of 
a retrospective analysis from the Spanish PNH 
Registry. Ann Hematol 2017; 96: 1727–1733.

 37. Brodsky RA. How I treat paroxysmal nocturnal 
hemoglobinuria. Blood 2021; 137: 1304–1309.

 38. Kulasekararaj AG, Brodsky RA and Hill A. 
Monitoring of patients with paroxysmal nocturnal 
hemoglobinuria on a complement inhibitor. Am J 
Hematol 2021; 96: E232–E235.

 39. Yazdanbakhsh K. Development of complement 
therapeutics for inhibition of immune-mediated 
red cell destruction. Transfusion 2005; 45(2 
Suppl.): 122S–129S.

 40. Bektas M, Copley-Merriman C, Khan S, et al. 
Paroxysmal nocturnal hemoglobinuria: current 
treatments and unmet needs. J Manage Care Spec 
Pharm 2020; 26(12-b Suppl.): S14–S20.

 41. Wijnsma KL, Ter Heine R, Moes D, et al. 
Pharmacology, pharmacokinetics and 
pharmacodynamics of eculizumab, and 
possibilities for an individualized approach 
to eculizumab. Clin Pharmacokinet 2019; 58: 
859–874.

 42. Ram S, Lewis LA and Rice PA. Infections of 
people with complement deficiencies and patients 
who have undergone splenectomy. Clin Microbiol 
Rev 2010; 23: 740–780.

 43. Lee JW, Sicre de Fontbrune F, Wong Lee Lee L, 
et al. Ravulizumab (ALXN1210) vs eculizumab 
in adult patients with PNH naive to complement 
inhibitors: the 301 study. Blood 2019; 133: 
530–539.

 44. Socié G, Caby-Tosi MP, Marantz JL, 
et al. Eculizumab in paroxysmal nocturnal 
haemoglobinuria and atypical haemolytic uraemic 
syndrome: 10-year pharmacovigilance analysis. Br 
J Haematol 2019; 185: 297–310.

 45. Yenerel M, Sahin F, Ogawa M, et al. 
Ravulizumab administered subcutaneously 

https://journals.sagepub.com/home/tah
https://wwwemaeuropaeu/en/medicines/human/EPAR/aspaveli
https://wwwemaeuropaeu/en/medicines/human/EPAR/aspaveli
https://wwwemaeuropaeu/en/medicines/human/EPAR/aspaveli


Therapeutic Advances in Hematology 13

14 journals.sagepub.com/home/tah

versus intravenously in adult patients with PNH 
previously treated with eculizumab: results from 
a phase 3 randomized, open-label study. Presented 
at the EHA 2021 virtual congress, 11 June 2021.

 46. Schrezenmeier H, Roth A, Araten DJ, et al. 
Baseline clinical characteristics and disease 
burden in patients with paroxysmal nocturnal 
hemoglobinuria (PNH): updated analysis from 
the International PNH Registry. Ann Hematol 
2020; 99: 1505–1514.

 47. Hillmen P, Muus P, Dührsen U, et al. Effect 
of the complement inhibitor eculizumab on 
thromboembolism in patients with paroxysmal 
nocturnal hemoglobinuria. Blood 2007; 110: 
4123–4128.

 48. Luzzatto L, Gianfaldoni G and Notaro 
R. Management of paroxysmal nocturnal 
haemoglobinuria: a personal view. Br J Haematol 
2011; 153: 709–720.

 49. Lee JW, Jang JH, Kim JS, et al. Uncontrolled 
complement activation and the resulting 
chronic hemolysis as measured by LDH serum 
level at diagnosis as predictor of thrombotic 
complications and mortality in a large 
cohort of patients with paroxysmal nocturnal 
hemoglobinuria (PNH). Blood 2011; 118: 3166.

 50. Risitano AM, Marotta S, Ricci P, et al. Anti-
complement Treatment for paroxysmal nocturnal 
hemoglobinuria: time for proximal complement 
inhibition? A position paper from the SAAWP of 
the EBMT. Front Immunol 2019; 10: 1157.

 51. Brodsky RA, Lee JW, Nishimura JI, et al. Lactate 
dehydrogenase versus haemoglobin: which one 
is the better marker in paroxysmal nocturnal 
haemoglobinuria? Br J Haematol 2022; 196: 
264–265.

 52. Almeida AM, Bedrosian C, Cole A, et al. 
Clinical benefit of eculizumab in patients with 
no transfusion history in the International 
Paroxysmal Nocturnal Haemoglobinuria Registry. 
Intern Med J 2017; 47: 1026–1034.

 53. Lee JW, Peffault de Latour R, Brodsky RA, 
et al. Effectiveness of eculizumab in patients 
with paroxysmal nocturnal hemoglobinuria 
(PNH) with or without aplastic anemia in the 
International PNH Registry. Am J Hematol 2019; 
94: E37–E41.

 54. Hill A, Rother RP and Hillmen P. Improvement 
in the symptoms of smooth muscle dystonia 
during eculizumab therapy in paroxysmal 
nocturnal hemoglobinuria. Haematologica 2005; 
90(12 Suppl.): ECR40.

 55. Schrezenmeier H, Muus P, Socié G, et al. 
Baseline characteristics and disease burden 
in patients in the International Paroxysmal 
Nocturnal Hemoglobinuria Registry. 
Haematologica 2014; 99: 922–929.

 56. Schrezenmeier H, Kulasekararaj A, Mitchell 
L, et al. Predictors for improvement in patient-
reported outcomes: post-hoc analysis of a 
phase 3 randomized, open-label study of 
eculizumab and ravulizumab in complement 
inhibitor-naïve patients with paroxysmal 
nocturnal hemoglobinuria (PNH), 2021, https://
www.sciencedirect.com/science/article/pii/
S0006497121041525

 57. Kulasekararaj AG, Hill A, Langemeijer S, et al. 
One-year outcomes from a phase 3 randomized 
trial of ravulizumab in adults with paroxysmal 
nocturnal hemoglobinuria who received prior 
eculizumab. Eur J Haematol 2021; 106: 389–397.

 58. Schrezenmeier H, Kulasekararaj A, Mitchell 
L, et al. One-year efficacy and safety of 
ravulizumab in adults with paroxysmal 
nocturnal hemoglobinuria naïve to complement 
inhibitor therapy: open-label extension of a 
randomized study. Ther Adv Hematol 2020; 11: 
2040620720966137.

 59. Brodsky RA, Muus P, Dührsen U, et al. Effect of 
the terminal complement inhibitor eculizumab 
on patient reported outcomes in paroxysmal 
nocturnal hemoglobinuria (PNH): phase III 
Triumph study results. Blood 2006; 108: 3770.

 60. Brodsky RA. A complementary new drug for 
PNH. Blood 2020; 135: 884–885.

 61. Brodsky RA, Peffault de Latour R, Rottinghaus 
ST, et al. Characterization of breakthrough 
hemolysis events observed in the phase 3 
randomized studies of ravulizumab versus 
eculizumab in adults with paroxysmal nocturnal 
hemoglobinuria. Haematologica 2021; 106: 
230–237.

 62. Hillmen P, Muus P, Röth A, et al. Long-term 
safety and efficacy of sustained eculizumab 
treatment in patients with paroxysmal nocturnal 
haemoglobinuria. Br J Haematol 2013; 162: 
62–73.

 63. Gerber GF, Yuan X, Yu J, et al. COVID-19 
vaccines induce severe hemolysis in paroxysmal 
nocturnal hemoglobinuria. Blood 2021; 137: 
3670–3673.

 64. Schrezenmeier H, Lee JW, Hill A, et al. Efficacy 
and safety of concomitant use of ravulizumab 
and IST in patients with paroxysmal nocturnal 

https://journals.sagepub.com/home/tah
https://www.sciencedirect.com/science/article/pii/S0006497121041525
https://www.sciencedirect.com/science/article/pii/S0006497121041525
https://www.sciencedirect.com/science/article/pii/S0006497121041525


AG Kulasekararaj, RA Brodsky et al.

journals.sagepub.com/home/tah 15

hemoglobinuria up to 52 weeks. Blood 2020; 
136(Suppl. 1): 37–38.

 65. Griffin M, Kulasekararaj A, Gandhi S, et al. 
Concurrent treatment of aplastic anemia/
paroxysmal nocturnal hemoglobinuria syndrome 
with immunosuppressive therapy and eculizumab: 
a UK experience. Haematologica 2018; 103: 
e345–e347.

 66. Urbano-Ispizua Á, Kulasekararaj AG, Bartels M, 
et al. Efficacy of eculizumab in pediatric patients 
with paroxysmal nocturnal hemoglobinuria in 
the International PNH Registry. Blood 2018; 
132(Suppl. 1): 3614.

 67. Kulagin A, Chonat S, Maschan A, et al. 
Pharmacokinetics, pharmacodynamics, 
efficacy and safety of ravulizumab in children 
and adolescents with paroxysmal nocturnal 
hemoglobinuria: Interim analysis of a phase 3, 
open-label study. Presented at the EHA 2021 
virtual congress, 11 June 2021.

 68. Food and Drug Administration (FDA). FDA 
approves therapy for pediatric patients with 
serious rare blood disease, https://www.fda.gov/
drugs/news-events-human-drugs/fda-approves-
therapy-pediatric-patients-serious-rare-blood-
disease (2021, accessed 2 November 2021).

 69. European Medicines Agency. Ultomiris 
(ravulizumab) approval, https://www.ema.europa.
eu/en/medicines/human/EPAR/ultomiris (2021, 
accessed 3 September 2021).

 70. Kelly RJ, Höchsmann B, Szer J, et al. Eculizumab 
in pregnant patients with paroxysmal nocturnal 
hemoglobinuria. N Engl J Med 2015; 373: 
1032–1039.

 71. Nishimura J-i, Yamamoto M, Hayashi S, et al. 
Genetic variants in C5 and poor response to 
eculizumab. N Engl J Med 2014; 370: 632–639.

 72. Roth A, Nishimura JI, Nagy Z, et al. The 
complement C5 inhibitor crovalimab in 
paroxysmal nocturnal hemoglobinuria. Blood 
2020; 135: 912–920.

 73. Ort M, Dingemanse J, van den Anker J, et al. 
Treatment of rare inflammatory kidney diseases: 
drugs targeting the terminal complement 
pathway. Front Immunol 2020; 11: 599417.

 74. Mastellos DC, Reis ES, Yancopoulou D, 
et al. Expanding complement therapeutics 
for the treatment of paroxysmal nocturnal 
hemoglobinuria. Semin Hematol 2018; 55: 
167–175.

 75. Alexion Pharmaceuticals. US prescribing 
information. SOLIRIS® (eculizumab) injection, for 

intravenous use, https://alexion.com/Documents/
Soliris_USPI.pdf (2020, accessed 2 November 
2021).

 76. Alexion Pharmaceuticals. US prescribing 
information. ULTOMIRIS® (ravulizumab-cwvz) 
injection, for intravenous use, https://alexion.com/
Documents/Ultomiris_USPI.pdf (2021, accessed 
2 November 2021).

 77. Röth A, Egyed M, Ichikawa S, et al. The SMART 
anti-hC5 antibody (SKY59/RO7112689) 
shows good safety and efficacy in patients with 
paroxysmal nocturnal hemoglobinuria (PNH). 
Blood 2018; 132(Suppl. 1): 535.

 78. Badri P, Jiang X, Borodovsky A, et al. 
Pharmacokinetic and pharmacodynamic 
properties of cemdisiran, an RNAi therapeutic 
targeting complement component 5, in healthy 
subjects and patients with paroxysmal nocturnal 
hemoglobinuria. Clin Pharmacokinet 2021; 60: 
365–378.

 79. Weston-Davies WH, Nunn MA, Pinto FO, et al. 
Clinical and immunological characterisation 
of coversin, a novel small protein inhibitor of 
complement C5 with potential as a therapeutic 
agent in PNH and other complement mediated 
disorders. Blood 2014; 124: 4280.

 80. Hill A, Windyga J, Robak T, et al. Results of 
COBALT, a phase II clinical trial of coversin 
in PNH. Poster presented at the 23rd Congress 
of the European Hematology Association, 
Stockholm, 14–17 June 2018, http://pdf.dfcfw.
Com/pdf/H2_AN201806151156486793_3.pdf 
(accessed 2 November 2021).

 81. Hill A, Windyga J, Robak T, et al. Results of 
COBALT, a phase II clinical trial of coversin in 
PNH. HemaSphere 2018; 2(Suppl. 1): 109.

 82. UCB. Zilucoplan (RA101495), https://www.
ucb.com/clinical-studies/Clinical-studies-index/
Zilucoplan-RA101495 (2021, accessed 2 
November 2021).

 83. ClinicalTrials.gov. Proof of concept study to 
assess the efficacy, safety and pharmacokinetics 
of LFG316 in patients with paroxysmal 
nocturnal hemoglobinuria, https://clinicaltrials.
gov/ct2/show/NCT02534909 (2015, accessed 2 
November 2021).

 84. ClinicalTrials.gov. Study to evaluate the efficacy 
and safety of REGN3918 in patients with 
paroxysmal nocturnal hemoglobinuria (PNH), 
https://clinicaltrials.gov/ct2/show/NCT03946748 
(2019, accessed 2 November 2021).

 85. Konar M and Granoff DM. Eculizumab 
treatment and impaired opsonophagocytic killing 

https://journals.sagepub.com/home/tah
https://www.fda.gov/drugs/news-events-human-drugs/fda-approves-therapy-pediatric-patients-serious-rare-blood-disease
https://www.fda.gov/drugs/news-events-human-drugs/fda-approves-therapy-pediatric-patients-serious-rare-blood-disease
https://www.fda.gov/drugs/news-events-human-drugs/fda-approves-therapy-pediatric-patients-serious-rare-blood-disease
https://www.fda.gov/drugs/news-events-human-drugs/fda-approves-therapy-pediatric-patients-serious-rare-blood-disease
https://wwwemaeuropaeu/en/medicines/human/EPAR/ultomiris
https://wwwemaeuropaeu/en/medicines/human/EPAR/ultomiris
https://alexion.com/Documents/Soliris_USPI.pdf
https://alexion.com/Documents/Soliris_USPI.pdf
https://alexion.com/Documents/Ultomiris_USPI.pdf
https://alexion.com/Documents/Ultomiris_USPI.pdf
http://pdf.dfcfw.Com/pdf/H2_AN201806151156486793_3.pdf
http://pdf.dfcfw.Com/pdf/H2_AN201806151156486793_3.pdf
https://www.ucb.com/clinical-studies/Clinical-studies-index/Zilucoplan-RA101495
https://www.ucb.com/clinical-studies/Clinical-studies-index/Zilucoplan-RA101495
https://www.ucb.com/clinical-studies/Clinical-studies-index/Zilucoplan-RA101495
https://clinicaltrials.gov/ct2/show/NCT02534909
https://clinicaltrials.gov/ct2/show/NCT02534909
https://clinicaltrials.gov/ct2/show/NCT03946748


Therapeutic Advances in Hematology 13

16 journals.sagepub.com/home/tah

of meningococci by whole blood from immunized 
adults. Blood 2017; 130: 891–899.

 86. Griffin M, Kelly R and Pike A. A review of the 
treatment landscape in paroxysmal nocturnal 
haemoglobinuria: where are we now and where 
are we going? Ther Adv Rare Dis 2020. DOI: 
10.1177/2633004020959349.

 87. Haut Conseil de la Sante Publique – France. 
People treated with Soliris®: update of vaccination 
and antibiotic prophylaxis recommendations, 
2014, https://www.hcsp.fr/Explore.cgi/avisrapports
domaine?clefr=447

 88. Kulasekararaj A, Griffin M, Langemeijer S, et al. 
Safety of ravulizumab in patients with paroxysmal 
nocturnal hemoglobinuria: study 301/302 
2-year results. Presented at the EHA 2021 virtual 
congress, 11 June 2021.

 89. Patriquin CJ, Kulasekararaj A, Peffault de 
Latour R, et al. Prophylactic antibiotic use and 
risk of meningococcal infections in patients 
with paroxysmal nocturnal hemoglobinuria 
(PNH) treated with eculizumab who received 
meningococcal vaccination: results from the 
International PNH Registry. Blood 2019; 
134(Suppl. 1): 4802.

 90. Hutterer KM, Ip A, Kuhns S, et al. Analytical 
similarity assessment of ABP 959 in comparison 
with eculizumab reference product. BioDrugs 
2021; 35: 563–577.

 91. Kulagin AD, Ptushkin VV, Lukina EA, et al. 
Randomized multicenter noninferiority phase III 
clinical trial of the first biosimilar of eculizumab. 
Ann Hematol 2021; 100: 2689–2698.

 92. Fukuzawa T, Sampei Z, Haraya K, et al. Long 
lasting neutralization of C5 by SKY59, a novel 

recycling antibody, is a potential therapy for 
complement-mediated diseases. Sci Rep 2017;  
7: 1080.

 93. Devalaraja-Narashimha K, Ni YG, Huang C, 
et al. Pozelimab, a human antibody against 
complement factor C5, demonstrates robust 
inhibition of alternative complement activity both 
in normal human serum and in phase I normal 
healthy volunteers. Blood 2019; 134(Suppl. 1): 
2278.

 94. Socie G, Schrezenmeier H, Muus P, et al. 
Changing prognosis in paroxysmal nocturnal 
haemoglobinuria disease subcategories: an 
analysis of the International PNH Registry. Intern 
Med J 2016; 46: 1044–1053.

 95. Stern RM and Connell NT. Ravulizumab: 
a novel C5 inhibitor for the treatment of 
paroxysmal nocturnal hemoglobinuria. Ther Adv 
Hematol 2019; 10: 2040620719874728.

 96. Kaiser K, Yount SE, Martens CE, et al. 
Assessing preferences for rare disease treatment: 
qualitative development of the Paroxysmal 
Nocturnal Hemoglobinuria Patient Preference 
Questionnaire (PNH-PPQ©). Patient Prefer 
Adherence 2020; 14: 705–715.

 97. Peipert JD, Kulasekararaj AG, Gaya A, et al. 
Patient preferences and quality of life implications 
of ravulizumab (every 8 weeks) and eculizumab 
(every 2 weeks) for the treatment of paroxysmal 
nocturnal hemoglobinuria. PLoS ONE 2020; 15: 
e0237497.

 98. Patriquin CJ and Kuo KHM. Eculizumab 
and beyond: the past, present, and future of 
complement therapeutics. Transfus Med Rev 
2019; 33: 256–265.

Visit SAGE journals online 
journals.sagepub.com/
home/tah

SAGE journals

https://journals.sagepub.com/home/tah
https://wwwhcspfr/Explorecgi/avisrapportsdomaine?clefr=447
https://wwwhcspfr/Explorecgi/avisrapportsdomaine?clefr=447
https://journals.sagepub.com/home/tah
https://journals.sagepub.com/home/tah

