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Abstract: Paroxysmal nocturnal hemoglobinuria (PNH) is an ultra-rare, acquired clonal abnormality, which renders hematopoietic 
cells exquisitely sensitive to complement-mediated destruction. Classical features of PNH include intravascular hemolytic anemia, 
increased thrombotic risk, and manifestations related to end-organ damage (eg fatigue, chest pain, dyspnea, renal failure, and 
pulmonary hypertension). With supportive care alone, mortality rate of patients with PNH is approximately 35%. The anti-C5 
monoclonal antibody, eculizumab, was the first targeted therapy approved for PNH, and led to improved hemoglobin, quality of 
life, reduced transfusion need, reduced thrombosis, and greater overall survival. More recently, therapeutics such as longer acting anti- 
C5 (ravulizumab) and anti-C3 (pegcetacoplan) medications have been approved, along with other novel therapeutics in late-stage 
clinical trials. Biosimilars of eculizumab are also now available. Proximal inhibitors (against C3, factor B, and factor D) have shown 
significant improvements in hemoglobin and transfusion-avoidance in patients who remain anemic despite C5 inhibition. Despite these 
novel therapies, some unmet challenges remain, including management of breakthrough hemolysis, clinically significant iatrogenic 
extravascular hemolysis, optimal management in pregnancy, and infection risk mitigation as new targets in the complement system are 
blocked. In addition, the use of self-administered subcutaneous and oral therapies raises concerns around treatment adherence and the 
risks of uncontrolled terminal complement. Given the ultra-rare nature of PNH, development is underway of a centralized international 
registry to capture and analyze the data as they mature for various new therapies and characterize the clinical challenges related to 
PNH management. 
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Introduction
PNH Pathophysiology and Disease Manifestations
Paroxysmal nocturnal hemoglobinuria (PNH) is an ultra-rare, acquired clonal abnormality of hematopoietic stem cells. 
The primary defect is a somatic mutation in the PIGA gene leading to the absence of glycosylphosphatidylinositol (GPI) 
anchors and, therefore, the GPI-anchor-bound molecules in hematopoietic cells. In PNH, the lack of GPI-linked 
regulatory proteins, CD55 (DAF – decay accelerating factor) and CD59 (MIRL – membrane inhibitor of reactive 
lysis), drive pathology. In the absence of these regulatory controls, complement activation on the surface of these cells 
can progress unchecked, culminating in formation of membrane attack complexes. This results in intravascular hemolysis 
(IVH) of vulnerable erythrocytes and activation of PNH leukocytes and platelets, manifesting in thrombosis risk, 
systemic morbidity, and pre-mature death.1,2

PNH can affect individuals of any age group but is diagnosed most commonly in the third decade of life. There is no 
clear geographic, ethnic, or sex predilection. Manifestations of PNH are variable and include fatigue, dyspnea, abdominal 
pain, hemoglobinuria, and smooth muscle dystonia (eg esophageal spasms and erectile dysfunction). Symptoms are 
a consequence of unrelenting IVH and the complex interplay of complement and coagulation systems. Life-threatening 
complications of PNH include chronic kidney disease (CKD), pulmonary hypertension, as well as venous or arterial 
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thromboembolic events (TE).3 Historically, approximately, 20–35% of PNH patient would die within 5–10 years of 
diagnosis despite best available supportive care.1 Thus, early detection is paramount to allow for prompt initiation of 
targeted therapy. PNH should be considered in any individual presenting with otherwise unexplained cytopenia, aplastic 
anemia or other bone marrow failure, atypical thrombotic presentation, Coombs-negative hemolysis, or hemoglobinuria.4 

Diagnosis should be via high-sensitivity flow cytometry, to detect GPI-deficient populations of granulocytes, monocytes, 
and erythrocyte lineages.4,5

Current Standard of Care
Standard of care (SOC) treatment for PNH varies broadly by country, with many nations still without any complement 
inhibition,6 though this may be improving as clinical trials of novel agents expand geographically. The only curative 
therapy for PNH is an allogeneic hematopoietic stem cell transplant (HSCT); however, as transplant-related morbidity 
and mortality are significant, HSCT is reserved for PNH patients with concomitant severe aplastic anemia or other causes 
of bone marrow failure (BMF), where HSCT is worth the risk of addressing both conditions.1,4,7 However, patients with 
a history of PNH-related thrombosis appear to do worse with HSCT and are best served by supportive care alone if 
targeted treatments are not available.8,9 As transplant medicine evolves with less intensive conditioning regimens and 
improved graft-versus-host disease and infectious prophylaxis, HSCT may eventually move up in the treatment algo
rithm, especially in jurisdictions where anti-complement therapies are not available. Use of eculizumab prior to 
transplantation does not appear to affect engraftment or increase transplant complication rates,10 and may protect against 
increased hemolysis when exposed to antithymocyte globulin.

Currently, the definitive treatment for hemolytic or thrombotic PNH is complement blockade. In Canada, as in many 
countries, first-line therapy is eculizumab or ravulizumab, monoclonal antibodies targeting terminal complement protein, 
C5, preventing its cleavage and participation in membrane attack complex formation. With C5 inhibition, IVH is 
substantially reduced, and major complications are prevented. Details regarding eculizumab and ravulizumab are 
presented later (see Terminal Complement Inhibition). The C3 inhibitor, pegcetacoplan, has also been given first-line 
indication in the US,11 though it remains unclear how often it will be chosen before a trial of C5 blockade.

For all patients with PNH, supportive care is essential. This includes hematinic support with folic acid and iron 
supplementation in iron deficient patients. Transfusion support may be necessary for some patients with severe anemia 
and, in those patients, iron chelation may be required for transfusion-associated iron overload. Other adjuncts may be 
used, such as analgesia to manage abdominal pain and smooth muscle dystonia. Prophylactic anticoagulation may be 
considered for patients at highest thrombotic risk (eg granulocyte clone >30%, ≥2 HDA criteria, and prior TE),12 only if 
they cannot be started promptly on complement inhibition; however, there are limited data to support this practice and 
thus a careful assessment of thrombotic and bleeding risk must be undertaken, in discussion with patients.4,13 Both 
eculizumab and ravulizumab carry a black box warning for life-threatening and fatal meningococcal infections. Thus, all 
patients require vaccination against meningococcal subtypes. Similar warnings exist for pegcetacoplan.11 Anti- 
meningococcal antibiotics are required until 14 days post-vaccination, and some patients may elect to continue 
antimicrobial prophylaxis indefinitely.

Challenges & Unmet Needs
Despite the advances in PNH treatment over the last 20 years, leading to improved clinical outcomes, quality of life 
(QoL), and overall survival, significant challenges and unmet needs remain. Below, we have framed some of these as 
they relate to complications of current therapies, convenience of drug administration, and competition in the field of 
complement-mediated diseases.

Complications
One of the greatest challenges that occurs with current C5 inhibitors is persistent anemia and transfusion dependence. In 
the phase-3 trial comparing ravulizumab and eculizumab in complement inhibitor-naïve patients (Study 301), 26.4% on 
ravulizumab and 33.9% on eculizumab remained transfusion-dependent.14 Similarly, in the “switch” trial (Study 302 – 
ravulizumab versus eculizumab in eculizumab-experienced patients), approximately 24% in each arm did not achieve 
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stabilized hemoglobin (Hb).15 Excluding etiologies unrelated directly to PNH or its treatment,4,9,16 such as bleeding, 
bone marrow failure (BMF), and hematinic deficiencies, ongoing anemia despite C5 inhibition typically falls into two 
main categories: patients may have incomplete complement blockade and are susceptible to breakthrough hemolysis 
(BTH);17,18 or, patients may develop extravascular hemolysis (EVH) of the circulating GPI-negative erythrocytes no 
longer being hemolyzed intravascularly.19,20

BTH is generally defined as an acute, recurrent elevation in LD plus at least one new or worsening manifestation of 
intravascular hemolysis (ie hemoglobinuria, fatigue, abdominal pain, TE, dysphagia, erectile dysfunction, or worsening 
anemia) after a patient has achieved control of IVH (ie LDH <1.5x ULN).21 It may be chronic or recurrent, secondary to 
insufficient complement inhibition nearing the end of each dosing cycle (pharmacokinetic [PK]-BTH) or regardless of C5 
inhibition in the context of complement-amplifying conditions, such as infection or pregnancy (pharmacodynamic [PD]- 
BTH).18,22–24 A retrospective review of 14 eculizumab-treated patients (763 doses) identified 12 BTH episodes in four 
patients, most often occurring 24–48 hr before the next scheduled infusion.25 In an analysis of 141 PNH patients treated 
with eculizumab for ≥13 months, 21% required a higher-than-label dose (ie ≥1200 mg) based on subtherapeutic 
eculizumab levels or unsuppressed CH50.26 In the phase-3 randomized trials of ravulizumab versus eculizumab, those 
receiving ravulizumab had a more profound suppression of free C5 and, associated with this, no PK-BTH reported 
compared to four episodes in the eculizumab arm; PD-BTH occurred in a small number of patients in each group related 
to infections or other triggers.17,21 Rates and risks of BTH, and how to mitigate them, in patients receiving proximal 
inhibitors will require careful attention as the data across trials mature (see Proximal Complement Inhibition).

Treatment with C5 inhibition may result in EVH, as the CD55-negative circulating erythrocytes accumulate C3b and 
its split products. The diagnosis is assumed in the face of a normal or minimally elevated LD accompanied by 
reticulocytosis and C3d-positive direct antiglobulin test, the latter of which is observed in >50% of PNH patients treated 
with eculizumab.26,27 A retrospective analysis of 56 PNH patients receiving eculizumab found that 41 (73%) had 
significant C3 deposition on erythrocytes. The percentage of coated cells correlated with hematologic response, with 
optimal responders having the lowest C3 deposition.20 These opsonized erythrocytes are tagged for destruction by the 
reticuloendothelial system and are ultimately hemolyzed within the liver and spleen. Importantly, clinically significant 
EVH only occurs once a patient is on effective C5 inhibition, and historical treatments including splenectomy or 
corticosteroids have been ineffective or associated with undue toxicity. In untreated PNH patients, low-level EVH 
may be theoretically present but is eclipsed by IVH.19 It is not yet possible to accurately identify those patients who may 
be at higher risk of developing clinically significant EVH, but a contribution of genetic variants in CR1 and complement 
factor H may play a role.28,29

Even with a suboptimal response to eculizumab or ravulizumab (eg ongoing anemia ± transfusion-dependence), truly 
uncontrolled disease despite C5 inhibition is rare. Nishimura et al identified a C5 polymorphism in a minority of PNH 
patients in Japan (3.2%) at a prevalence similar to the Japanese general population (3.5%). This variant leads to 
a modified binding site such that eculizumab (and ravulizumab) cannot associate. As a result, patients with this C5 
polymorphism (p.Arg885His) display frank drug resistance.30

Another complication of therapeutic complement inhibition, which cannot be understated, is infection, particularly 
due to meningococcus and other encapsulated organisms. Assessing over a decade of post-marketing and pharmacov
igilance data on eculizumab use in PNH, the meningococcal infection rate was 0.24 per 100 patient-years, based on 
a cumulative exposure of 21,016 patient-years.31 Patients require vaccination against meningococcal subtypes (eg 
ACWY and MenB) at initiation of therapy and every 3–5 years thereafter or based on titers if available; however, 
immunization alone may not be sufficient, as currently available vaccines do not cover all subtypes. Of the reported cases 
of meningococcal infection in patients receiving eculizumab in the United States from 2008 to 2016 (14/16 were ACWY- 
vaccinated), 11/16 N. meningitidis isolates were non-groupable.32 A similar risk exists for gonococcal infection, against 
which we cannot vaccinate, so careful sexual history and counselling should be done in advance of starting C5 
inhibition.33 As novel therapeutics are developed and as different steps in the complement cascade are inhibited, we 
will need to watch closely for signals of infection risk and work to mitigate them.34
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Convenience
Convenience of drug delivery and modality of treatment are also important limitations of currently approved complement 
inhibitors. Requiring indefinite fortnightly eculizumab infusions is burdensome to patients, caregivers, and healthcare 
system resources. Ravulizumab improves on this with its longer half-life (49.6 days versus 11.3 days) and is dosed 
every 8 weeks, allowing more flexibility for patients to travel and have more control of their schedules;14,15 however, 
intravenous delivery can still be challenging, especially for patients with needle phobias or suboptimal peripheral venous 
access. A minority may require a peripherally inserted central catheter (PICC) or other implanted device for their infusions.

Novel complement inhibitors have expanded options for delivery, including self-administered subcutaneous (SC) and 
oral therapies (see Treatment Pathways). SC molecules have variable treatment schedules ranging from multiple times 
per week,35 to weekly,36 or monthly.37–40 Oral monotherapies currently being tested must be taken twice a day.41,42 

Assuming commercial approvals, these options would allow patients to deliver their own treatment, but must be weighed 
against the risk of poor compliance or inability to tolerate oral intake (eg gastroenteritis), which would expose them to 
worsening IVH and potential complications, such as TE. The severity of a BTH episode is also potentially increased, 
with more profound resultant anemia, in patients with larger type-III erythrocyte clones.17 Another consideration is the 
strict storage requirements for some therapies (eg refrigeration for pegcetacoplan and iptacopan) that may have 
significant implications for travel. Finally, the potential for drug–drug interactions, not an issue with eculizumab or 
ravulizumab, would present potential limitations in prescribing and management of comorbid conditions.43

Competition
Widespread access to anti-complement therapy remains a significant challenge. This is driven in large part by the high 
costs of current SOC therapies, and the economic burden to health-care systems.44–46 Competition in the complement 
inhibitor space is expected to drive down the benchmark prices of current therapies, while encouraging responsible price 
listings for new molecules. Prior to commercial listing, multiple industry partners running trials in the same area were 
driving more rigorous trial methodology, and a more nuanced understanding of the complement system and its inhibition. 
The latter has the potential to drive the innovation of novel targets to treat not only PNH but also other complement- 
mediated disorders.47 The frenzy of PNH clinical trials over the past decade has also brought treatment options to 
countries without prior access to therapies.37,48–50 We remain hopeful that this will result in wider availability and 
hopefully global reach of effective PNH therapies.

Treatment Pathways
It has now been over 20 years since eculizumab was first used to treat patients with PNH,51 and the field since then has 
expanded significantly. This is exciting for patients and physicians alike; however, at the same time, many more treatment 
options can also cause confusion when making clinical decisions. Below, we review the various pathways for therapeutic 
complement inhibition, focusing on molecules already approved or in late-stage clinical development (see Table 1).

Terminal Complement Inhibition
Eculizumab was the first inhibitor of terminal complement to be developed for clinical use, and even though its benefit in 
the initially intended indications was underwhelming,47 it has become clear that terminal complement inhibition is highly 
effective in controlling IVH, and protecting patients from thrombotic and other complications.52 However, approximately 
40% of patients receiving eculizumab suffer from significant residual anaemia (Hb <100 g/L) and many remain 
transfusion dependent.53 It became clear that blocking C5 created the situation of iatrogenic extravascular hemolysis 
(EVH) due to the persistent circulation of CD55-negative erythrocytes. There are many novel C5 inhibitors, but all are 
expected to have the same potential for EVH.19

Eculizumab and Ravulizumab
Eculizumab is a fortnightly IV infusion first approved for PNH in 2007. It was the first targeted therapy to show efficacy 
in the disease, with now over two decades of experience since the first patients enrolled in the pilot study.51 The landmark 
phase-3 trials (TRIUMPH [N = 87] and SHEPHERD [N = 97]) showed improvement in Hb and transfusion 
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Table 1 Complement Inhibitors Approved or in Late-Stage Clinical Trial for Treatment of PNH

Treatment 

Strategy

Name Molecular 

Target

Compound Type Modality & Frequencya Indication(s)b

Proximal 

Inhibition

Pegcetacoplan C3 Pegylated cyclic peptide 1080mg SC twice weekly (increased frequency every 3 

days or thrice weekly can be considered)  

IV x1 or SC daily x 3 days

Hb <105 g/L despite 3–6 months of C5i 

Complement inhibitor-naïve (US only) 

BTH (based on a small study to date and not a formal trial)

Iptacopan Factor B Small molecule 200mg PO BID Hb <100 g/L despite stable C5i for ≥6 months 

Complement inhibitor-naïve

Vemircopan Factor D Small molecule 120–180mg PO BID Hb <105 g/L despite stable C5i for ≥6 months 

Complement inhibitor-naïve

BXC9930 Factor D Small molecule 500 mg PO BID Complement inhibitor-naïve or switch from C5i

Terminal 

Inhibition

Eculizumab C5 Monoclonal antibody IV 600mg weekly x 4 weeks, followed by 900mg week 5 

and every 2 weeks 

N.B. Dose increases to ≥1200mg every 2 weeks may be 

required

For treatment-naïve PNH patients with elevated LD >1.5x ULN and at least one disease 

manifestation (refer to local approval criteria for specifics) 

New thrombosis related to PNH, regardless of degree of hemolysis

Ravulizumab C5 Monoclonal antibody Weight 40kg to <60kg 

Loading: 2400mg x1 

Maintenance: 3000mg 2 weeks after loading dose, then 

every 8 weeks 

Weight 60kg to <100kg 

Loading: 2700mg x1 

Maintenance: 3300mg 2 weeks after loading dose, then 

every 8 weeks 

Weight ≥100kg 

Loading: 3000mg x1 

Maintenance: 3600mg 2 weeks after loading dose, then 

every 8 weeks 

SC 490mg weekly 2 weeks after IV loading dose (see 

above)

Same as for eculizumab 

N.B. Use in pregnancy remains a case-by-case decision where available

(Continued)
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Table 1 (Continued). 

Treatment 

Strategy

Name Molecular 

Target

Compound Type Modality & Frequencya Indication(s)b

Crovalimab C5 Monoclonal antibody Weight 40kg to 100kg 

Loading: 1000mg IV on week 1 (day 1) followed by 340mg 

SC on week 1, day 2, and weeks 2–4 

Maintenance: 680mg SC week 5 and every 4 weeks 

Weight ≥100kg 

Loading: 1500mg IV on week 1 (day 1) followed by 340mg 

SC on week 1 (day 2), and weeks 2–4 

Maintenance: 1020mg SC week 5 and every 4 weeks

Complement inhibitor-naïve 

Treated with eculizumab or ravulizumab for ≥3 months, with LD ≤2x ULN

Tesidolumab C5 Monoclonal antibody IV 20mg/kg every 2 weeks Complement-inhibitor naïve 

(including patients with C5 polymorphism)

Pozelimab + 

cemdisiran

C5 Monoclonal antibody 

(pozelimab) + siRNA 

(cemdisiran)

Pozelimab 

Loading: 30mg/kg IV x 1 followed by 400mg SC x 1. 

Maintenance: 400mg SC every 4 weeks after loading 

complete 

Cemdisiran 

Loading: 200mg SC x 1 Maintenance: 200mg SC every 4 

weeks after loading complete

Complement-inhibitor naïve (including patients with C5 polymorphism)

ABP959c C5 Monoclonal antibody Same as for eculizumab Same as for eculizumab

SB12c C5 Monoclonal antibody Same as for eculizumab Same as for eculizumab

Elizariac C5 Monoclonal antibody Same as for eculizumab Same as for eculizumab

Dual 

Inhibition

Danicopan + 

eculizumab or 

ravulizumab

Factor D + 

C5

Small molecule + monoclonal 

antibody

150–200mg PO TID + eculizumab or ravulizumab, as 

prescribed

Persistent anemia (<95 g/L) despite eculizumab or ravulizumab

Notes: aAdministration route and frequency provided reflect maintenance dosing. Please refer to trial protocols and product monographs for loading-dose information. bIndications provided reflect either those used for commercial drug 
availability or, if not yet approved, the clinical trial enrolment criteria. Please refer to local health authorities for updated information. cBiosimilars based on eculizumab (Soliris) as the reference product. 
Abbreviations: BID, bis in die (2 times daily); BTH, breakthrough hemolysis (see text for definition); C5i, C5 inhibition; Hb, hemoglobin; IV, intravenously; LD, lactate dehydrogenase; N.B., nota bene; PO, per os (oral treatment); SC, 
subcutaneously; siRNA, small inhibitor RNA; TID, ter in die (3 times daily); ULN, upper limit of normal of lab reference.
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independence, reduction in thrombotic events, recovery of renal function, plus improved fatigue and overall QoL.54–58 

Subsequent analysis demonstrated safe and effective use of eculizumab in pregnant patients as well.24

Ravulizumab, like eculizumab, inhibits C5 but offers a half-life approximately four-fold longer, achieved due to 
a 4-amino-acid substitution; this allows off-loading of C5 in the endosome and recirculation via the neonatal Fc receptor 
(FcRn).59 Ravulizumab is typically administered by intravenous infusion every 8 weeks, with a weight-based regimen. 
Efficacy of ravulizumab was shown in two Phase 3 clinical trials (Study 301 [N = 246] and Study 302 [N = 197]).14,15 

The primary endpoints of LD improvement or normalization, and transfusion avoidance were achieved. Ravulizumab is 
noninferior to eculizumab with respect to four key secondary endpoints as well, including the proportion of patients with 
BTH, Hb stabilization, and improvement in FACIT-fatigue. Subsequent analysis of BTH demonstrated no occurrence of 
PK-BTH in the ravulizumab arms,21 consistent with the more profound inhibition of free C5.59 Though data need to 
mature, overall survival for patients receiving ravulizumab also seems similar to those on eculizumab.60 Weekly 
subcutaneous ravulizumab given via an on-body delivery system has shown similar efficacy, safety, and patient 
preference,36 and could serve as an alternative to infusions, particularly in situations of poor venous access or during 
extended travel.

Crovalimab
Crovalimab is a novel C5 inhibitor developed using soluble monoclonal antibody recycling technology (SMART) which, 
like ravulizumab, offloads bound C5 in acidified endosomes and employs FcRN recycling to extend half-life.61 

Following an initial IV loading dose, it is given subcutaneously (SC) every 4 weeks. The COMPOSER trial was 
a phase-1/2 study of 44 patients who were either naive to treatment or switched from eculizumab at enrolment. It 
reported continued hemolysis control, Hb stabilization, and transfusion avoidance, with five BTH events reported during 
the open-label extension phase. Each BTH event occurred in one individual; three of these were temporally associated 
with an infectious complication, and all resolved with continuation of crovalimab.62 The phase-3 COMMODORE-3 trial, 
conducted in China, enrolled transfusion-dependent, treatment-naive patients (n=51) with elevated LD (>2× upper limit 
of normal [ULN]). Both co-primary efficacy endpoints were met, including hemolysis control (LD <1.5× ULN) in 78.7% 
(95% CI: 67.8–86.6) and transfusion avoidance in 51%.37 Results from the other phase-3 trials, COMMODORE-139 and 
COMMODORE-2,38 have recently been reported for patients who were either switched from SOC or were treatment- 
naive. Similar control of hemolysis and transfusion needs were seen. Of note, in the switch trial, 16% of crovalimab- 
treated patients had drug-target-drug complex (DTDC)-mediated Type III hypersensitivity events occur due to the two 
anti-C5 antibodies targeting separate binding sites. Most events were mild-to-moderate, isolated to skin and joints, and 
resolved with no change in crovalimab dosing.39

Pozelimab + Cemdisiran
A phase-3, randomized trial of the anti-C5 monoclonal, pozelimab,63 plus cemdisiran,64 compared to SOC (ravulizumab 
or eculizumab) is currently recruiting at the time of writing. In addition to directly inhibiting C5 with pozelimab, the use 
of cemdisiran, a small interfering RNA (siRNA), should further reduce terminal complement activity by directly 
suppressing hepatic C5 synthesis. Cemdisiran alone has shown a >90% reduction of C5 production in patients with 
PNH; however, this was insufficient to fully inhibit complement activation alone. The two-drug combination, as part of 
a phase-2 trial, demonstrated successful control of terminal complement, with an interim analysis (n=16) demonstrating 
that most participants maintained normalization of LD, and 75% achieved Hb stabilization.40 Results of the phase-3 trial 
are anticipated.

Tesidolumab
Tesidolumab is a fully human anti-C5 monoclonal antibody, currently used mostly in Asia. Like crovalimab and 
pozelimab, it too binds to a distinct epitope from eculizumab and ravulizumab, permitting use in those with C5 
polymorphisms.30 A phase-2 trial of nine patients, five of whom carrying the Arg885His C5 variant, demonstrated 
approximately 80% reduction in LD levels, decreased transfusion dependence, a 20 g/L mean Hb increase, and 
improvement in FACIT-fatigue scores.65 Further, publicly available data are awaited.

Journal of Blood Medicine 2023:14                                                                                                 https://doi.org/10.2147/JBM.S431493                                                                                                                                                                                                                       

DovePress                                                                                                                         
619

Dovepress                                                                                                                                                Oliver and Patriquin

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Eculizumab Biosimilars
There are currently three eculizumab biosimilars,66 and their reduced cost should allow for expanded availability of 
complement inhibition in jurisdictions currently still without these life-saving therapies. Two of the molecules, ABP- 
95967,68 and SB1249,69 are either recently available in some countries or are in the process of being assessed by national 
health authorities. They have shown comparable efficacy, safety, and immunogenicity to eculizumab as a reference 
product. Elizaria is another eculizumab biosimilar, currently marketed in Russia, and is a first-line therapy for patients 
with PNH. Those previously on eculizumab were subsequently switched once it was available.70 A phase-3 trial 
confirmed non-inferiority compared to eculizumab with respect to LD control, secondary outcomes, and safety 
parameters.48 How these biosimilars, given fortnightly, will fit into health systems that already have ravulizumab remains 
to be seen, but could at least provide a more affordable option for the many countries still without C5 inhibition for PNH. 
To our knowledge, there are no biosimilars that are currently longer acting.

Proximal Complement Inhibition
Interest in proximal complement inhibition as a therapeutic strategy stems from the need to correct the iatrogenic C3- 
mediated EVH that can occur in PNH patients on a C5 inhibitor. Much of the early work came from the Lambris lab with 
the C3 inhibitor, compstatin.71 Its pegylated version, pegcetacoplan, was the first such therapeutic approved for use in 
patients with PNH. Three main classes of proximal inhibitor exist and are either approved for use or are in late-stage 
clinical trials, blocking C3, factor D (FD), and factor B (FB).72

C3 Inhibition
C3 inhibition is the first successful strategy to treat PNH since terminal complement inhibitors were approved. 
Pegcetacoplan, a pegylated anti-C3 cyclic peptide, given as a twice-weekly SC infusion, demonstrated superiority in 
change from baseline Hb (mean difference 38.4 g/L) compared to eculizumab in a randomized, open-label clinical trial 
(PEGASUS) of patients who had persistent anemia (Hb <105 g/L) despite eculizumab, many of whom were transfusion- 
dependent.35 It was found to be non-inferior in terms of transfusion-avoidance and change from baseline reticulocyte 
count, but not for change from baseline LD. Due to hierarchical statistical analysis, QoL was not formally analyzed; 
however, a post hoc analysis found pegcetacoplan superior to eculizumab across FACIT-fatigue domains.73

Following PEGASUS, PRINCE was an open-label, controlled trial completed in complement inhibitor-naive patients, 
compared to supportive care alone (ie no C5 inhibition).50 Pegcetacoplan was superior with respect to Hb stabilization (85.7% 
vs 0% in the SOC arm) and hemolysis control, with a mean LD at 26 weeks of 205 U/L vs 1535 U/L (ULN = 226 U/L). 
Patients in any of the parent pegcetacoplan trials were eligible to be enrolled in the APL2-307 open-label extension study of 
pegcetacoplan and demonstrated durable improvements in Hb, transfusion avoidance, LD, and FACIT-fatigue scores.74

A key finding of the pegcetacoplan trials was a significant expansion of GPI-negative erythrocyte populations, often 
exceeding 90%. This was associated with the increased Hb seen; however, in PEGASUS, episodes of acute hemolysis 
occurred in four patients and were dramatic, with LD increasing to 10–15x ULN in some cases, and 3 out of the 4 
participants discontinued pegcetacoplan.35 Recognition of the potential for profound BTH prompted a sub-study of those in 
the open extension period, in which those with acute hemolysis could receive either a single IV dose, or three consecutive- 
day doses of SC pegcetacoplan, followed by every-3-days dosing. Preliminary data suggest that this strategy can success
fully manage BTH in many patients on pegcetacoplan,75 though some may benefit from temporary use of C5 inhibitors.76 In 
the APL2-307 extension trial, 16.8% of patients developed an acute hemolytic episode. All of these resolved, though 7/9 
received increased dosing and three required transfusions. Three of these patients elected to discontinue trial participation 
due to hemolysis.74 A clear and stratified approach on how best to manage BTH for physicians will be essential.

Factor B Inhibition
Factor B is an enzyme only active in the alternative pathway of complement and is required to form the alternative- 
pathway convertases of C3 and C5. Targeting FB theoretically permits ongoing functionality of the classical and lectin 
pathways. Iptacopan is an orally available, small-molecule FB inhibitor being trialed in multiple complement-mediated 
conditions. Its activity in PNH was first demonstrated as an add-on therapy for those still anemic despite C5 inhibition.77 
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In the phase-3 APPLY-PNH trial of anemic patients (n=97) despite eculizumab, twice daily iptacopan monotherapy was 
associated with a mean Hb increase of 35.9 g/L. Only two patients in the iptacopan arm received transfusions versus 60% 
of those who stayed on eculizumab.42 The APPOINT-PNH trial is a single-arm study of complement inhibitor-naive 
patients (n=40) with baseline Hb <100 g/L. In a press release, Novartis announced that, at 24 weeks, 92.2% of patients 
had a ≥20 g/L increase in Hb, 62.8% had a Hb of 120 g/L or more, and 95% had LD below 1.5x ULN.78,79

Factor D Inhibition
Factor D is synthesized primarily in adipose tissue and circulates at the lowest concentration of all complement 
proteins.80 This is the rate-limiting step of the alternative pathway, as it needs to cleave FB for it to partake in convertase 
activity with C3b or C3H2O. As with FB blockade, inhibition of FD impairs alternative pathway complement function 
while allowing other pathways to function. Danicopan, discussed in more detail later (see Dual-Target Inhibition), was 
the first FD inhibitor to show activity in PNH patients and provided a proof of concept. Since then, vemircopan and 
BCX9930 have moved forward in trials, used as oral monotherapy.

Vemircopan, taken twice daily, is advancing through a phase-2 clinical trial program with three cohorts, including 
those who have switched from danicopan monotherapy, those with suboptimal response to C5 inhibition, and treatment- 
naive patients. In the last group, 54.5% of whom were receiving transfusions during screening, vemircopan was 
associated with a mean Hb increase of 39 g/L, 81% reduction in LD, clinically significant improvement in FACIT- 
fatigue scores, and only one patient required transfusion on day 2 of treatment.41 Updated data and results from the other 
cohorts are anticipated.

BCX9930 is another twice-daily oral FD inhibitor that was being tested in patients with PNH who were either 
suboptimal responders to C5 inhibition or were treatment-naive. Those receiving the drug showed improved Hb and 
hemolytic parameters and reduced transfusion requirements.81,82 Due to concerns related to crystalline nephropathy, 
potentially limiting dose optimization, the program was discontinued; however, patients already on BCX9930 and 
benefiting from it have continued. In a press release, BioCryst announced that they are in the early stages of developing 
a once-daily FD inhibitor (BCX10013) for another attempt at treating PNH and other complement-mediated diseases.83

Dual-Target Inhibition
The current rationale for dual-target complement inhibition in PNH is to maintain a direct blockade of C5 while also 
providing proximal inhibition to protect against or treat EVH. Proximal inhibition would in essence allow for greater 
increments in Hb, while terminal blockade could protect against severe episodes of BTH in patients with significant 
proportions of circulating type-III erythrocytes.17

In eculizumab-treated PNH patients who remained transfusion-dependent, presumably due to EVH, the addition of 
thrice-daily danicopan (anti-FD) in a phase-2 trial was associated with a mean Hb increase of 24 g/L and a significant 
reduction in transfusion needs.84 The phase-3 ALPHA trial of the same combination has completed enrolment, with full 
results anticipated soon.43 Rapid increases in Hb were similarly seen in the PEGASUS trial during the 4-week run-in 
period, where participants received both pegcetacoplan and eculizumab.35 A trial of KP104, a bifunctional monoclonal 
antibody that inhibits C5 while employing complement factor H activity for proximal pathway regulation, has recently 
started in patients with PNH, with data eagerly awaited.85

A combined-target approach to treating PNH is certainly intriguing, and the data thus far suggest that it could be successful. 
The main limiting factor will be economic. This could be possible if both therapeutics are from the same company or, in the 
example of KP104, a single agent has multiple targets; however, given the extreme prices of orphan drugs, even modest 
incremental cost may be infeasible. Beyond pricing, questions remain surrounding who would benefit most, if combination 
therapy is required long term or for certain periods, and which combinations are most safe and effective.

Management Recommendations
The goal of the International PNH Interest Group (IPIG - https://www.pnhinterestgroup.org/) and other organizations is 
to continue to advocate for effective therapies for PNH patients internationally. Considering this important goal, we have 
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outlined some clinical scenarios and topics that may be of help to physicians who may not manage PNH on a regular 
basis. We would also encourage the reader to refer to national standards and guideline documents where available.

Initiating Therapy
In patients with small clones (usually granulocyte populations <10%) with no evidence of hemolysis or PNH-related 
disease manifestations, anti-complement therapy may not be required and it may be appropriate to closely monitor with 
blood work and clinical assessments. Close monitoring and supportive care alone may also be sufficient in patients with 
larger clones who do not otherwise meet indications for targeted therapy.

In patients with clinically significant hemolytic PNH, control of terminal complement is central, irrespective of the 
therapeutic target chosen. This is also the case for thrombotic PNH which can in some cases present without significant 
hemolysis, particularly if there is a predominance of type-II erythrocytes.86 Though this may change soon, in Canada we 
remain limited to eculizumab and, in some situations, ravulizumab. Many jurisdictions use high disease activity (HDA)87 

criteria for approval decisions, permitting any PNH patient with LD >1.5x ULN and at least one manifestation of the 
disease to receive therapy. Some countries, such as Canada, may be limited by more restrictive criteria that are set by 
national HTA bodies.4,88 In addition to standard approval criteria, pregnancy in a patient with PNH is another indication 
to start eculizumab, even if they were not receiving C5 inhibition prior to conception, given the increased risk during this 
time.24 In some urgent situations, such as new TE or severe hemolysis with end-organ damage (eg acute kidney injury), 
C5 inhibition must be started urgently to prevent progression. The rapidity of terminal complement blockade is crucial in 
these scenarios. As such, we would not use subcutaneous therapies, which can take longer to reach therapeutic levels.89 

Particularly with these presentations, we would not delay starting drug due to vaccination, and would cover patients with 
anti-meningococcal prophylaxis until it is possible and safe to vaccinate (see Mitigating Infection Risk).4 In the case of 
acute thrombosis, therapeutic anticoagulation is strongly recommended. There is little data to guide choice or duration of 
anticoagulation for TE in the setting of PNH, and it would depend in part on the site and severity of the TE presentation; 
however, we will routinely use direct oral anticoagulants (DOACs) for a minimum of 3–6 months and until control of 
IVH is achieved after starting anti-complement therapy. We engage in shared decision-making with patients thereafter, to 
weigh recurrent thrombotic versus bleeding risk factors to determine the need for ongoing prophylaxis thereafter.

At the time of writing, based on the evidence available, we would suggest starting patients on C5 inhibition in the 
upfront setting, with ravulizumab being preferred due to convenience and lower risk of PK BTH.21 This may change over 
time, as naïve-start data for other therapeutics mature; the PRINCE and APPOINT-PNH data suggest that pegcetacoplan 
and iptacopan, respectively, are also safe and effective therapies to start in complement inhibitor-naive individuals.50,79 With 
access to multiple anti-complement therapies, patient preference will be a key consideration. In jurisdictions with limited 
access, we would favour initiating complement blockade in any form available given the risks of untreated PNH.1,52

Whom to Switch
Patients who have ongoing anemia attributed to clinically significant EVH, particularly if symptomatic or transfusion- 
dependent, would be the optimal candidates to be switched to proximal inhibition. The choice of therapeutics will depend 
on patient preference, clinical characteristics, and jurisdictional availability. Most therapies recently approved or in late- 
stage development have clinical trial data for patients switching from SOC C5 inhibition. At baseline, patients who meet 
the characteristics of trial participants are those whom we would consider switching (eg persistent anemia despite 3–6 
months of C5 inhibition).

Criteria to gauge hematologic response have been proposed, which consider Hb, LD, and reticulocyte count.19 

A subsequent multicentre review (n=160) found that 21.3% had a complete response (normal Hb, transfusion- 
independent), 40.2% had a good response (Hb 100–120 g/L, transfusion-independent), with the remainder achieving only 
partial (26.8%) or minor (11.8%) response.53 However, these criteria have been criticized for valuing an increased Hb over 
LD, a marker of IVH (eg a “major response” would permit LD >1.5x ULN, as long as the Hb is over 120 g/L).90 Being 
permissive of LD >1.5x ULN could place patients at risk of TE, as previous studies have shown a direct association 
between elevated LD and thrombosis.91 Another concern is that regulators and payers could withdraw life-saving therapies 
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if improvement in Hb is weighted too heavily, without consideration of LD control. As such, a re-evaluation of response 
criteria is planned.

With respect to switching treatments, there are further considerations, not least of which is patient preference and 
willingness to change. As deep and consistent complement blockade is necessary to protect patients from TE and end- 
organ damage, additional issues such as adherence to oral therapies41,42,92 or challenges with self-administered delivery 
mechanisms (eg syringes and infusion pumps)35–37,62,93 need to be carefully considered.

Based on the data thus far, those with a significant thrombotic history seem best served by staying on a C5 
monoclonal antibody; in particular, there are no data that we are aware of to support starting a novel therapeutic in 
a patient presenting with de novo TE. Lastly, we must be very cautious in the context of pregnancy since pregnant and 
nursing patients were explicitly excluded from trials. For now, we would recommend remaining on (or switching to) 
eculizumab during pregnancy given the long-term experience and data demonstrating its beneficial use,24 though there 
are different practices and opinions, and this may change as safety data become available.

Mitigating Infection Risk
All patients receiving complement inhibition to treat PNH require meningococcal vaccination, with both quadrivalent and 
serogroup B formulations where available. As vaccines can amplify complement activity and lead to acute hemolysis,94 it 
is our standard practice to first start complement inhibition and administer vaccines thereafter, providing antimicrobial 
prophylaxis for at least 14 days after they are given. For long-term protection, we provide boosters for each vaccine every 
3 years (maximum, every 5 years).4 Others, with the assay available, will revaccinate at a variable frequency based on 
anti-meningococcal titres. Pneumococcal and Haemophilus type B vaccinations are recommended for patients receiving 
proximal inhibitors. Despite concerns that blocking “higher up” the complement cascade could increase infection risk, 
this has not been seen to date in the data available. Indeed, response to meningococcal vaccination was no worse in those 
patients receiving danicopan compared to those on eculizumab.95,96 As data mature for other therapies, we will need to 
watch vigilantly for any safety signals of increased or differential infection risk.

Long-term prophylactic antibiotics in addition to vaccination are recommended in several countries, but not all. The 
most common regimen is penicillin twice-daily, or possibly azithromycin in the case of penicillin allergy.4 An analysis of 
the International PNH Registry did not find any significant difference in rate of meningococcal infection between those 
who did and did not take prophylactic antibiotics (0.1 per 100 patient-years), but the analysis was limited by lack of 
a standard definition and duration of “prophylactic” and low meningococcal infection event rates.97 The decision to take 
long-term antibiotics depends on patient values and preferences, and the possibility of side effects. Irrespective of 
prophylactic antimicrobial use, many experts suggest a “pill in pocket” approach, in which patients fill a prescription 
(typically of ciprofloxacin) with instructions to take a dose at the first signs of meningitis or unexplained fever and 
proceed to their closest emergency department. This is particularly important for patients who may live in remote areas or 
when abroad. Use of eculizumab without immunization has been done and reported safe, but only in the context of 
HSCT-associated thrombotic microangiopathy, during the discrete period before immune reconstitution.98 It is rare to 
have a patient with PNH unable to receive vaccines; however, a discussion of the risks and benefits of complement 
inhibition without immunization would need to occur, and antimicrobial prophylaxis would be necessary.

Pregnancy
Management of PNH patients who become pregnant remains an important focus. Without complement inhibition, 
maternal mortality, mostly driven by thrombotic complications, ranged from 8% to 20% historically.24 There is now 
many years’ experience using eculizumab in this context, with improved maternal outcomes and acceptable maternal and 
neonatal safety profile.24 For our pregnant patients, we also recommend low molecular weight heparin prophylaxis 
during pregnancy and for 6 weeks post-partum, as well as early initiation of aspirin to protect against preeclampsia. All 
of these patients are managed alongside colleagues in high-risk obstetrics. There is growing experience using ravulizu
mab in pregnancy, but few published reports; the implications of greater reliance on the FcRn on the fetus require further 
attention. The safety of other complement inhibitors remains to be seen, and there is a plan in place to do this centrally 
within the IPIG Registry.
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Where are We Going?
The PNH treatment landscape is evolving. With new treatments on the horizon, patients and physicians alike are excited 
about the trajectory and momentum of this evolution. Unfortunately, targeted anti-complement agents are still available 
in only a minority of countries.6 With increased competition in terms of PNH treatments, we are hopeful that the cost of 
SOC therapy will be reduced; however, as with most orphan drugs, we anticipate that costs will continue to be 
high.45,46,99 This will create challenges for resource-limited countries and may result in delays in drug approval.

As new therapies become available, and hopefully have broader geographic spread, it will be important to capture 
efficacy and safety data comprehensively. The current International PNH Registry (NCT01374360) was established in 
2007, when eculizumab was the only treatment available and has been an invaluable resource to advance our knowledge 
of PNH and its management. A new registry, under the auspices of the International PNH Interest Group, is planned to 
start in the near future and will aim to enroll PNH patients receiving therapeutics by any company that participates, as 
well as those patients not on complement inhibition.

As the field progresses, and long-term extension data for newer therapies mature, prescribers will require a roadmap to help 
navigate the anti-complement space, including direction on initiation in treatment-naive patients, whom and when to switch, and 
how to manage specific situations like BTH, TE, and pregnancy. International guidelines that will set standards for overall 
diagnostic and management strategies, while accounting for jurisdictional variation, will be an invaluable resource. Guidance 
should also come from local consensus guidelines, which consider the available therapies and nuances in each region. Physicians 
and patients will need to engage in shared decision-making to determine which therapy fits their disease characteristics and 
lifestyle needs. Drug availability, compliance, and modality of delivery will be important pillars of these conversations.

While the gaps in the PNH treatment landscape are reducing, there remain several unmet needs as we have outlined 
here. A more nuanced and precision medicine-based understanding of PNH could identify patients at particular risk of 
incomplete IVH control or clinically significant EVH with C5 inhibition. This information may allow us to risk-stratify 
patients at the time of diagnosis, and guide whether distal or proximal complement inhibition is most appropriate in the 
front-line setting, and which proximal target would be most effective. Lastly, additional complement biomarkers would 
be welcome, allowing a clearer distinction between IVH and EVH, and more objective targets to guide when a switch in 
therapy should be considered.100 We have learnt much over the last 20 years since targeted complement inhibition first 
became possible, with great strides toward improvements in patient care. Given the ultra-rare nature of PNH, ongoing 
success now and in the future will come from continued and expanded international collaboration.
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