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Abstract: Complement inhibitor selection in paroxysmal nocturnal hemoglobinuria (PNH) can no longer be reduced to a binary class- 
level decision. Terminal C5 inhibitors provide durable control of intravascular hemolysis (IVH) and the most mature evidence for 
thromboembolic risk reduction, supporting their continued primacy in patients with high thrombotic risk or established venous 
thromboembolism. Persistent anemia during C5 inhibition is mechanistically heterogeneous. Before it is ascribed to extravascular 
hemolysis (EVH) or bone marrow failure (BMF), the adequacy of terminal complement inhibition should be confirmed, as incomplete 
IVH suppression may contribute to residual hemolysis in some patients. Among patients with confirmed terminal suppression, 
persistent anemia is driven primarily by C3-mediated EVH in a subset of patients, whereas in others it arises from underlying BMF 
or a combination of both. Differentiating among these mechanisms is a prerequisite for escalation decisions rather than an optional 
refinement. The proximal complement inhibitors pegcetacoplan (C3), iptacopan (Factor B), and danicopan (Factor D) address EVH- 
driven anemia but have not been evaluated in trials powered for thrombosis prevention, creating an asymmetry in the evidence base 
that demands explicit clinical reasoning. This review proposes a phenotype-driven longitudinal management strategy stratifying 
treatment decisions by dominant disease mechanism, thrombotic risk, and practical treatment context. Diagnostic approaches to 
differentiating EVH-dominant, BMF-dominant, and overlap phenotypes in the relevant patient subsets, comparative evidence across 
inhibitor classes, and mechanism-based escalation strategies are addressed in sequence, alongside high-risk clinical scenarios and an 
evidence-gap analysis to guide future research. 
Keywords: paroxysmal nocturnal hemoglobinuria, complement inhibitors, extravascular hemolysis, breakthrough hemolysis, 
phenotype-driven treatment

Introduction
Paroxysmal nocturnal hemoglobinuria (PNH) is a rare acquired clonal disorder caused by a somatic mutation in PIGA, 
the gene encoding phosphatidylinositol glycan class A.1,2 Loss-of-function PIGA mutations impair glycosylphosphati
dylinositol (GPI) anchor biosynthesis, producing partial or complete deficiency of GPI-anchored surface proteins on 
hematopoietic cells.2 The most clinically consequential deficit involves the complement regulators CD55 (decay- 
accelerating factor) and CD59 (membrane inhibitor of reactive lysis). Their absence renders PNH erythrocytes suscep
tible to spontaneous, low-level alternative pathway activation that can be substantially amplified during inflammation or 
infection, ultimately driving terminal complement activation and C5b-9 membrane attack complex (MAC) assembly on 
the erythrocyte surface.3,4

Unchecked MAC-mediated intravascular hemolysis (IVH) releases free hemoglobin into the circulation, where it 
scavenges nitric oxide and drives a cascade of vascular, renal, and inflammatory injury.5,6 Clinically, this manifests as 
fatigue, hemoglobinuria, smooth muscle dystonia, and elevated thrombotic risk, which represents the leading cause of 
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mortality in hemolytic PNH. Pre-complement inhibition cohorts exhibited median survival of 15 to 20 years, with most 
deaths attributable to thromboembolism.3,7

The approval of eculizumab in 2007 established terminal C5 inhibition as the therapeutic cornerstone of PNH 
management.8 By blocking C5 cleavage, eculizumab prevents MAC formation, achieving durable IVH control and an 
approximately 80% relative reduction in thromboembolic events.9–11 Subsequent agents in this class have substantially 
reduced treatment burden without sacrificing efficacy: ravulizumab extends the intravenous dosing interval to eight 
weeks through enhanced neonatal Fc receptor recycling,12 while crovalimab enables low-volume subcutaneous self- 
injection every four weeks via a sequential antibody recycling mechanism.13,14 Both agents demonstrated non-inferiority 
to eculizumab for LDH normalization and transfusion avoidance in pivotal Phase III trials.15,16

Because C5 blockade cannot suppress upstream complement activation, PNH erythrocytes accumulate C3 opsonins despite 
controlled IVH, marking them for phagocytic clearance in the liver and spleen via extravascular hemolysis (EVH).17,18 The 
PEGASUS trial demonstrated this therapeutic ceiling, showing significant hemoglobin recovery when patients switched from 
eculizumab to the C3 inhibitor pegcetacoplan.19,20 The advent of proximal inhibitors targeting C3, Factor B, and Factor D expands 
the therapeutic armamentarium but introduces a clinical imperative: these agents can address EVH-driven anemia in patients with 
C3-mediated EVH as the dominant mechanism, and have no expected benefit in patients whose residual anemia reflects BMF 
rather than ongoing complement-mediated destruction. Distinguishing EVH-dominant from BMF-dominant anemia in relevant 
patient subsets is therefore a prerequisite for any escalation decision.

This review proposes a phenotype-driven longitudinal management framework. By integrating mechanistic classifica
tion, thrombotic risk, and comparative evidence across inhibitor classes, we provide a structured clinical decision 
pathway for current practice and outline the evidence gaps that future research must resolve.

PNH Clinical Phenotypes and Treatment Goals
PNH as a Spectrum of Overlapping Phenotypes
PNH manifests as a spectrum defined by the relative contributions of complement-mediated hemolysis, thrombotic risk, and 
underlying BMF.21,22 Phenotypic heterogeneity dictates treatment priorities: uncontrolled IVH, elevated thrombotic risk, 
C3-mediated EVH during therapy, or insufficient erythropoiesis may predominate at different times in the same patient. 
Phenotype determination, rather than clone size alone, is the necessary starting point for clinical decision-making.18

IVH-Dominant PNH
The classical hemolytic phenotype arises from unchecked terminal complement activation and MAC-mediated intravas
cular erythrocyte lysis. Laboratory hallmarks include elevated LDH and hemoglobinuria. Clinical features reflect nitric 
oxide depletion and smooth-muscle dystonia, manifesting as fatigue, abdominal pain, dysphagia, and erectile 
dysfunction.3 The therapeutic objective is durable terminal complement suppression to normalize LDH, stabilize 
hemoglobin, and preserve organ function, particularly renal integrity.

Thrombotic-Risk Phenotype
Thromboembolism is the leading cause of mortality in hemolytic PNH. Risk is driven by granulocyte clone size (>50%), 
hemolytic activity (LDH >1.5x ULN), major PNH-related vascular symptoms, and coexisting prothrombotic factors such 
as infection or pregnancy.23–25 In patients with prior thrombosis or high-risk features, terminal C5 inhibition remains 
first-line to prevent recurrence, supported by an approximately 80% relative reduction in thromboembolic events 
compared with historical cohorts.10,23 Hemoglobin improvement is secondary to vascular protection in this population.

Mechanistic Classification of Persistent Anemia During C5 Inhibition
Persistent anemia during C5 inhibitor therapy requires mechanistic evaluation before any escalation decision is made.26 

The first step is to confirm whether terminal complement suppression is genuinely adequate, as incomplete IVH control 
may itself account for residual hemolysis in a subset of patients.27,28 Pharmacokinetic suboptimality may result in 
transient loss of IVH control, most commonly associated with eculizumab end-of-interval trough vulnerability.28–30 
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A mechanistically distinct contributor involves surface-deposited C3b, which associates with Factor B to reconstitute 
alternative pathway convertase activity on the erythrocyte surface, competing with circulating C5 inhibitors for access to 
C5 and providing a pathway for residual MAC formation despite ongoing treatment.27,28 In patients where pharmaco
kinetic suboptimality is the suspected contributor, reassessment and optimization of the C5 inhibitor regimen should be 
the first step before class escalation is considered.30 In patients where persistent surface C3b accumulation is the 
suspected mechanism, the adequacy of terminal suppression may be more difficult to restore through regimen adjustment 
alone, and the threshold for considering proximal inhibition may be lower.30,31

Once adequate terminal blockade is established, persistent anemia should be further evaluated for its dominant 
mechanism. In patients with aplastic anemia-PNH overlap syndromes or long-standing marrow hypocellularity, residual 
anemia reflects primarily impaired erythropoiesis from underlying BMF, and complement inhibition of any class cannot 
be expected to improve hemoglobin,32 because the deficit arises from insufficient red-cell production rather than ongoing 
complement-mediated destruction.

Initiating a proximal inhibitor in a patient whose anemia is driven primarily by BMF will not improve hemoglobin 
and exposes the patient to breakthrough hemolysis risk during the transition.33 The diagnostic approach integrates 
reticulocyte count, indirect bilirubin, LDH on C5 inhibitor therapy, C3d erythrocyte opsonization, and bone marrow 
assessment.34,35 Table 1 details how these clinical and laboratory parameters support mechanistic classification of 
persistent anemia, distinguishing EVH-dominant, BMF-dominant, and overlap phenotypes from presentations in which 
incomplete terminal suppression warrants reassessment of the C5 inhibitor regimen rather than class escalation. 
A proportion of patients exhibit features of both mechanisms simultaneously. In this overlap population, partial rather 
than complete hemoglobin normalization should be anticipated even with effective proximal complement suppression, 
and bone marrow assessment is required before any proximal inhibitor is initiated.

BMF-Dominant and Subclinical PNH
Patients with small PNH clones or clinically predominant BMF (aplastic anemia or myelodysplastic syndrome) constitute 
a distinct group in which hematopoietic recovery is the primary therapeutic objective.36 Complement inhibitors may be 
adjunctive if concurrent hemolysis is clinically significant but cannot be expected to correct anemia arising from marrow 
insufficiency. In aplastic anemia–PNH overlap syndromes, many patients achieve clinically meaningful hematologic 
responses to immunosuppressive therapy (IST), and combining terminal C5 inhibition with IST is a rational approach 
that controls complement-mediated hemolysis while supporting marrow recovery.37

Therapeutic Goals Across Phenotypes
Effective PNH management requires attention to six clinical domains: control of IVH (LDH normalization, elimination 
of hemoglobinuria), hematologic improvement (hemoglobin stabilization, transfusion independence), thromboembolism 
prevention, organ protection (renal and pulmonary function), quality of life (reduction of treatment burden and fatigue), 
and long-term safety (infection vigilance, monitoring for clonal evolution, and management of therapeutic transitions). 
The relative priority of each domain shifts according to the patient’s dominant phenotype. In thrombotic-risk patients, 
vascular protection takes precedence. In EVH-confirmed inadequate responders, hematologic improvement through 
proximal inhibition becomes the principal goal. In BMF-dominant patients, marrow-directed therapy is required along
side or instead of complement inhibition.18 The extent to which each available agent can meet these phenotype-specific 
goals depends on its mechanism of action, the patient population in which it was studied, and its administration profile, 
considerations addressed in turn for each approved complement inhibitor class.

The Complement Inhibitor Armamentarium: Comparative Evidence
Complement inhibitor selection requires assessment of mechanism of action, trial evidence, route of administration, efficacy 
profile, breakthrough hemolysis (BTH) risk, and infection susceptibility. Approved agents fall into two mechanistic classes: 
terminal C5 inhibitors, which control IVH and carry the strongest evidence for thromboembolic risk reduction, and proximal 
inhibitors, which target upstream complement components to address EVH (Figure 1). These classes are not interchangeable, and 
the evidence supporting each derives from distinct patient populations with different anemia mechanisms.
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Table 1 Distinguishing EVH-Dominant from BMF-Dominant Anemia in PNH Patients on C5 Inhibitor Therapy

Diagnostic Parameter EVH-Dominant BMF-Dominant Overlap (EVH + BMF) Clinical Implication

Core mechanism C3 opsonization → extravascular clearance 
despite C5 blockade

Impaired erythropoiesis: aplastic anemia 
overlap, hypocellular marrow, or MDS

EVH and BMF coexist; 
common in long-standing 

PNH

Target the dominant mechanism before 
escalating

LDH on C5i Normalized (<1.5× ULN) Normal or mildly elevated Mildly elevated Persistently high LDH suggests inadequate 
C5 blockade, not EVH

Reticulocyte count Elevated or inappropriately high for anemia 

degree

Low or inappropriately normal Variable Low reticulocytes predict poor hemoglobin 

response to proximal inhibition
Indirect bilirubin May be elevated Usually normal Variable Supports EVH when paired with 

reticulocytosis and controlled LDH

Haptoglobin May remain low Normal if hemolysis minimal Variable; limited specificity Do not use in isolation
C3d-coated erythrocytes/ 

DAT

C3d positive; DAT negative Usually negative Positive if EVH component 

active

Supportive marker; does not quantify EVH 

contribution

WBC and platelet counts Relatively preserved Multilineage cytopenias common Cytopenias may coexist 
with erythroid hyperplasia

Multilineage cytopenias indicate marrow 
failure; consider bone marrow evaluation

Bone marrow cellularity Normal or hypercellular Hypocellular; aplastic anemia, dysplasia, or 

poor erythroid reserve

Hypocellular with erythroid 

hyperplasia

Marrow failure findings favor BMF-directed 

therapy over complement escalation
PNH clone size Often large Variable; clone size does not determine 

mechanism

— Interpret alongside hemolysis and marrow 

markers, not in isolation

Expected response to 
proximal inhibition

Hemoglobin improvement expected No improvement expected Partial improvement; 
counsel patient

Reserve proximal inhibitors for plausible 
complement-mediated anemia

Preferred management Proximal inhibition: danicopan add-on, 

iptacopan, or pegcetacoplan per risk profile

Marrow failure management: AA/MDS therapy, 

transfusion support, transplant evaluation

Individualized approach Prevents inappropriate escalation in BMF- 

dominant patients

Note: * The right arrow (→) indicates a sequential step or transition.
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Terminal C5 Inhibitors
Terminal C5 inhibitors block cleavage of C5 into its pro-inflammatory (C5a) and lytic (C5b) fragments, preventing MAC 
assembly and controlling IVH. This class carries the most extensive long-term efficacy and safety data in PNH, including 
the most mature evidence for thromboembolism prevention.

Eculizumab was the first approved agent and remains the clinical reference standard. In the TRIUMPH trial, it 
stabilized hemoglobin and reduced thromboembolic events by approximately 80% relative to historical cohorts.8 Nearly 
two decades of post-marketing experience have characterized its long-term safety profile and established its role in 
pregnancy and pediatric populations.

Ravulizumab was engineered with an extended half-life through enhanced neonatal Fc receptor recycling, extending 
the IV dosing interval from two to eight weeks.12 Pivotal Phase III trials, Study 301 in treatment-naive patients and Study 
302 in patients switching from eculizumab, demonstrated non-inferiority for LDH normalization and transfusion 
avoidance, and six-year follow-up data confirm sustained efficacy.15,38,39 Ravulizumab is currently the most widely 
used first-line parenteral option.

Crovalimab employs sequential antibody recycling technology to enable low-volume subcutaneous self-injection 
every four weeks after an initial IV loading phase.13,14 The COMMODORE 2 trial in treatment-naive patients and 
COMMODORE 1 in patients switching from eculizumab both demonstrated non-inferiority on the primary endpoints of 
LDH control and transfusion avoidance.16,40

C5 inhibitors, which act downstream of C3 and therefore leave upstream opsonization unresolved, do not prevent EVH-driven 
residual anemia in patients who continue to accumulate C3 fragments on erythrocytes despite controlled IVH.17,41,42

Figure 1 Mechanism of Complement Activation in PNH. Intravascular (IVH) and extravascular (EVH) hemolysis are depicted, as well as targets of current and new 
complement inhibitors (CI). On the opsonized red cell surface, unstable C3b is progressively processed to the stable C3d fragment under the regulatory control of 
complement Factors H (FH) and I (FI). C3d opsonization flags PNH erythrocytes for extravascular clearance (EVH), whereas C3b participates in C3/C5 convertase assembly, 
driving downstream membrane attack complex (MAC) formation and intravascular hemolysis (IVH). 
Abbreviations: MAC, membrane attack complex; MASP-3, mannan-binding lectin-associated serine protease 3; CFB, complement component factor B; CFD, complement 
component factor D; C3, complement component 3; C5, complement component 5; FH, Factor H; FI, Factor I.
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Proximal Complement Inhibitors
Proximal inhibitors prevent C3 fragment deposition on PNH erythrocytes, addressing the EVH mechanism that C5 
blockade leaves unresolved. Three agents are currently approved: pegcetacoplan (C3 inhibitor), iptacopan (Factor 
B inhibitor), and danicopan (Factor D inhibitor, approved exclusively as add-on therapy).41

Pegcetacoplan is a pegylated C3/C3b inhibitor (1080 mg administered subcutaneously twice weekly) that blocks all three 
complement activation pathways upstream of C5.43–45 Its pivotal evidence derives from the PEGASUS trial, which enrolled 
80 patients with persistent anemia (hemoglobin below 10.5 g/dL) despite stable eculizumab therapy, an EVH-confirmed 
inadequate-responder population. At 16 weeks, pegcetacoplan produced a mean hemoglobin increase of +2.4 g/dL compared 
with a mean decline of −1.5 g/dL in patients continuing eculizumab (adjusted difference +3.84 g/dL, p<0.001), with 85% 
achieving transfusion independence versus 15% on eculizumab.19 In treatment-naive patients, the PRINCE trial, which 
compared pegcetacoplan against supportive care rather than an active C5 inhibitor, demonstrated hemoglobin improvement 
from 9.4 to 12.1 g/dL and a 91% transfusion-free rate versus 22% on supportive care.43 Pegcetacoplan carries the highest 
switch-associated BTH risk among approved proximal agents: severe hemolysis occurred in approximately 24% of switch 
patients during the PEGASUS transition period,46,47 requiring strict adherence to structured overlap protocols.

Iptacopan is an oral small-molecule inhibitor of complement Factor B, the catalytic subunit of the alternative pathway C3 
convertase. In the APPLY-PNH trial, which enrolled patients with residual anemia (hemoglobin below 10.5 g/dL) despite C5 
inhibitor therapy, 94% achieved a sustained hemoglobin increase of at least 2 g/dL without transfusion at week 24, and LDH 
normalized in 95%.48,49 In treatment-naive patients, the single-arm APPOINT-PNH trial reported that 92.2% met the primary 
endpoint at week 24, with a mean hemoglobin increase of 3.6 g/dL.49 The Phase IIIb APPULSE-PNH study addressed 
a distinct and previously understudied population: patients on stable anti-C5 therapy with a higher baseline hemoglobin (≥10 
g/dL) who switched to iptacopan monotherapy. At week 24, 92.7% achieved hemoglobin of at least 12 g/dL, mean 
hemoglobin increased by +2.01 g/dL, no patient required transfusion, and no clinical BTH events were observed, meeting 
both noninferiority and superiority thresholds.50 Oral twice-daily dosing reduces administration burden substantially, but 
adherence is entirely patient-dependent and real-world adherence data under chronic disease conditions are not yet available.51

Danicopan is an oral Factor D inhibitor (150 mg three times daily) approved exclusively as add-on therapy to 
ravulizumab or eculizumab and is not effective as monotherapy.52,53 The ALPHA trial, which randomized EVH- 
confirmed patients on C5 inhibitor therapy to danicopan add-on versus placebo, demonstrated a mean hemoglobin 
increase of +2.94 g/dL at Week 12, with 60% versus 0% achieving a hemoglobin increase of at least 2 g/dL and 83% 
versus 38% achieving transfusion avoidance.52 Sustained efficacy was confirmed at 72 weeks, with a BTH rate of 6 
events per 100 patient-years during long-term follow-up.54 Because the C5 inhibitor backbone is maintained throughout, 
danicopan carries the lowest switch-associated BTH risk of the available proximal strategies.41

All three approved proximal inhibitors share important limitations that must inform their use. No head-to-head 
randomized trial comparing any two proximal agents has been conducted, and cross-agent comparisons rely on indirect 
methods only. Follow-up does not exceed five years for any proximal agent, precluding meaningful comparison with the 
long-term safety record of C5 inhibitors on clonal evolution and thrombosis prevention. Real-world encapsulated 
bacterial infections have occurred in patients receiving proximal inhibitors despite completed vaccination, confirming 
that upstream complement inhibition does not eliminate infection risk.55–57

Evidence Summary
The comparative efficacy and safety data for all approved complement inhibitor strategies are summarized in Table 2. 
Trial populations, hemoglobin response, transfusion avoidance rates, BTH incidence, and key safety signals are presented 
alongside administration characteristics to support mechanism-guided and phenotype-driven agent selection.

Complement Inhibitor Selection and Longitudinal Management
Complement inhibitor selection in PNH is not a class-level decision. The patient’s dominant disease mechanism, 
thrombotic risk profile, and individual clinical circumstances must be assessed in sequence.18,58 The seven steps of 
this decision process are illustrated in Figure 2 and addressed in the subsections below.

https://doi.org/10.2147/DDDT.S624829                                                                                                                                                                                                                                                                                                                                                                                                                                       Drug Design, Development and Therapy 2026:20 6

Chen et al                                                                                                                                                                           

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



Table 2 Clinical Trial Evidence Summary for Approved Complement Inhibitor Strategies in PNH

Agent Target/Class Route & 
Schedule

Pivotal Trial (Population) Hb Response Transfusion 
Avoidance

BTH Rate Key Safety Signal

Eculizumab C5 terminal IV q2w TRIUMPH (C5i-naïve) Hb stabilization 51% (26w) 11–27% (PK/ 

trough-related)

Meningococcal infection (Black 

Box); headache 44%

Ravulizumab C5 terminal IV q8w Study 301 (naïve); Study 302 
(switch from eculizumab)

Stabilization 68–76% (26w); non- 
inferior to eculizumab

74–88% 
(26w)

0–4% Headache 27–36%; meningococcal 
infection (Black Box)

Crovalimab C5 terminal IV loading then 

SC q4w

COMMODORE 2 (naïve); 

COMMODORE 1 (switch 
from eculizumab)

Stabilization 51–63% (24w); non- 

inferior to eculizumab

66–80% 

(24w)

4–10% IRR 16%; avoid direct switch from 

other anti-C5 monoclonal 
antibodies; meningococcal infection 

(Black Box)

Pegcetacoplan C3/C3b 
proximal

SC twice 
weekly

PEGASUS (C5i-experienced, 
EVH-confirmed); PRINCE 

(naïve vs BSC; no active C5i 

comparator)

PEGASUS: Δ+2.4 vs Δ−1.5 g/dL 
on eculizumab (p<0.001); 

PRINCE: 9.4→12.1 g/dL

PEGASUS: 
85% vs 15%; 

PRINCE: 91% 

vs 22%

7.5% on-treatment; 
~24% switch- 

associated 

(PEGASUS, ASH 
2024)

ISR 26%; encapsulated bacterial 
infection including non- 

meningococcal organisms (Black 

Box)

Iptacopan Factor B oral 

proximal

PO 200 mg bid APPLY-PNH (C5i- 

experienced, EVH-confirmed) 
; APPOINT-PNH (naïve, 

single-arm)

APPLY: 94% achieved ≥2 g/dL 

without transfusion; Δ+4.3 g/dL; 
APPOINT: 92.2% primary 

endpoint; Δ+3.6 g/dL

APPLY: 95%; 

APPOINT: 
100%

APPLY: 3–5%; 

APPOINT: 5% 
(both at 48w)

Headache 16–28%; encapsulated 

bacterial infection (Black Box); real- 
world pneumococcal events despite 

vaccination

Danicopan Factor D oral 
add-on only

PO 150 mg tid 
+ existing C5i

ALPHA (add-on to C5i; C5i- 
experienced, EVH-confirmed)

Δ+2.94 g/dL vs placebo+C5i 
(p<0.001); 60% vs 0% achieved ≥2 

g/dL (Week 12)

83% vs 38% 
(Week 12)

0% switch- 
associated; 6 

events/100 patient- 
years long-term

Hepatic enzyme elevation (monitor 
per label); not approved or effective 

as monotherapy

Note: * The right arrow (→) indicates the change from baseline to on-treatment values.
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Figure 2 A stepwise clinical pathway for complement inhibitor selection and longitudinal management in paroxysmal nocturnal hemoglobinuria. Arrows (→) indicate 
sequential transitions between clinical decision nodes within the pathway. 
Abbreviations: BMF, bone marrow failure; C5i, C5 inhibitor; ecul, eculizumab; ravu, ravulizumab; IVH, intravascular hemolysis; EVH, extravascular hemolysis; PNH, 
paroxysmal nocturnal hemoglobinuria.
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Confirming the Indication for Complement Inhibition
The starting point is confirmation that the patient has hemolytic PNH for which complement inhibition is indicated. 
Clinical indicators warranting treatment include symptomatic hemolysis, significant or recurrent transfusion require
ments, and end-organ complications such as renal insufficiency or thrombosis.59,60 Patients whose presentation is 
dominated by BMF with minimal hemolytic activity should be managed primarily through BMF-directed pathways. 
Complement inhibition may be appropriate if concurrent hemolysis is clinically significant, but it is not the primary 
intervention in this group.3 In patients with aplastic anemia–PNH overlap syndromes, combining IST with C5 inhibition 
is a rational therapeutic approach that can provide dual benefit by addressing both bone marrow insufficiency and active 
IVH, and treatment plans should be individualized according to the relative contributions of each mechanism.37

Thrombotic Risk Assessment
Thrombotic risk assessment is the primary determinant of first-line agent selection. Patients with a documented history of 
thromboembolism, large granulocyte clone size (>50%), elevated LDH (>1.5× ULN), or major PNH-related vascular 
symptoms should receive terminal C5 inhibition. This recommendation reflects the C5 inhibitor thrombosis prevention 
evidence, which demonstrates approximately 80% relative risk reduction across long-term cohort data, given that no 
currently approved proximal inhibitor has been evaluated in a trial powered for thrombosis endpoints.10,23 Notably, 
thrombotic events were systematically monitored and reported as major adverse cardiovascular events (MACE) in 
clinical trials of proximal complement inhibitors, and available safety data have not identified a notable signal of 
increased thrombotic risk, although these studies were not primarily powered to evaluate thromboembolic endpoints and 
follow-up remains limited. In high-thrombotic-risk patients, the absence of proximal inhibitor thrombosis outcome data is 
not a minor evidence gap;61 it is the central reason C5 inhibition remains the preferred strategy in this group.

First-Line Agent Selection in Treatment-Naive Patients
For treatment-naive patients with low-to-moderate thrombotic risk, both terminal C5 inhibitors and iptacopan are 
reasonable options, and the choice reflects shared discussion of route preference, anticipated EVH burden, and safety 
priorities. Ravulizumab achieves sustained terminal complement blockade through enhanced neonatal Fc receptor 
recycling, enabling eight-week IV dosing intervals.12 Crovalimab employs sequential antibody recycling technology, 
allowing subcutaneous self-injection every four weeks after an initial IV loading phase. Both agents have demonstrated 
non-inferiority to eculizumab for LDH normalization and transfusion avoidance.13,14,16,40 Iptacopan may be considered 
when the patient has a strong preference for oral therapy and thrombotic risk is assessed as low to moderate.62 However, 
neither APPOINT-PNH nor APPULSE-PNH included a concurrently randomized active C5 inhibitor control group: 
APPOINT-PNH was single-arm in complement inhibitor–naive patients, and APPULSE-PNH was single-arm in anti-C5- 
treated patients with baseline hemoglobin ≥10 g/dL,49 with efficacy assessed against each patient’s own anti-C5 baseline 
period. The absence of a randomized active comparator limits the strength of evidence for first-line iptacopan positioning 
and must be discussed explicitly during shared decision-making.61

Monitoring Treatment Response
Response assessment after starting complement inhibition should extend beyond hemoglobin. Durable IVH control is 
assessed through serial LDH measurements and resolution of hemoglobinuria. Reticulocyte count and indirect bilirubin 
provide insight into ongoing hemolysis, and C3d deposition on erythrocytes can confirm EVH in patients receiving C5 
inhibitors.32,63 Adequate response is characterized by LDH normalization and acceptable hematologic stabilization; 
patients achieving this are continued on their current regimen. Those with persistent anemia despite controlled IVH 
require mechanistic classification before any escalation is initiated.31

Classifying Persistent Anemia on C5 Inhibitor Therapy
Evaluating persistent anemia during C5 inhibitor therapy requires first establishing the adequacy of terminal complement 
blockade through serial LDH monitoring and other markers of IVH. Once incomplete IVH suppression is ruled out 
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(typically indicated by normalized or near-normal LDH levels), persistent anemia requires mechanistic classification 
before escalation is considered. Table 1 outlines the clinical and laboratory profiles that help differentiate EVH-dominant, 
BMF-dominant, and overlap phenotypes, linking these distinct features to their expected therapeutic responses and 
preferred management. Escalating to a proximal inhibitor based solely on low hemoglobin, without confirming the 
underlying mechanism, exposes BMF-dominant patients to transition-associated BTH without any prospect of hemato
logic benefit.18,47 If EVH is confirmed as the primary driver, proximal inhibition should be selected according to the 
strategy outlined below. If BMF is dominant, complement escalation should not be initiated and the anemia addressed 
through marrow-directed therapy, with C5 inhibition continued if hemolysis remains significant. In patients with mixed 
EVH and BMF features, proximal inhibition may produce a partial hemoglobin response, and this expectation should be 
communicated before treatment is changed.64

Escalation Strategies for Confirmed EVH
Three evidence-based strategies are available for patients with EVH-confirmed inadequate response to C5 inhibition, and 
the choice is governed by EVH severity, BTH risk tolerance, and patient preference regarding oral versus injectable 
administration.

Danicopan add-on (oral three times daily, added to existing ravulizumab or eculizumab) is preferred when maintain
ing the C5 inhibitor backbone is clinically desirable, particularly when thrombotic risk makes removing terminal 
complement protection unattractive.52 Because the C5 inhibitor is continued throughout, this strategy carries the lowest 
BTH risk of the three options.52,61

Iptacopan monotherapy switch (oral twice daily) is appropriate for patients with moderate-to-severe EVH who prefer 
oral monotherapy and in whom the C5 inhibitor backbone can be discontinued. Initiation must occur no later than one 
week after the last eculizumab dose, or no later than 7 days before the next scheduled ravulizumab dose.65 Given that 
iptacopan reaches steady-state concentrations in approximately 5 days with a half-life of approximately 25 hours, this 
transition window creates a pharmacological overlap period that ensures disease stability even in the absence of strict 
dosing overlap.66

Pegcetacoplan monotherapy switch (subcutaneous twice weekly) is an evidence-based option for patients with severe 
EVH but carries the highest transition-associated BTH risk: severe hemolysis occurred in approximately 24% of switch 
patients in the PEGASUS trial.67 Structured overlap protocols are mandatory, with eculizumab continued for at least four 
weeks after pegcetacoplan initiation.46

The comparative positioning of all approved agents, including transition-specific monitoring requirements, is sum
marized in Table 3, and the complete phenotype-driven clinical decision pathway is illustrated in Figure 2.

Management Adaptations for Special Populations
The phenotype-driven decision pathway described above requires modification in three clinical populations. In preg
nancy, treatment selection is constrained by heightened thrombotic vulnerability and limited safety data for proximal 
inhibitors, making continuous terminal complement protection the preferred therapeutic principle.68–71 In pediatric PNH, 
mechanistic classification of persistent anemia assumes particular importance because bone marrow failure overlap is 
common and may dominate the hematologic picture.72,73 In elderly and frail patients, the feasibility of reliable oral 
adherence must be assessed before any strategy involving oral complement inhibitors is selected.58,74,75

Managing High-Risk Clinical Scenarios
Achieving stable hematologic control in PNH is necessary but not sufficient. A significant proportion of disease-related 
morbidity arises from acute hemolytic exacerbations, infectious complications, thromboembolic events, and the particular 
vulnerabilities of specific patient populations. Effective management requires anticipation of these high-risk scenarios, 
structured monitoring, and prompt intervention.32 The practical monitoring and transition checklist for all scenarios 
described in this section is provided in Table 4.
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Table 3 Comparative Clinical Positioning of Approved Complement Inhibitors in PNH

Agent Target/ 
Strategy

Administration Best-Supported 
Clinical Role

Main Advantages Clinical Cautions/Patient 
Selection Constraints

Infection 
Prevention

Transition/Monitoring Note

Eculizumab Terminal C5 IV q2w Reference standard; 

high-thrombotic-risk 
patients; pregnancy

Nearly two decades of 

evidence; strongest 
thrombosis-reduction 

data; extensive pregnancy 

experience

Every 2 weeks IV burden; 

trough-related PK-BTH; not 
the preferred choice when 

EVH is the primary unmet 

need and thrombotic risk is 
low

MenACWY + 

MenB; fever 
pathway; antibiotic 

bridging if urgent 

start

Consider interval optimization 

or switch to ravulizumab if 
recurrent end-of-interval BTH

Ravulizumab Long-acting 

terminal C5

IV q8w First-line or switch; 

preferred when IV C5 
inhibition is indicated 

with reduced infusion 

frequency

8-week dosing interval; 

pediatric approval in 
several jurisdictions

Less pregnancy experience 

than eculizumab; IV access 
required

MenACWY + 

MenB; fever 
pathway; antibiotic 

bridging if urgent 

start

Preferred over eculizumab 

when reducing infusion burden 
while preserving terminal 

protection

Crovalimab Recycling anti- 

C5

IV loading then 

SC q4w

Terminal C5 inhibition 

when self-administration 

is preferred

SC maintenance; patient 

autonomy; preserves 

thrombosis-protection 
class

Less long-term outcome 

experience than eculizumab/ 

ravulizumab; avoid direct 
switch from other anti-C5 

monoclonal antibodies

MenACWY + 

MenB; fever 

pathway

Not a proximal inhibitor 

alternative; position as SC 

option within terminal C5 class

Pegcetacoplan Proximal C3/ 
C3b

SC twice weekly EVH-confirmed 
inadequate C5i 

responders (PEGASUS 

population)

Addresses both IVH and 
C3-mediated EVH; 

superior hemoglobin and 

transfusion benefit vs 
eculizumab in EVH- 

confirmed patients

Highest switch-associated 
BTH risk (~24% severe 

hemolysis on transition); 

twice-weekly injection 
burden; thrombosis- 

prevention evidence less 

mature than C5 inhibitors

Full encapsulated 
bacterial 

vaccination per 

label; infection 
vigilance beyond 

meningococcus

Switch from eculizumab: 
continue eculizumab ≥4 weeks 

after initiation; switch from 

ravulizumab: start within 
4 weeks of last dose; LDH twice 

weekly for ≥4 weeks after dose 

increase
Iptacopan Proximal 

Factor B

PO 200 mg bid EVH-confirmed 

inadequate C5i 

responders; selected 
treatment-naïve patients 

with low-to-moderate 

thrombotic risk and 
strong oral preference

Oral twice-daily dosing; 

avoids infusion and 

injection burden

Adherence critical; missed 

doses risk rebound 

hemolysis; thrombosis- 
prevention evidence 

incomplete; not for high- 

thrombotic-risk patients

Full encapsulated 

bacterial 

vaccination 
including 

pneumococcal and 

Hib; real-world 
pneumococcal 

vigilance required

Switch from eculizumab: start 

within 1 week of last dose; 

switch from ravulizumab: start 
within 6 weeks of last dose

Danicopan Proximal 
Factor D add- 

on only

PO 150 mg tid + 
existing C5i

EVH-confirmed 
inadequate C5i 

responders when 

preserving C5 backbone 
is clinically desirable

Lowest switch-associated 
BTH risk; maintains 

terminal complement 

protection; preferred 
when thrombotic risk 

makes C5 discontinuation 

unattractive

Not approved or effective as 
monotherapy; three-times- 

daily adherence burden; 

hepatic enzyme monitoring 
per label

Full encapsulated 
bacterial 

vaccination per 

label; maintain 
fever vigilance 

despite co- 

administered C5 
inhibitor

Prescribe only as add-on to 
ravulizumab or eculizumab; do 

not discontinue C5 inhibitor
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Table 4 Practical Monitoring and Transition Checklist for Complement Inhibitor Therapy in PNH

Clinical Moment Required Assessment Core Laboratory Monitoring Action Trigger Practical Response

Before starting any 
complement inhibitor

Confirm PNH phenotype; document IVH/ 
EVH/BMF contribution, thrombosis history, 

vaccination status, pregnancy status, 

adherence feasibility, renal/hepatic function

CBC, reticulocytes, LDH, indirect bilirubin, 
haptoglobin, creatinine/eGFR, liver tests, 

DAT/C3d, iron studies, PNH clone size; 

bone marrow if BMF suspected

Unclear anemia mechanism Classify EVH vs BMF before initiating or 
switching; do not act on low Hb alone

Vaccination safety gate Review MenACWY, MenB, pneumococcal, 

and Hib status per label and local policy

— Vaccination incomplete; 

therapy can be safely delayed

Complete/update vaccines ≥2 weeks before 

first dose*

Urgent start before 
vaccine window

Assess risk of treatment delay vs infection 
risk

Baseline infection screen if clinically 
indicated

Severe hemolysis, acute 
thrombosis, pregnancy 

complication, or renal injury

Start complement inhibitor with antibacterial 
bridging per label; vaccinate as soon as 

feasible#

Routine follow-up on 
stable therapy

Symptoms, hemoglobinuria, missed doses, 
transfusions, thrombosis symptoms, 

treatment burden

CBC, LDH, reticulocytes, indirect bilirubin, 
renal function; complement activity/free 

C5 where relevant

Hb fall, LDH rise, new 
hemoglobinuria, fever, 

transfusion need

Evaluate for BTH subtype, infection/CAC, 
thrombosis, adherence failure, marrow 

progression

Flow cytometric 
monitoring during 

follow-up

Assess clone size (granulocytes and 
erythrocytes) and, where available, C3d 

opsonization

Flow cytometry for GPI-linked markers on 
granulocytes/RBCs; RBC C3d staining on 

C5 inhibitor therapy

Baseline evaluation; suspected 
BTH; planned therapeutic 

transition; periodic 

surveillance in clinically stable 
patients

Interpret together with LDH, hemoglobin, and 
symptoms to identify BTH subtype, confirm 

EVH, and support individualized decisions on 

dose adjustment or class changes

Suspected PK-BTH Timing within dosing cycle; end-of-interval 

symptoms; weight/dose mismatch

LDH, CBC, reticulocytes, indirect bilirubin, 

renal function; free C5/CH50 if available

Recurrent end-of-interval 

LDH rise or symptoms

Optimize interval/dose; switch to longer-acting 

C5 inhibitor if recurrent under eculizumab
Suspected PD-BTH 

/CAC

Infection, surgery, vaccination, trauma, 

pregnancy, or recent inflammatory trigger

CBC, LDH, indirect bilirubin, reticulocytes, 

renal function, infection workup as 

indicated

BTH temporally linked to 

systemic trigger

Treat underlying trigger; supportive care; do 

not reflexively switch drug class

Adherence-related 

hemolysis (oral 

agents)

Missed doses, access barriers, cognitive or 

caregiver limitations

Same as BTH panel Hemolysis after missed or 

delayed treatment

Correct adherence barrier; simplify route if 

appropriate; do not misclassify as 

pharmacologic failure
Switch: eculizumab → 
pegcetacoplan

Confirm EVH indication; document last 

eculizumab dose date; structured overlap 

plan

CBC, LDH, reticulocytes, indirect bilirubin, 

renal function

Risk of abrupt C5 

discontinuation

Continue eculizumab ≥4 weeks after 

pegcetacoplan initiation before discontinuing

Switch: ravulizumab → 
pegcetacoplan

Document last ravulizumab infusion date CBC, LDH, reticulocytes, indirect bilirubin 

during transition

Delayed pegcetacoplan start Start pegcetacoplan no more than 4 weeks 

after last ravulizumab dose
Pegcetacoplan dose 

increase

Confirm LDH >2× ULN; exclude infection, 

adherence failure, and CAC

LDH twice weekly for ≥4 weeks after dose 

increase

LDH >2× ULN persisting 

despite appropriate use

Adjust dose per label; intensify monitoring

Switch: eculizumab → 
iptacopan

Document last eculizumab dose; confirm oral 
adherence readiness

CBC, LDH, reticulocytes, indirect bilirubin, 
renal function

Gap risk after last eculizumab 
dose

Start iptacopan no later than 1 week after last 
eculizumab dose

Switch: ravulizumab → 
iptacopan

Document last ravulizumab infusion; confirm 

oral adherence readiness

CBC, LDH, reticulocytes, indirect bilirubin, 

renal function

Gap risk after last ravulizumab 

dose

Start iptacopan no later than 6 weeks after last 

ravulizumab dose
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Starting danicopan 

add-on

Confirm EVH despite C5i; confirm C5 

backbone continuation; assess TID 
adherence feasibility

CBC, LDH, indirect bilirubin, reticulocytes; 

liver function per label

Attempt to use danicopan as 

monotherapy

Do not discontinue C5 inhibitor; danicopan is 

add-on only

First 4–8 weeks after 

any switch

Weekly symptom review: hemoglobinuria, 

fever, abdominal pain, dyspnea, missed doses

CBC, LDH, indirect bilirubin, reticulocytes, 

renal function; frequency individualized

LDH rise, Hb fall, 

hemoglobinuria, transfusion 
need

Identify BTH mechanism; treat CAC; correct 

transition or adherence problem before 
switching class

Before discontinuing 

complement inhibitor

Reason for discontinuation; thrombosis risk; 

rescue plan

CBC, LDH, indirect bilirubin, reticulocytes, 

renal function

Planned interruption or access 

disruption

Create emergency monitoring plan; counsel on 

hemolysis/thrombosis symptoms; avoid abrupt 
unmonitored cessation

Before stopping 
anticoagulation

Prior thrombosis site/severity; hemolytic 
control; bleeding risk; gestational status; 

thrombophilia history

LDH stability, Hb, platelet count, renal/ 
hepatic function

Request to discontinue 
anticoagulation

Specialist-led individualized risk-benefit 
decision; do not stop solely because 

complement inhibitor is prescribed

Notes: * MenACWY: booster every 5 years for duration of complement inhibitor therapy. MenB: booster 1 year after series completion, then every 2–3 years; MenB products are not interchangeable — follow product-specific series. 
Pneumococcal vaccination particularly emphasized for pegcetacoplan, iptacopan, and danicopan. Hib vaccination per national guidance and product label; requirements vary by region. # Antibiotic bridging: penicillin or amoxicillin first- 
line; erythromycin or ciprofloxacin for penicillin-allergic patients. Duration per label/institutional protocol. Avoid indefinite universal prophylaxis. All patients and caregivers must receive documented education on fever management, 
meningitis/sepsis symptoms, wallet card/REMS materials, and emergency evaluation pathway before first dose; reinforce at every follow-up and during CAC events. The right arrow (→) indicates a therapeutic transition from one 
complement inhibitor to another.
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Mechanistic Classification and Management of Breakthrough Hemolysis
BTH, defined as a hemolytic exacerbation occurring despite ongoing complement inhibitor therapy, should not be treated as 
a uniform event or interpreted as evidence of treatment failure without further evaluation. Effective management requires 
classifying BTH into one of three mechanistically distinct subtypes,62,67 because the appropriate response differs for each.

The vulnerability to, and clinical expression of, BTH differ across complement inhibitor strategies, reflecting both the 
level at which the cascade is blocked and the degree of erythrocyte-bound C3d opsonization. In patients receiving 
classical C5 inhibitor monotherapy, PNH erythrocytes typically accumulate substantial C3 fragments, most of which are 
ultimately converted to C3d, shielding them from MAC-mediated IVH but predisposing them to splenic clearance via 
EVH.76,77 When terminal complement blockade becomes incomplete because of pharmacokinetic trough levels or 
a severe pharmacodynamic trigger, these C3d-opsonized cells may experience abrupt increases in IVH markers and 
clinical symptoms. BTH episodes in this setting can therefore be clinically conspicuous, reflecting the large pool of 
sensitized erythrocytes that have accumulated under effective treatment.

By contrast, proximal complement inhibitor monotherapy blocks complement activation upstream of C3, markedly 
reducing or preventing C3 fragment deposition on PNH erythrocytes and yielding a predominantly C3d-negative red cell 
population. In this setting, pharmacodynamic breakthrough that overwhelms proximal blockade is expected to manifest 
primarily as renewed IVH, because the terminal pathway is no longer shielded by a C5 inhibitor; such episodes can be 
severe,78 although available clinical data remain limited and are derived from selected trial populations. Combination 
regimens that add a proximal inhibitor to a C5 inhibitor backbone create a distinct mechanistic state. The addition of 
proximal blockade on top of C5 inhibition can substantially reduce erythrocyte C3d opsonization compared with C5 
monotherapy, and emerging clinical and translational data suggest differential degrees of C3d reduction among proximal 
agents depending on their molecular target and dosing schedule,79–81 without permitting robust head-to-head compar
isons at this time. Crucially, because terminal complement protection is maintained continuously by the C5 inhibitor 
backbone, add-on strategies appear to minimize the risk of severe IVH-type BTH and instead shift most residual events 
toward pharmacodynamic triggers that can often be managed without switching the therapeutic class.

Pharmacokinetic BTH occurs when drug exposure falls below the threshold required for sustained complement 
suppression, resulting in transient loss of IVH control. It is most commonly associated with eculizumab, whose fixed 
every-2-week dosing interval creates predictable trough-level vulnerability,30,82 and typically presents cyclically near the 
end of a dosing interval. Management consists of dose escalation or interval shortening rather than switching drug class; 
switching to ravulizumab is appropriate if end-of-interval BTH recurs under eculizumab.30

Pharmacodynamic BTH occurs when systemic inflammatory triggers (infection, surgery, trauma, or pregnancy) 
amplify complement activation beyond the suppressive capacity of the current regimen despite adequate drug levels. 
This is a class-wide vulnerability affecting both terminal and proximal inhibitors. The primary intervention is identifica
tion and treatment of the underlying trigger. The complement inhibitor should not be discontinued or switched reflexively 
during a complement-amplifying condition.30

Switch-associated BTH occurs during transition from C5 inhibition to proximal inhibitor monotherapy. Pegcetacoplan 
monotherapy transitions, which were associated with severe hemolysis in approximately 24% of switch patients in 
PEGASUS, carry the highest switch-associated BTH risk of currently available strategies.67 Structured overlap protocols 
are mandatory. When switching from eculizumab, pegcetacoplan must be initiated while eculizumab is continued, with 
eculizumab discontinued no earlier than four weeks after pegcetacoplan initiation.78 When switching from ravulizumab, 
pegcetacoplan must be started no more than four weeks after the last ravulizumab dose. For iptacopan, initiation must 
occur no later than one week after the last eculizumab dose or no later than six weeks after the last ravulizumab dose. 
Add-on strategies such as danicopan avoid switch-associated BTH entirely by maintaining continuous terminal comple
ment protection throughout.46,47

Based on clinical experience and expert opinion, the size of the GPI-deficient red cell clone appears to influence 
vulnerability to BTH when complement blockade becomes suboptimal. Under sustained effective complement inhibition, 
large GPI-deficient clones can expand and exhibit prolonged survival. While this represents a successful therapeutic 
response, it also creates a sizeable reservoir of cells that are highly susceptible to hemolysis if protection is interrupted. 
When drug exposure falls or complement activation is markedly amplified, such patients may experience particularly 
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abrupt and severe BTH, a phenomenon sometimes described as the “paradoxical consequence of effective PNH 
treatment”, and therefore warrant closer clinical vigilance.83

Flow cytometric monitoring of clone size and erythrocyte C3d opsonization provides the most direct means of tracking 
these risk factors longitudinally. Panels should be designed to evaluate both granulocyte and erythrocyte clone sizes using 
GPI-linked markers. In patients on C5 inhibitors, assessment of RBC C3d-positive cells may be considered to confirm 
active EVH and to support decisions about proximal inhibition. Flow cytometry is typically performed at baseline, during 
early treatment titration, and periodically during stable follow-up, with additional assessments in the setting of suspected 
BTH or major therapeutic transitions. The specific frequency and panel composition should be individualized, taking into 
account clinical status, prior results, and local resources, rather than following a rigid algorithm. Trends in clone size and 
C3d opsonization should be interpreted alongside LDH, hemoglobin, and symptoms to help distinguish BTH subtypes, 
confirm or refute EVH as a dominant mechanism, and inform tailored decisions on dose adjustment or class switches.84

Biomarker-guided assessment reduces the risk of reflexive switching. LDH and absolute reticulocyte count confirm 
hemolysis but do not establish its mechanism. To distinguish pharmacokinetic from pharmacodynamic BTH in patients 
on C5 inhibitors, free hemoglobin and terminal complement activity (CH50) should be measured.85,86 Pharmacokinetic 
BTH is characterized by a rise in free hemoglobin and recovery of CH50 activity at trough, coinciding with sub- 
therapeutic drug levels, whereas pharmacodynamic BTH typically shows elevated CRP and other inflammatory markers 
alongside hemolysis, with CH50 remaining suppressed despite adequate drug levels. In patients on proximal inhibitors, 
increased C3d-positive cells with declining haptoglobin despite stable LDH suggests that proximal blockade is being 
bypassed by alternative pathway amplification.32,87 The goal of this assessment is to implement targeted interventions 
rather than prematurely discontinuing a therapy that remains appropriate for the patient’s primary phenotype.

Infection Prevention
All complement inhibitors compromise innate immunity against encapsulated bacteria, and a structured infection 
prevention protocol is required regardless of which agent is used.56

Vaccination
Terminal C5 inhibitors impair serum bactericidal activity against Neisseria meningitidis by blocking MAC-mediated 
killing.88,89 Proximal inhibitors extend this vulnerability upstream, additionally impairing opsonization of Streptococcus 
pneumoniae, Haemophilus influenzae type b (Hib), and other encapsulated organisms. Before initiating any complement 
inhibitor, patients must complete vaccination against N. meningitidis (both MenACWY and MenB), S. pneumoniae, and 
Hib at least two weeks prior to the first dose,90–92 with boosters per current guidelines. MenACWY requires a booster 
every five years; MenB boosters should follow the product-specific schedule, as MenB vaccines are not interchangeable 
between products.93 Vaccination does not eliminate infection risk: real-world pneumococcal infections have occurred in 
patients receiving iptacopan despite completed vaccination,55 and a high index of suspicion for invasive bacterial disease 
must be maintained in all vaccinated patients on complement inhibition. Annual influenza vaccination is also recom
mended; where possible, vaccines should be administered within the first week after a complement inhibitor dose to 
reduce the risk of vaccination-associated complement amplification triggering BTH.57,94

Antibiotic Bridging in Urgent Initiation
When clinical urgency, including life-threatening hemolysis, acute thromboembolism, renal injury, or pregnancy com
plication, precludes the standard two-week pre-vaccination window, antibiotic bridging is required per prescribing label. 
Penicillin or amoxicillin is used as first-line prophylaxis; erythromycin or ciprofloxacin is reserved for penicillin-allergic 
patients.95 Bridging should be continued from treatment initiation until at least 15 days after completion of the second 
meningococcal vaccine dose.96 The decision to initiate bridging must be documented and communicated to all members 
of the treating team.

Ongoing Vigilance and Emergency Response
Vaccination and antibiotic bridging reduce but do not eliminate infection risk. All patients and caregivers must receive 
documented education on the symptoms of invasive bacterial infection before the first complement inhibitor dose,95 with 
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emphasis on meningococcal disease, and this education should be reinforced at every follow-up visit. Every patient must 
have access to an emergency pathway that guarantees rapid evaluation and empirical parenteral antibiotic administration 
for febrile episodes regardless of vaccination status.97 In patients on proximal inhibitors, the emergency pathway must 
explicitly cover pneumococcal and Haemophilus influenzae type b infection presentations in addition to meningococcal 
disease. Patients should also be counseled that infection risk may be transiently elevated during therapeutic transitions, 
when complement protection is suboptimal.56

Thrombosis Management
Acute Thromboembolic Events
For acute thromboembolism in a patient not yet receiving complement inhibition, therapeutic anticoagulation and 
terminal C5 inhibitor therapy should be initiated concurrently. Complement inhibition should not be delayed pending 
anticoagulation stabilization: ongoing hemolytic drive and nitric oxide scavenging maintain a prothrombotic vascular 
state that anticoagulation alone does not resolve.7,25,98 For thromboembolic events occurring in patients already on 
complement inhibitor therapy, the workup should evaluate BTH, complement-amplifying conditions, and treatment non- 
adherence as contributing factors before attributing the event to treatment failure.

Duration of Anticoagulation
In patients with PNH-related thromboembolism, anticoagulation has historically been continued indefinitely given the 
perceived persistent recurrence risk.25 This approach is being reconsidered in patients who achieve complete, sustained 
IVH suppression on complement inhibitor therapy. Retrospective analyses suggest that anticoagulant discontinuation may 
be feasible without recurrence in highly selected patients with normalized LDH and radiologic resolution of the 
thrombotic event.23 This remains an area without prospective trial data,99 and the decision requires individualized 
specialist-led assessment weighing the reduction in prothrombotic drivers against the patient’s bleeding risk, comorbid
ities, and the site and severity of the event.100

Thrombosis Risk During Therapeutic Transitions
The thromboembolism prevention evidence in PNH is concentrated in the terminal C5 inhibitor class, which demon
strates approximately 80% relative risk reduction across long-term cohort data.10,23 Safety profiles from clinical trials of 
proximal inhibitors have not identified an increased risk of thrombotic events to date, but no currently approved proximal 
inhibitor has been evaluated in a trial powered to establish thromboembolism reduction as a primary endpoint,39,61 and 
addressing this gap remains a central research priority for the field. Until prospective thrombosis data for proximal agents 
mature, terminal C5 inhibitors remain the preferred strategy for patients with established thromboembolism, high-risk 
thrombotic features, or ongoing prothrombotic circumstances. When a monotherapy switch to a proximal inhibitor is 
planned, adherence to structured transition overlap protocols is required not only to prevent BTH but to minimize the 
interval of suboptimal complement protection that may contribute to thrombotic risk.94

Special Populations
Pregnancy and Family Planning
Pregnancy in PNH carries elevated risks of hemolytic exacerbation, venous thromboembolism, fetal loss, and maternal 
mortality,69,70,101,102 requiring co-management involving hematology, maternal-fetal medicine, and neonatology.103 

Eculizumab has the most extensive published pregnancy safety evidence, with multiple case series reporting preserved 
hemolytic control and acceptable neonatal outcomes.70,104 Ravulizumab is being used with increasing frequency, 
supported by growing observational and registry data; however, its documented potential for transplacental transfer 
requires that neonatal teams be informed of maternal exposure and that neonates receive monitoring for complement 
activity after delivery.68,105 Crovalimab pregnancy data remain limited at this time. Proximal complement inhibitors lack 
adequate pregnancy safety and pharmacokinetic data. If pregnancy is confirmed while a patient is receiving a proximal 
complement inhibitor, urgent transition to a C5 inhibitor should be coordinated under expert guidance, with close 
hemolytic monitoring from the time of transition through delivery.103,106 For women of childbearing potential who are 
receiving proximal inhibitors, proactive contraceptive counseling and pre-conception transition planning to an established 
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C5 inhibitor should therefore form part of routine follow-up.103,106 In exceptional circumstances where proximal 
inhibitor continuation during pregnancy cannot be avoided, management should be conducted under specialist-led 
supervision.103 Anticoagulation decisions in pregnant patients with PNH require individualized assessment of obstetric 
bleeding risk, gestational age, prior thrombotic history, and degree of hemolytic activity.107,108

Pediatric PNH
Pediatric PNH is uncommon and frequently arises in the context of aplastic anemia or hypoplastic marrow failure, requiring 
careful assessment of the relative contributions of hemolysis and impaired erythropoiesis. Bone marrow assessment and 
multilineage evaluation should therefore precede or accompany complement-directed treatment selection whenever the 
clinical picture suggests marrow failure overlap.72,73 Terminal C5 inhibition with weight-based dosing remains the standard 
of care.72 Ravulizumab has received regulatory approval for pediatric PNH in several jurisdictions, and its extended dosing 
interval reduces infusion frequency from every two weeks to every eight weeks, substantially reducing treatment burden for 
school-age children and adolescents.72,73 Proximal complement inhibitors should not be initiated in pediatric patients 
outside formal clinical trials, as age-specific pharmacokinetic, safety, and efficacy data are not yet available for any 
approved proximal agent.72 Age-appropriate vaccination against N. meningitidis (MenACWY and MenB), S. pneumoniae, 
and Hib is required before initiating complement inhibition,93,97 following pediatric immunization guidance. Long-term 
follow-up should include monitoring for clonal evolution, marrow progression, and transition planning to adult care.109

Elderly and Frail Patients
Elderly and frail patients require explicit pre-treatment assessment of oral complement inhibitor adherence feasibility.74 

Cognitive impairment, polypharmacy, and social support limitations may compromise the consistent daily dosing 
required for iptacopan or the three-times-daily regimen of danicopan, and missed doses may precipitate hemolysis.75 

If reliable adherence cannot be assured, parenteral C5 inhibitors with supervised administration may provide a more 
dependable therapeutic platform despite the associated treatment-access burden. Infection risk is amplified by immuno
senescence and comorbid conditions, and caregiver education with documented action plans that account for potential 
cognitive or functional limitations should be incorporated into the treatment plan.56 Polypharmacy interactions require 
systematic review before initiating oral complement inhibitors, particularly because these agents are susceptible to 
clinically relevant CYP-mediated drug interactions. Anticoagulation decisions in this population require careful calibra
tion of age-related hemorrhagic risk against PNH-related thrombotic burden.25 No age-specific dose adjustment has been 
formally established for any approved complement inhibitor, and the underrepresentation of elderly patients in clinical 
trials warrants heightened pharmacovigilance throughout treatment.58,59,61,62

Future Directions
The current evidence base supports individualized complement inhibitor selection but leaves several clinically significant 
questions unanswered. Future research must address these gaps while incorporating emerging therapeutic strategies that 
may further expand treatment options.

Evidence Gaps
Several clinically consequential gaps remain in the current evidence base, with two warranting particular discussion here 
given their direct bearing on treatment selection.

Of these, the absence of thrombosis outcome data for proximal complement inhibitors carries the most immediate 
clinical weight. Initial safety data from clinical trials of approved proximal complement inhibitors are encouraging and 
have not identified a clear signal of increased treatment-emergent thrombotic events to date, but follow-up remains 
relatively short. All three approved proximal agents were evaluated in trials powered for hemoglobin response; none was 
powered to establish thromboembolic event reduction as a primary endpoint.25,61 This limits their use in patients with 
high thrombotic risk and prevents direct comparison with the established C5 inhibitor thrombosis evidence base. 
Prospective trials with adjudicated thromboembolic endpoints and a minimum of three to five years of follow-up are 
required before this gap can be considered resolved.
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Equally important, though less frequently acknowledged, is the lack of a prospectively validated biomarker panel for 
distinguishing C3-mediated EVH-driven anemia, BMF-driven anemia, and residual IVH resulting from incomplete 
terminal complement inhibition. Current diagnostic practice relies on indirect surrogates, including reticulocyte count, 
indirect bilirubin, C3d opsonization, and LDH on C5 inhibitor therapy, none of which has been validated as a combined 
panel to differentiate these distinct phenotypes against hemoglobin response to proximal inhibition as the reference 
standard. Early machine-learning models using clinical and sequencing variables have shown promising accuracy for 
predicting EVH in single-center retrospective cohorts,33 but these findings remain preliminary and require external 
validation before they can inform routine clinical decision-making. Without validated thresholds, the risk of misclassify
ing BMF-dominant patients as EVH candidates remains real, and prospective biomarker-response studies with pre- 
specified diagnostic thresholds are needed.

Beyond these primary concerns, other critical evidence gaps include head-to-head proximal inhibitor comparisons, 
long-term proximal inhibitor safety beyond five years, real-world oral adherence data, pharmacokinetic and pharmaco
dynamic personalization, pregnancy and pediatric proximal inhibitor safety, and health economic modeling under real- 
world access constraints.41

Emerging Strategies and Translational Challenges
The investigational pipeline may further refine complement inhibition, reduce treatment burden, or improve pathway 
selectivity, but future agents should be judged by clinically meaningful outcomes rather than mechanistic novelty alone. 
Selective alternative pathway regulators targeting MASP-3 (zaltenibart) or Factor Bb (ruxoprubart), bifunctional con
structs combining C5 blockade with Factor H-mediated surface regulation (KP104), hepatocyte-targeted siRNA suppres
sing Factor B biosynthesis (BW-40202), and gene-based strategies enabling endogenous anti-C5 expression (HMI-104) 
each aim to address limitations of current therapy, including incomplete EVH control, transition-associated breakthrough 
hemolysis, frequent dosing, and long-term adherence burden.110–117 However, their eventual role will depend on whether 
they demonstrate durable hemolysis control, thromboembolic protection, infection safety, and practical feasibility under 
real-world conditions.

Experience with discontinued oral Factor D inhibitors illustrates the central translational challenge: mechanistic 
plausibility does not guarantee clinical success. Safety signals, insufficient efficacy, or limited durability can prevent 
promising approaches from reaching practice.118–120 Therefore, future therapeutic development should be assessed 
against the same standards that now guide approved inhibitor selection: phenotype-specific benefit, vascular protection, 
infection risk, transition safety, and long-term tolerability.

Access and Equity
Phenotype-driven complement inhibitor selection assumes access to clone quantification, marrow assessment, C3d 
testing, and multiple therapeutic options. In many settings, reimbursement restrictions, drug availability, and diagnostic 
infrastructure gaps limit implementation, meaning that real-world treatment often reflects access rather than optimal 
mechanistic fit.96 Biosimilar eculizumab may improve the affordability of terminal C5 inhibition, but its impact on global 
access and long-term comparability with originator therapy require continued post-market evaluation.121

Conclusion
Complement inhibitor selection in PNH must now be anchored in a phenotype-driven framework rather than binary 
class-level decisions. Terminal C5 inhibitors remain the imperative choice when thrombosis prevention is the dominant 
clinical priority, given the critical absence of comparative thromboembolic outcome data for proximal agents. 
Conversely, while proximal inhibitors offer profound hematologic improvement for confirmed EVH-driven anemia, 
distinguishing EVH from underlying BMF is a mandatory diagnostic prerequisite for escalation. Ultimately, optimizing 
this treatment algorithm requires future research to yield prospective thrombosis data for proximal inhibitors, validated 
biomarkers for mechanistic phenotyping, and long-term, real-world safety and adherence outcomes.
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