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Abstract: Paroxysmal Nocturnal Hemoglobinuria (PNH) is a rare hematologic disorder characterized by intravascular hemolysis
through complement activation, bone marrow failure, and thrombosis. The advancement of complement biology has enabled better
therapeutic approaches that lead to better clinical outcomes in patients with PNH and other complement-driven hemolytic disorders.
The terminal complement inhibitor, eculizumab, was the initial drug available which significantly reduced hemolysis and thrombotic
events but failed to resolve residual extravascular hemolysis and transfusion requirements. New therapeutic agents which target
proximal complement factors C3, factor B and factor D demonstrate better control of intra- and extravascular hemolysis while
decreasing transfusion requirements and improving patient quality of life. This review highlights the evolving therapeutic landscape in
complement inhibition by summarizing clinical evidence for the terminal complement inhibitors, as well as pegcetacoplan, iptacopan,
and danicopan as emerging agents for treatment of PNH and autoimmune hemolytic anemias—warm AIHA and cold agglutinin
disease (CAD). The review also examines ongoing clinical trials and proposes future directions to optimize therapeutic outcomes to
address remaining clinical challenges.
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Introduction
Paroxysmal nocturnal hemoglobinuria (PNH) is a rare acquired disorder of hematopoiesis with an incidence of 12—13
cases per 1 million population in the United States.'! PNH was associated with high mortality before the advent of
eculizumab. The disease results from somatic mutations in the X-linked PIGA gene. A key study by Ware et al in 1994
provided strong evidence that PIGA mutations are the cause of PNH, resulting in a deficiency of glycosylphosphatidy-
linositol (GPI)-anchored proteins,” rendering red blood cells more susceptible to complement lysis. This leads to
intravascular hemolysis, thrombosis and bone marrow failure (Figure 1). The approval of C5 inhibitors such as
eculizumab® and ravulizumab® has greatly improved clinical outcomes in PNH by decreasing hemolysis and preventing
thrombotic complications. More recently, therapies that target other components of the complement pathway such as C3
(pegcetacoplan), factor B (iptacopan), and factor D (danicopan) have shown promise for a more comprehensive and
effective disease management, including patients with persistent extravascular hemolysis. However, breakthrough
hemolysis, infection risk, and the high cost of therapy remain persistent challenges in treating PNH (Table 1). The use
of complement inhibitors in PNH is well established, but their use in other hemolytic and immune-mediated diseases is
still under investigation.

In this narrative review, we first group the terminal C5 inhibitors (eculizumab, ravulizumab, and crovalimab) as
a class, then explain why C3-opsonization under C5 blockade sustains extravascular hemolysis. We next summarize the
evidence for proximal inhibition (C3, factor B, factor D), integrate a practical framework for patient-tailored and
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Figure | Role of CD55 and CD59 in preventing hemolysis: Normal vs PNH. The top panel shows normal red blood cells (RBCs) while the bottom panel shows PNH RBCs
during complement activation. Normal RBCs maintain protection of their surface through CD55 (also referred to as decay-accelerating factor (DAF)) and CD59 (also referred
to as membrane inhibitor of reactive lysis (MIRL)) proteins which are anchored by GPI and function to block C3 convertase formation and membrane attack complex (MAC)
assembly, respectively, thus preventing hemolysis. The PIGA gene mutation in PNH cells results in loss of CD55 and CD59 from the RBC membrane surface. This absence of
CD55 and CD59 on RBC membranes allows uncontrolled complement activation to generate MAC resulting in intravascular hemolysis. The ongoing destruction of red blood
cells through hemolysis leads to thrombosis, a major reason for both morbidity and mortality in PNH patients. Created in BioRender. tamdin, t. (2025) https://BioRender.com/
02bto4h.
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combination therapy, and briefly extend the discussion to other complement-mediated hemolytic anemias. We close with
real-world monitoring, safety considerations, and future directions.

Materials and Methods

A narrative review was conducted to analyze recent and upcoming therapeutic approaches for the complement system in
PNH while briefly exploring their use in other hemolytic anemias. PubMed database was searched for articles from
January 1, 2005 through April 1, 2025 that included the following keywords: “paroxysmal nocturnal hemoglobinuria”,
“complement inhibitors”, “eculizumab”, “pegcetacoplan”, “iptacopan”, “danicopan”, “crovalimab”, and “autoimmune
hemolytic anemia.”

The research focused on Phase 2 and Phase 3 clinical trials together with systematic reviews and meta-analyses and
key studies about PNH pathophysiology and complement biology. The major trials included TRIUMPH, PEGASUS,
APPLY-PNH, PRINCE, ALPHA and COMMODORE. The review included both recent discoveries alongside essential
foundational research from previous decades especially from the 1980s and 1990s to establish the historical background.
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Table | FDA-Approved Medications for PNH

Drug Trial(s) FDA Trial Endpoints Common Annual Comments
Approval Adverse Cost*
Events (Year 1)
Eculizumab (Soliris®) TRIUMPH 2007 Stable Hb,| LDH, Headache, $626,208 | Also approved for
SHEPHERD transfusion avoidance® infection risk CM-HUS, gMG and
NMOSD
Eculizumab-aeeb (Bkemv®) | Biosimilar 2024 Equivalence to Soliris® in | Headache, $563,587 | Also approved for
THb, LDH reduction, and | infection risk CM-HUS
transfusion avoidance®
Eculizumab-aagh (Epysqli®) | Biosimilar 2025 Equivalence to Soliris® in | Headache, $438,336 | Also approved for
1Hb, LDH reduction, and | infection risk CM-HUS
transfusion avoidance®
Ravulizumab (Ultomiris®) | PNH 301 2018 Non-inferiority to Headache, URI | $676,723 | Also approved for
PNH 302 eculizumab® CM-HUS and gMG
Crovalimab (Piasky®) Commodore 1,2,3 | 2024 Non-inferiority to Injection site $658,068 | SC injection
eculizumab’ reaction
Pegcetacoplan (Empaveli®) PEGASUS PRINCE | 2021 Superior Hb Injection-site $606,408 | Also approved for
improvement vs reaction, geographic atrophy
eculizumab® diarrhea (Syforvre®), SC
injection
Iptacopan (Fabhalta®) APPLY-PNH 2023 1 Hb, | transfusion need’ | Headache, $670,487 | Oral BID dosing
APPOINT-PNH diarrhea
Danicopan (Voydeya®) ALPHA 2024 Hb improvement with Nausea, ALT? $59,486 Oral TID dosing
eculizumab or
ravulizumab'®

Notes: The table summarizes FDA-approved medications for PNH (and other complement-mediated disorders). Clinical trial references are in the “Trial Endpoint” column.
*Annual cost of each drug refers to average wholesale price for the first year of therapy in US dollars at the University of Utah Hospital Pharmacy as of May 2025. Symbols: 1
increase/improvement; | decrease/reduction.

Abbreviations: ALT, alanine transaminase; BID, twice daily; CM-HUS, complement-mediated hemolytic-uremic syndrome; FDA, Food & Drug Administration; gMG,
generalized myasthenia gravis; Hb, hemoglobin; LDH, lactate dehydrogenase; NMOSD, neuromyelitis optica spectrum disorder; PNH, paroxysmal nocturnal hemoglobinuria;
SC, subcutaneous; TID, three times daily; URI, upper respiratory infection; NA, not assessed.

Our analysis combined data about drug mechanism of action together with drug clinical effectiveness and safety
aspects, as well as cost-related information. This review aims to provide a current overview to assist clinicians in better
understanding the treatment options for PNH and complement-related hemolytic disorders.

Understanding the Complement System and PNH Pathophysiology

The complement system functions as a vital component of the innate immune response to identify pathogens while
eliminating them through a controlled sequence of protein interactions. The protective complement system functions as
a threat to patients with PNH because excessive complement activation hemolyzes red blood cells (RBCs). The PIGA
gene mutation leads to this condition because this gene controls glycosylphosphatidylinositol (GPI) anchor production.
The surface attachment of important complement regulatory proteins CD55 and CD59 to blood cells requires these GPI
anchors. RBCs remain vulnerable to complement-mediated damage when they lack these essential protective proteins
(Figure 1). Research conducted by Nicholson-Weller et al'' revealed that red cells from PNH patients lacked CD55,
while Holguin et al'? discovered CD59 deficiency, a protein which blocks terminal complement cascade activation.
Bessler et al'? discovered frameshift mutations in the PIGA gene which created premature stop codons that resulted in
loss of GPI-anchored proteins from hematopoietic cells.
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The absence of CD55 and CD59 creates unregulated complement system activation primarily affecting alternative
and terminal pathways, thus exposing RBCs to continuous complement activation damage. Uncontrolled activation
results in the formation of the membrane attack complex (MAC) and intravascular hemolysis (IVH) which causes the
primary PNH symptoms of dark urine (hemoglobinuria), severe fatigue and increased thrombotic risk. Bordet’s founda-
tional research into complement pathways (classical, lectin, and alternative) established the mechanism by which these
pathways merge at C3 activation to produce MAC."*

Clinical Manifestations of PNH

PNH patients typically show diverse clinical symptoms, including complement-driven intravascular hemolysis together with
bone marrow failure and an elevated risk of thrombosis.'> The clinical manifestations are largely determined by the size of the
PIGA-mutant clone and the degree of associated bone marrow failure.'> A review by Parker emphasized that the peripheral blood
in PNH patients is typically a mosaic of normal and GPI-anchored protein (GPI-AP) deficient cells, with clone size directly
impacting symptom severity and risk of complications.'> Parker also classified PNH into three clinical subtypes: classic PNH
(overt intravascular hemolysis, large clone), PNH associated with another bone marrow failure syndrome (moderate clone,
variable symptoms), and subclinical PNH (small clone, no evident hemolysis). Patients with large PNH clones typically develop
severe hemolytic anemia in addition to marrow failure that may cause pancytopenia or aplastic anemia.

PNH patients experience thrombotic events that occur in unusual locations. Classic hepatic vein thrombosis leads to
Budd-Chiari syndrome,'® yet clots can also form in portal and mesenteric venous sinuses, as well as cerebral venous
sinuses, dermal veins, and pulmonary vasculature.'”'® The exact mechanism underlying the thrombophilia in PNH is not
fully understood, but it is believed to be related to the exposure of procoagulant particles from hemolyzed red cells, and
the activation of platelets and the coagulation cascade. Intravascular hemolysis plays a major role in the thrombophilia of
PNH.'® Intravascular hemolysis releases free hemoglobin that scavenges nitric oxide, leading to nitric-oxide depletion
and smooth muscle dystonia, a proposed contributor to PNH-associated thrombophilia.'

The development of PNH may occur in patients with bone marrow failure, particularly those with aplastic anemia (AA).
Studies have shown that patients with PNH often have prior AA or marrow hypoplasia in 50-70% of cases. The majority of
patients with severe AA contain small PNH clones according to Sun et al.> Patients who present with pancytopenia face
increased risks of infection and bleeding complications, and have a higher chance of developing myelodysplastic syndrome
(MDS) or acute myeloid leukemia (AML) due to clonal evolution. The risk of developing secondary MDS or AML stands
at 2—6% among PNH patients during the first ten years following diagnosis.”® Patients with PNH also face an additional
major life-threatening complication: progressive renal failure from chronic hemoglobinuria.?!

Eculizumab as a C5-complement inhibitor brought substantial changes to treatment approaches resulting in better
survival rates and enhanced quality of life for patients who have PNH.?* Table 1 summarizes the available complement
inhibitors with information on their pivotal clinical trials, current approved indications, and cost.

Terminal Complement Inhibitors: Eculizumab, Ravulizumab and Crovalimab
Eculizumab
The approval of eculizumab which is a humanized monoclonal antibody against complement protein C5 marked
a significant advancement in the treatment of PNH (Figure 2).* Patients experienced a major disease burden before the
availability of this treatment because chronic intravascular hemolysis required frequent blood transfusions for severe
anemia. The main reasons for death in PNH patients during the pre-complement inhibition period were thromboembolic
events which caused 40—67% of all fatalities.'® Thrombosis occurred most frequently in the hepatic veins (Budd-Chiari
syndrome) and cerebral sinuses which resulted in early patient fatalities. The median survival duration of patients who
received only supportive care was 10-20 years according to Serensen et al.>®

Eculizumab established a new treatment paradigm through its mechanism of blocking terminal complement activation to
prevent MAC formation. The TRIUMPH trial’ demonstrated the clinical benefit of eculizumab, with intravascular
hemolysis decreasing by 85% based on lower LDH levels; transfusion requirements decreased dramatically. 50% of
patients receiving eculizumab achieved stable hemoglobin levels without transfusions; the placebo group showed no
such response. Patients treated with eculizumab experienced both reduced hemolysis rates and major improvements in
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Figure 2 The alternative complement pathway and sites of therapeutic inhibition. This schematic illustrates key steps in the activation and amplification of the alternative
complement pathway, culminating in formation of the membrane attack complex (MAC, C5b-9). Multiple complement inhibitors target distinct components of this cascade
to prevent overactivation and downstream hemolysis. Iptacopan inhibits Factor B, blocking formation of the C3 convertase (C3bBb). Danicopan inhibits Factor D, preventing
the cleavage of Factor B. Pegcetacoplan inhibits C3, halting the upstream cascade. Eculizumab and ravulizumab bind to C5, preventing its cleavage into C5a and C5b.
Crovalimab also targets C5, but binds to a distinct epitope. Created in BioRender. tamdin, t. (2025) https://BioRender.com/400gznd.

Abbreviations: fB, Factor B; fD, Factor D; P, Properdin; Ba/Bb, Inactive/active fragments of Factor B; C3, C5, Complement components 3 and 5; C3a, C5a, Anaphylatoxins
released during cleavage; C3b, C5b, Active fragments contributing to convertase or MAC; C3 convertase, C3bBb; C5 convertase, C3bBbC3b or C3bBbP; MAC, Membrane
Attack Complex (C5b-9).

quality of life along with a significant decrease in thrombotic events from 33% to less than 5%.>* Two eculizumab
biosimilars are now available (Table 1). Their safety and efficacy are comparable to the original drug, but the biosimilars
offer cost savings of ~10-30%.

Although the occurrence of thrombotic events has decreased, thrombosis remains a major reason for complications
leading to death in PNH patients.'® These events tend to occur in unusual venous sites, so healthcare providers need to
consider occult thrombosis in patients with suspicious symptoms. Patients who have aplastic anemia—PNH as an
overlapping bone marrow failure syndrome fail to achieve complete treatment benefits from eculizumab. The medication
eliminates hemolysis, but fails to normalize hematopoiesis so these patients may need ongoing blood transfusions even
when receiving eculizumab.?? The limited response to complement inhibition in such cases indicates that marrow failure
plays a dominant role in causing anemia in these patients.

More recent research suggests that additional mutations, such as those in DNMT3A or BCOR, may occur within the
same clone harboring the PIGA mutation, or in separate hematopoietic clones, reflecting the clonal complexity often seen
in PNH. Patients with PNH may have genetic mutations in DNMT3A and BCOR genes which are typical for clonal
hematopoiesis and myeloid malignancies.®** These mutations appear either before or alongside PIGA mutations and help
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Figure 3 lllustrative trough-level suppression: eculizumab vs ravulizumab. Changes in serum C5 inhibitor concentrations with eculizumab dosing every two weeks and
ravulizumab dosing every eight weeks. The graph displays pharmacokinetic trends through arbitrary units that do not represent actual serum values. The dashed red line
shows the lowest concentration required to block terminal complement activity effectively. The drug ravulizumab maintains its trough-level suppression throughout its
dosing interval, but eculizumab may drop below therapeutic levels before the next dose which could lead to breakthrough hemolysis in specific patients.

drive clonal evolution which may affect both short-term disease progression and long-term patient outcomes, including
the development of MDS or AML.

The understanding of PNH pathophysiology has led to the development of additional complement inhibitors. For
example, ravulizumab as a long-acting C5 inhibitor delivers comparable effectiveness through its 8-week dosing
schedule (Figure 3). The oral factor B inhibitor iptacopan shows promise as a treatment for patients who have persistent
anemia after receiving eculizumab. Iptacopan demonstrates the ability to manage both intravascular and extravascular

hemolysis, as well as enhance hemoglobin values in this specific group of patients.”

Ravulizumab

Ravulizumab functions as a long-acting C5 inhibitor (Figure 2) which was developed to overcome two major eculizumab
limitations in PNH treatment: the requirement for biweekly infusions and intermittent hemolytic events due to suboptimal
trough levels®® (Figure 3). The phase 3 clinical trials (PNH 301 and 302) demonstrated that ravulizumab provided
equivalent efficacy to eculizumab for both new patients and those previously receiving eculizumab. The medication
achieved equivalent results for all main study endpoints which included transfusion prevention, LDH normalization and
hemoglobin control, and fatigue symptom reduction.’*® Breakthrough hemolysis occurred less frequently among patients
treated with ravulizumab, with 4.0% of treatment-naive patients experiencing this compared to 10.7% of patients on
eculizumab.?® The switch trial demonstrated that no breakthrough hemolysis occurred in ravulizumab patients, but
eculizumab patients developed 5.1% of such events.?’
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The safety profile of ravulizumab matched that of eculizumab with no difference in serious adverse events occurring
during treatment. There were no meningococcal infections, and headache side effects appeared at equivalent frequencies
between both treatment groups. Ravulizumab provides an easier and potentially more enduring solution for PNH
management because it only requires dosing every 8 weeks while maintaining consistent C5 inhibition. The residual
anemia or ongoing transfusion needs in some patients may be due to the fact that ravulizumab does not address C3-
mediated extravascular hemolysis, similar to eculizumab. Ravalizumab still requires intravenous administration and
carries the typical infection risks seen with terminal complement blockade. These remaining challenges have led to
growing interest in targeting earlier steps of the complement cascade—particularly at the level of C3 or factor B—as
a strategy to provide more complete control of hemolysis.

Crovalimab

Crovalimab functions as a next-generation anti-C5 monoclonal antibody which delivers long-acting effects through
subcutaneous self-injection at four-week intervals using low-volume doses (Figure 2). The COMMODORE phase 3 trials
demonstrated that crovalimab provided equivalent treatment outcomes as eculizumab among patients who received
complement inhibitors for the first time and those transitioning from eculizumab treatment.” Patients achieved equivalent
control of hemolysis, transfusion avoidance, and hemoglobin stabilization. A small number of patients developed mild
immune-complex reactions following therapy changes, but all patients recovered without medical intervention.” This
clinical trial showed that crovalimab had the same safety profile as eculizumab without introducing any new safety
concerns.

The monthly dosing and self-administration features of crovalimab may be attractive to patients who want more
convenient treatment that does not require frequent hospital visits. The trial results showed that crovalimab was preferred
by more than 80% of participants compared to IV eculizumab. Crovalimab shares the same limitation as other terminal
complement inhibitors because it fails to stop C3-mediated extravascular hemolysis, which means that it may not
completely resolve anemia in specific patients. Nevertheless, the combination of strong efficacy and safety and user-
friendly design makes crovalimab an attractive option for PNH patients.

Under C5 blockade, upstream activation persists, depositing C3b/C3d fragments on PNH erythrocytes. These
opsonized cells are then cleared by hepatic and splenic macrophages, producing extravascular hemolysis (EVH) despite
adequate terminal-pathway inhibition.”® This biology provides the rationale for proximal inhibition: blocking C3
(Pegcetacoplan)8 prevents opsonization, while inhibiting the alternative pathway (factor B with iptacopan, factor
D with danicopan) reduces amplification and downstream C3 fragment deposition, aiming for comprehensive control
of both IVH and EVH.”'® The newer drugs aim to manage both intravascular and extravascular hemolysis more
effectively, while also offering alternative routes of administration and greater flexibility in individualizing therapy.

Proximal Complement Inhibitors

CS5 inhibition was the first therapeutic breakthrough in PNH and remains foundational. Eculizumab, ravulizumab, and the
newer subcutaneous agent crovalimab share a terminal-pathway mechanism, preventing C5 cleavage and membrane
attack complex formation, to suppress intravascular hemolysis and markedly reduce thrombosis. Key differences are
dosing interval, route, and epitope binding (with crovalimab retaining activity in certain rare C5 variants unresponsive to
eculizumab). Class limitations include ongoing C3 deposition on erythrocytes and extravascular hemolysis (EVH), which
motivate proximal-pathway strategies.

Pegcetacoplan

Pegcetacoplan is a C3 inhibitor that acts upstream of the C5 inhibitors: eculizumab, ravulizumab, and crovalimab, to
block both intravascular and extravascular hemolysis (Figure 2) in contrast to the terminal complement inhibitors that do
not block extravascular hemolysis.® The subcutaneous administration of pegcetacoplan twice per week during the phase 3
PEGASUS trial produced better outcomes than intravenous eculizumab in patients who needed anemia treatment beyond
C5 inhibitor monotherapy. Treatment with pegcetacoplan resulted in major improvements of hemoglobin levels and
achieved higher transfusion independence rates since 85% of patients needed no transfusions; however, 15% of
eculizumab patients required transfusions.® The PRINCE trial showed that pegcetacoplan therapy achieved transfusion
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independence in 91% of complement inhibitor—naive patients, whereas this endpoint was only achieved by 6% of patients
receiving best supportive care (without complement inhibition).?® Patients can self-administer pegcetacoplan subcuta-
neously at home which removes the burden for hospital visits. This therapy poses infection risks, but Hillmen et al*°
reported no meningococcal infections in trial participants who received proper vaccinations. The most frequent adverse
events with pegcetacoplan included gastrointestinal problems such as diarrhea and injection site reactions. The drug
demonstrated comparable safety aspects as C5 inhibitors. Interest in oral complement inhibitors (iptacopan, danicopan),
and long-acting subcutaneous complement inhibitors like crovalimab has emerged because healthcare providers and PNH
patients want more flexible and individualized treatment approaches.

Iptacopan

Iptacopan functions as an oral first-in-class complement factor B inhibitor which targets the alternative pathway to
manage both intravascular and extravascular hemolysis in PNH patients (Figure 2).” The APPLY-PNH trial showed that
iptacopan monotherapy was more effective than standard C5 inhibitors (eculizumab or ravulizumab) in patients with
persistent anemia. Iptacopan treatment resulted in hemoglobin increases of at least 2 g/dL for 85% of patients, while all
patients who received C5 inhibitors required transfusions.’' Iptacopan therapy led to significant improvements in
hemolysis markers and fatigue scores, and 95% of patients did not require transfusions throughout the 24-week study
period.

The oral delivery method of iptacopan provides patients with an easy-to-use treatment option that differs from
standard IV and SC-based therapies. Headache appeared as the most frequent adverse event, and complement inhibitors
continue to pose infection risks, but no new safety signal emerged. These results demonstrate that iptacopan therapy
provides both effective hemolysis management and user-friendly treatment for patients. The complement-inhibitor—naive
patient population in the APPOINT-PNH study experienced rapid and sustained hemoglobin improvement along with
high transfusion independence rates, as demonstrated by Peffault de Latour et al.’' These results support the use of
iptacopan as an initial oral monotherapy for PNH.

Danicopan

The oral drug danicopan functions as an inhibitor of complement factor D which plays a central role in the alternative
pathway before C3 (Figure 2). The phase 3 ALPHA trial evaluated danicopan as an addition to ongoing C5 therapy for
PNH patients who had persistent anemia. The combined treatment led to major improvements in hemoglobin levels
together with reduced transfusion needs without creating additional safety issues.'® Danicopan serves as an effective dual
inhibition treatment because it targets both intravascular and extravascular hemolysis. The oral dosing requirement of
danicopan as a three times daily drug along with IV C5 therapy administration presents potential limitations in
convenience compared to single-agent treatment options. Additionally, this dual therapy comes at a substantially higher
cost (Table 1).

Complement Inhibition in Other Hemolytic Disorders
Autoimmune Hemolytic Anemia (AIHA) and Cold Agglutinin Disease (CAD)
AIHA comprises warm AIHA (wAIHA) and cold agglutinin disease (CAD), two biologically distinct entities that require
different treatment; CAD is predominantly complement-mediated and therefore the clearest use-case for complement
inhibitors. Red blood cells are targets of autoantibodies in autoimmune hemolytic anemia (AIHA). Warm antibody AIHA
(WAIHA) features RBC antibodies which bind at room temperature leading to spleen-based extravascular hemolysis.
Intravascular red cell destruction results from complement activation when patients have complement-fixing antibodies.
Cold agglutinin disease (CAD) is characterized by the presence of IgM antibodies which attach to RBCs at low
temperatures thereby activating the complement cascade and resulting primarily in complement-mediated intravascular
hemolysis, though some C3b-opsonized red blood cells may undergo extravascular clearance by hepatic macrophages.
The drug class of complement-targeted treatments has shown effectiveness in AIHA patients, particularly in CAD
patients because their hemolysis is mainly driven by uncontrolled complement activation.*> Although patients with PNH
have benefited greatly from CS5 inhibitors such as eculizumab and ravulizumab which decrease terminal complement-
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mediated intravascular hemolysis, effectiveness of eculizumab in AIHA treatment, especially CAD is limited because it
requires IV infusion every two weeks and does not inhibit complement activation at C3 which results in only minor
improvements in hemoglobin levels.*?

Sutimlimab is a monoclonal antibody that inhibits C1ls which stops classical complement pathway activation at its
starting point. Through this mechanism, the drug inhibits C3b deposition and MAC formation in CAD. Sutimlimab
therapy resulted in long-lasting increases in hemoglobin levels together with reduced transfusion needs in two major
phase 3 clinical trials: CARDINAL (studying transfusion-dependent CAD patients) and CADENZA (investigating CAD
patients without recent transfusions).***> A total of 54-73% of patients treated with sutimlimab reached their primary
composite endpoints, whereas only ~15% of placebo recipients met this endpoint.***> As a result of these trials,
sutimlimab became the first FDA-approved treatment for CAD.

The complement-inhibiting drug, pegcetacoplan which was initially developed for PNH treatment has shown
effectiveness in treating AIHA patients. An open-label Phase II trial with CAD and wAIHA patients showed that
pegcetacoplan increased hemoglobin values by 2.4 g/dL in CAD patients and 1.7 g/dL in wAIHA patients during a 48-
week study period.®? This treatment requires a subcutaneous injection or infusion pump administration which gives
patients an easier treatment experience compared to eculizumab. No serious complement-related adverse events occurred
during the study, but injection site reactions were a primary side effect reported by patients.>?

Safety remains an important consideration with all complement inhibitors. All of these medications elevate infection
risks, especially for encapsulated pathogens, yet sutimlimab’s targeted classical pathway block may preserve alternative
and lectin pathway activity, thus minimizing the risk of infections.*>

The use of complement inhibitors is being studied in AIHA for applications beyond CAD treatment. C5 inhibitors
have been used successfully in case reports for treating severe refractory wAIHA when patients did not respond to
standard immunosuppressive treatments.*® Investigational research is also focused on applying complement-targeted
treatments in hereditary spherocytosis and sickle cell disease because complement activation may worsen the hemolytic

burden in these disorders, but clinical evidence of drug benefit in these disorders remains limited.

Challenges

Breakthrough Hemolysis (BTH)

The most well-known side effect of complement inhibition therapy is breakthrough hemolysis (BTH), which is hemolysis
that persists while the patient is receiving complement inhibitors. Complement activation can be initiated by infections,
trauma, or surgery. Although eculizumab can control hemolysis effectively in most patients, approximately 5-15% of
patients have hemolysis recurrence before their next dose. These episodes are generally characterized by elevated LDH
values and the return of typical PNH symptoms. Common management approaches include changing the dosing
frequency or increasing the dose to maintain drug concentrations within the therapeutic range.’ “Pharmacodynamic
breakthrough” is another cause of sudden and unpredictable increase in complement activation that occurs during periods
of severe complement activation, which may be triggered by infections or surgery that exceeds the inhibitory capacity of
C5 inhibitors®® (Figure 3). Even though eculizumab levels are appropriate, these episodes mimic traditional PNH
hemolytic crises.” The occurrence of BTH has been reduced with the use of newer agents. Because of its weight-
based dosing and extended 8-week dosing interval, ravulizumab provides a more stable and sustained inhibition of C5,
significantly reducing end-of-dose hemolysis as compared to eculizumab’s 2-week dosing interval.** Also, crovalimab,
a subcutaneous anti-C5 monoclonal antibody, was found to be noninferior to eculizumab in Phase III trials, with
a relatively low (~10%) rate of BTH.*' In fact, crovalimab binds to a different epitope on C5, allowing it to remain
effective in the rare cases of eculizumab resistance due to C5 mutations like p.Arg885His.*?

Two patterns of breakthrough hemolysis are recognized. Pharmacokinetic BTH occurs when drug concentrations fall
near end-of-dose; mitigation involves dose/interval optimization or agents with longer half-life (eg, ravulizumab).
Pharmacodynamic BTH occurs when acute triggers (infection, surgery, trauma) generate complement activation that
exceeds inhibitory capacity despite therapeutic levels; management focuses on trigger control and, when recurrent,
escalation to upstream therapy (C3 or alternative-pathway blockade).
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Research in this area is presently centered on optimizing dosing schedules, enhancing drug delivery systems, and
designing the next generation of C5 inhibitors that will provide more consistent and prolonged complement inhibition.
The goal is to abolish both PK- and PD-related BTH, thus guaranteeing better disease control and quality of life for PNH
patients. A practical caveat of proximal complement inhibition is that, by suppressing both intravascular and C3-
mediated extravascular hemolysis, the survival of circulating PNH erythrocytes increases, and clinical studies of C3
blockade show expansion of the circulating PNH RBC fraction—a shift that can modify baseline hemolysis and the
phenotype of breakthrough events. Breakthrough hemolysis—whether pharmacokinetic or precipitated by complement-
amplifying triggers—may itself promote thrombosis, underscoring the need for rapid trigger control and optimized

complement blockade. Given heterogeneity in thrombotic risk, antithrombotic strategies should be individualized.****

Extravascular Hemolysis
While eculizumab and ravulizumab provide robust control of intravascular hemolysis through terminal complement
inhibition at C5, they fail to prevent upstream complement activity that results in C3b fragment deposition on PNH
erythrocytes. This results in persistent extravascular hemolysis, as opsonized red cells are cleared by macrophages in the
reticuloendothelial system. As a result, many patients continue to experience anemia despite adequate C5 blockade. The
opsonization of red cells by C3b fragments results in their continued destruction by macrophages in the reticuloendothe-
lial system which causes persistent extravascular hemolysis.** The clinical data indicate that eculizumab treatment leads
to hemoglobin normalization in 10-33% of patients while many patients still need blood transfusions.*®

Extravascular hemolysis in PNH can be identified by laboratory markers such as elevated indirect bilirubin, increased
reticulocyte count and a positive direct antiglobulin test for C3d.** These findings indicate ongoing opsonization despite
terminal complement blockade.'® New therapeutic approaches aim to address this limitation by blocking proximal
components of the complement cascade to prevent C3 activation and extravascular hemolysis. The C3 inhibitor
pegcetacoplan in the PEGASUS trial outperformed eculizumab by increasing mean hemoglobin levels by 3.8 g/dL
and decreasing transfusion requirements.g’10 Similarly, the addition of danicopan, a factor D inhibitor, to standard C5
therapy resulted in a 2.4 g/dL increase in hemoglobin levels among patients with residual anemia.'® These findings
demonstrate that proximal complement inhibition controls hemolysis better and improves hematologic outcomes in PNH.

Infection Risk

Complement inhibitors in patients trigger major infection risks because the complement system functions as a primary
defense mechanism against bacteria through both opsonization and bacterial lysis. C5 inhibitors, eculizumab and
ravulizumab, block the production of MAC which is essential for preventing Neisseria species infection.*® These patients
develop invasive meningococcal discase at significantly higher rates than the general population while taking these
therapies, even after receiving vaccination.*’

A 10-year global pharmacovigilance study of PNH patients treated with eculizumab revealed meningococcal infection
rates were 0.25 cases per 100 patient-years together with a fatal outcome occurring in 10% of cases.*® The data indicate
that patients must absolutely adhere to infection prevention protocols that include mandatory vaccination before
beginning therapy. Patients undergoing C5 inhibitor treatment should also receive antibiotic prophylaxis with penicillin
daily as part of their standard protocol.*’”** Proximal complement inhibitors which target C3 and the alternative pathway
create a higher complexity of risk since they also block C3b opsonization and increase patient susceptibility to
encapsulated pathogens. Patients must receive complete vaccination against Streptococcus pneumoniae, Haemophilus
influenzae type B, and Neisseria according to the black-box label warning of pegcetacoplan before beginning therapy.*®
The 48-week APPLY-PNH trial of iptacopan which is a factor B inhibitor did not report any serious infections because
the trial used strict vaccination procedures.” The need for real-world surveillance persists. Patients who undergo
complement blockade treatment have also experienced rare bacterial infections from Neisseria gonorrhoeae,
Capnocytophaga, and other encapsulated bacteria.*®

Comprehensive infection prevention practices form an essential part of the medical care provided to PNH patients
who receive complement inhibitors. The safe long-term use of these life-changing therapies depends on a complete
approach which combines vaccination with patient education, antibiotic use, and registry-based safety monitoring.*®
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Monitoring Complement Inhibition
The cornerstone of PNH management relies on laboratory monitoring which evaluates complement inhibition and
clinical effectiveness. The monitoring of PNH requires regular laboratory tests of LDH levels together with bilirubin
because these tests reflect disease activity. Breakthrough hemolysis or insufficient complement suppression becomes
apparent when any of these markers increase, especially when LDH levels rise.>® CH50 has limited contemporary utility
and is largely superseded in many laboratories; when used, it should be interpreted cautiously. Patients who have elevated
complement turnover require trough drug level measurements to enable personalized dosing.*® Flow-cytometric mon-
itoring of PNH clone size at baseline and periodically is recommended and considered standard practice, informing
disease burden, response, and clonal evolution.***°

The assessment of upstream complement activity requires specific tools such as the Alternative Pathway Hemolytic
50% (AHS50) assay which measures the functional activity of the alternative complement pathway, along with C3/C3d
ratios, and emerging biomarkers including C5a and sC5b-9 when using proximal complement inhibitors like C3 or factor
B blockers.’® In the context of factor D inhibition, it is indirectly assessed through biomarkers such as Bb fragment
levels, LDH, and C3 deposition.”® These parameters have been validated as reliable indicators of alternative pathway
inhibition in preclinical studies and the phase II trial of danicopan. While direct measurement of factor D levels is not
routinely performed, its functional blockade is inferred from these biomarkers.”'

The evaluation of bone marrow failure becomes necessary whenever cytopenias persist despite controlled hemolysis,
thus requiring a complete monitoring system that extends beyond hemolysis assessment.

Personalised Medicine
As the treatment landscape for PNH continues to expand, a personalized approach is becoming increasingly important.
Tailoring therapy begins with identifying the dominant type of hemolysis and evaluating the patient’s response to initial
CS5 inhibition. For example, a patient who has good LDH control and stable hemoglobin levels with eculizumab may do
well with continued C5 monotherapy—perhaps transitioning to ravulizumab for its extended 8-week dosing schedule. On
the other hand, a patient with ongoing anemia and elevated bilirubin—despite C5 inhibition—Tlikely has significant C3-
mediated extravascular hemolysis. In such cases, switching to a proximal complement inhibitor may offer better control.
The choice can be individualized based on preferences and lifestyle: pegcetacoplan (a C3 inhibitor) offers robust control
via twice-weekly subcutaneous administration, while iptacopan (a factor B inhibitor) is a convenient oral alternative.®'
In the APPLY-PNH trial, nearly 94% of patients who transitioned from C5 inhibitors to iptacopan monotherapy
remained transfusion-free and achieved hemoglobin levels near 12 g/dL,>' reinforcing its potential in patients with
suboptimal responses to terminal pathway blockade. Pharmacogenomics also plays a role in personalizing therapy. For
instance, patients with the rare C5 variant p.Arg885His do not respond to eculizumab, but may benefit from agents such
as crovalimab, which targets a different C5 epitope, or from upstream inhibitors that bypass C5 altogether,*'**?
Importantly, underlying bone marrow function must be considered. Many patients with PNH have overlapping
aplastic anemia or myelodysplastic syndromes, limiting erythropoietic capacity. These patients may require concurrent
therapies such as immunosuppressants, erythropoiesis-stimulating agents, or even hematopoietic stem cell transplantation
alongside complement inhibition.*® Looking ahead, integrating biomarkers and genetic profiles into clinical decision-
making will help stratify patients more effectively. Baseline C3 deposition, complement protein variants, or clonal
mutation profiles may soon help predict which patients will do well with C5 inhibition alone, and those who may need
upfront combination or proximal inhibition strategies. With multiple therapeutic drug classes now available—targeting
CS5, C3, factor D, and factor B—PNH management can move away from a “one-size-fits-all” approach toward truly
individualized care, tailored to each patient’s biology, clinical course, and preferences.

Conclusion and Future Directions

Current PNH management is anchored by C5 inhibition, with proximal complement strategies (C3, factor B, factor D)
expanding disease control; supportive measures - vaccination/infection mitigation and periodic flow-cytometric clone
monitoring remain essential, and the same therapeutic logic extends to complement-mediated AIHA, particularly CAD
and, more selectively, WAIHA. Future research in PNH is directed toward enhancing complement blockade, reducing
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residual thrombotic risk, and pursuing curative gene-based approaches, with current trials evaluating C5—proximal
combinations as a leading strategy.

In addition to the agents reviewed above, as of September 2025, several investigational complement inhibitors for
PNH are under study; tesidolumab (anti-C5 antibody),’* zilucoplan (subcutancous C5 inhibitor),>® vemircopan/
ALXN2050 (oral factor D inhibitor),>* and nomacopan/Coversin (dual C5 and leukotriene B4 inhibitor)>> have com-
pleted their pivotal studies and remain investigational, with no current approval for PNH. These programs are noted
briefly for completeness, as their development has transitioned to follow-up analyses rather than active enrollment. In
contrast, pozelimab in combination with cemdisiran (anti-C5 antibody plus siRNA targeting hepatic C5 synthesis)’®
remains in active clinical development and represents the principal ongoing program of novel PNH treatments.

Emerging therapeutic strategies in PNH are also exploring upstream complement targets such as mannan-binding
lectin-associated serine protease-2 (MASP-2)°” and mannan-binding lectin-associated serine protease-3 (MASP-3).
MASP-2 drives lectin pathway activation, while MASP-3 links the lectin and alternative pathways by activating pro—
Factor D.® Inhibition of MASP-3, currently under investigation with agents like OMS906, offers a promising approach to
attenuate alternative pathway activity and reduce hemolysis.>®

Research findings indicate that dual therapy provides enhanced benefits to refractory patients through its ability to
decrease hemolysis and minimize thrombotic risks.'® Research continues to evaluate the sustainability of these treatment
regimens as well as their potential to be reduced to monotherapy. The development of crovalimab (subcutaneous monthly
administration) and iptacopan (oral administration) has decreased the treatment burden for patients,”® while biosimilars
have the potential to reduce treatment costs (Table 1).

The management of thrombosis persists as a significant issue even when hemolysis is successfully controlled.
Research efforts are focused on investigating complement inhibition effects on coagulation pathways while testing
anticoagulant and anti-inflammatory medications as potential thrombotic risk reduction agents. Research on long-term
outcomes of PNH treatment has become essential because the condition now exists as a chronic illness instead of a fatal
disease. Patients treated with ravulizumab exhibit improved quality of life and greater treatment satisfaction compared to
those receiving eculizumab, as evidenced by patient preferences favoring ravulizumab’s less frequent dosing schedule
and associated lifestyle benefits.*’

Gene therapy and CRISPR-mediated correction of PIGA mutations represent potential curative approaches for stem
cell-level cures, but remain in preliminary development. C5 inhibition remains the backbone of PNH care, while
recognition of C3-opsonization and EVH has shifted goals toward comprehensive hemolysis control. Proximal
strategies (C3, factor B, factor D) improve hemoglobin and transfusion independence and can be used alone or in
combination when EVH persists or breakthrough hemolysis recurs. Care should include vaccination/infection-risk
mitigation and periodic flow-cytometric clone monitoring, with simplified oral or infrequent SC regimens emerging.
These principles also inform treatment of autoimmune hemolytic anemias—especially CAD, where complement
dependence is strongest.
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