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ABSTRACT

Background: Paroxysmal nocturnal hemoglobinuria (PNH) is a rare, acquired hematopoietic stem cell disorder driven by
somatic PIGA mutations, leading to uncontrolled complement activation, intravascular hemolysis, and thrombotic risk.
Pediatric PNH represents fewer than 10% of cases and demonstrates a distinct clinical phenotype that complicates diagnosis
and management.

Methods: A comprehensive literature search of PubMed, Embase, Web of Science, and Scopus was conducted through July
2025 using predefined keywords related to PNH, pediatrics, bone marrow failure, and complement inhibitors. Eligible studies
included clinical trials, registry data, systematic reviews, case series, and case reports. Relevant adult studies were also
reviewed when mechanistic or therapeutic insights were applicable to pediatric disease. Data were synthesized narratively,
focusing on pathophysiology, clinical spectrum, diagnostic approaches, and therapeutic advances.

Results: Pediatric PNH most often presents with bone marrow failure syndromes rather than classic hemolytic features.
Hemoglobinuria is infrequent, while cytopenias predominate. Thrombosis, though less common than in adults, remains a
serious complication. High-sensitivity flow cytometry enables early and accurate diagnosis, particularly for small clone sizes.
Complement inhibitors—including eculizumab, ravulizumab, and crovalimab—have markedly improved survival and
reduced morbidity, while emerging agents targeting proximal complement pathways (pegcetacoplan, iptacopan, danicopan)
show promise. Hematopoietic cell transplantation remains the only curative option but is reserved for selected patients.
Conclusions: Pediatric PNH differs significantly from adult disease in presentation and management. Advances in
complement inhibition have transformed prognosis, but further pediatric-specific research and inclusion in clinical trials are
urgently needed to establish evidence-based guidelines and optimize long-term outcomes.

KEYWORDS

Paroxysmal Nocturnal Hemoglobinuria, Complement-Mediated Hemolysis, Thrombosis, Eculizumab, Bone Marrow
Failure Syndromes
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1. Introduction

Paroxysmal nocturnal hemoglobinuria (PNH) is a rare, acquired, life-threatening hematopoietic stem
cell disorder characterized by a debilitating clinical course and a median survival of approximately 10 years
from diagnosis in untreated patients(Hillmen et al., 1995). A somatic, non-hereditary mutation in the PIGA
gene underlies the disease's pathophysiology(Bessler et al., 1994). This mutation results in a clonal expansion
of hematopoietic cells that are missing glycosylphosphatidylinositol-anchored proteins (GPI-APs), which
include the crucial complement regulators, CD55 and CD59(Schmidt et al., 2016). The absence of these
protective proteins allows the complement cascade, a crucial component of the innate immune system, to
proceed without regulation, resulting in uncontrolled activation and the formation of the terminal membrane
attack complex (MAC)(Holt et al., 2024). Uncontrolled complement activation, a consequence of the absence
of these protective proteins, makes red blood cells susceptible and leads to a triad of clinical features: chronic
hemolysis, bone marrow failure, and a high risk of thrombotic complications(Ware et al., 1991).

Although PNH can occur at any age, it typically has its onset during adulthood. Cases in pediatric and
adolescent patients are exceedingly rare, representing less than 10% of total diagnosed cases(Urbano-Ispizua
et al., 2017). The limited incidence of pediatric PNH has historically restricted its study to small case reports
and series, which has made it difficult to form a complete understanding of the disease in this
population(Urbano-Ispizua et al., 2017). While the underlying pathophysiology is shared, the clinical and
hematological manifestations of PNH in pediatric and adolescent patients are markedly distinct from those
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observed in adults. Due to a higher incidence of bone marrow failure at diagnosis and a unique symptom profile,
recognizing the disease early is a challenge in the pediatric population(Curran et al., 2010).

This review provides a comprehensive summary of the current knowledge regarding pediatric PNH. It
focuses on the disease's unique clinical spectrum and the latest therapeutic advancements that have transformed
its management. By synthesizing data from key publications, we aim to highlight the distinguishing features
of PNH in the pediatric population and evaluate the evolving therapeutic landscape, specifically the
implications of emerging targeted complement inhibitors for future treatment paradigms.

2. Pathophysiology of pediatric PNH

PNH arises from a somatic mutation in the PIGA gene, a non-inherited event that affects a single
hematopoietic stem cell or progenitor cell. The PIGA gene is located on the X chromosome, a crucial detail in
the pathophysiology of this disease. This mutation results in a deficiency of GPI-APs on the surface of
hematopoietic cells(Bessler et al., 1994). The mutation is a loss-of-function type, resulting in an inactive
protein or no protein production at all(Johnston et al., 2012). Because of X-chromosome inactivation, a single
inactivating mutation in the PIGA gene is sufficient to completely disrupt glycosylphosphatidylinositol(GPI)
anchor synthesis. This leads to the absence of all GPI-APs from the cell surface. This unique chromosomal
location means that a single genetic event can lead to the full disease phenotype, regardless of the patient's
sex(Brodsky, 2014).

The product of the PIGA gene is essential for the first step of GPI-APs biosynthesis. Consequently, a
mutation in the PIGA gene leads to a complete lack of this anchor's synthesis. The GPI anchor is crucial for
attaching approximately 150 different proteins to the outer surface of the cell membrane(Colden et al., 2022;
Kumar & Babushok, 2021). Although the mutation affects the absence of many proteins, the clinical phenotype
of PNH is predominantly caused by the deficiency of two specific complement regulatory proteins: CD55 and
CD59. The absence of these key proteins on the surface of hematopoietic cells, including erythrocytes,
leukocytes, and platelets, is the direct cause of the pathological manifestations(DeZern & Brodsky, 2015).

The complement system, a crucial element of the innate immune response, defends the body by
promoting the opsonization and lysis of pathogens. Its function relies on a proteolytic cascade that can be
triggered by three primary routes: the classical, lectin, and alternative pathways(Walport, 2001a, 2001b).
Under normal conditions, healthy cells have protective mechanisms to prevent self-aggression, including
membrane regulatory proteins such as CD55 and CDS59, anchored to the cell membrane via the GPI
anchor(Medof et al., 1987).

Understanding the pathophysiology of PNH requires a detailed knowledge of the distinct roles of CD55
and CD59 in the complement cascade. CDS55 acts early in the cascade. Its main function is to inhibit the
formation and accelerate the breakdown of C3 and C5 convertases. By regulating these key enzymes, CD55
prevents the amplification of the complement cascade(Bharti et al., 2022). CD59, a terminal regulator of the
complement cascade, prevents the formation of the MAC. It specifically achieves this by inhibiting the
polymerization of C9 molecules and their subsequent integration into the cell membrane, thereby blocking the
creation of a lytic pore(Couves et al., 2023).

Although both proteins are absent in PNH, studies indicate that CD59 is the more critical
molecule(Wilcox et al., 1991). Isolated CD55 deficiency can be compensated for, but the absence of CD59
alone is sufficient to induce hemolysis. This functional difference clarifies why the main therapeutic objective
in PNH is to inhibit the terminal complement cascade(Telen & Green, 1989).

The absence of CD55 and CD59 removes the necessary regulators of the complement system. This leads
to uncontrolled activation, which proceeds without inhibition on the surface of GPI deficient cells(Colden et
al., 2022). This activation, even triggered by spontaneous alternative pathway activation or inflammatory states,
leads to the rapid and uncontrolled formation of C3 and C5 convertases. As a result, there is a massive
deposition of C3b on the cell surface and the cleavage of C5 into C5b(Brodsky, 2014).

In the absence of CD59, the terminal complement components C5b-C9 assemble freely, forming the
MAC. The MAC perforates the erythrocyte membrane, leading to acute intravascular hemolysis, which is a
hallmark of the disease(Bektas et al., 2020).

The pathophysiology of PNH involves not only hemolysis but also a hypercoagulable state. Research
materials reveal a direct link between the coagulation and complement systems(Rother et al., 2005). Thrombin,
a pivotal enzyme in the coagulation cascade, can directly cleave C5 into C5a. This action bypasses the
conventional complement activation pathways, contributing to the inflammatory state and heightened
thrombotic risk characteristic of PNH(Rittirsch et al., 2008). This explains why thrombosis in PNH is such a
serious problem and why blocking the terminal complement cascade is effective not only in treating hemolysis
but also in reducing the risk of thrombotic events(DeZern & Brodsky, 2015).
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3. Clinical Spectrum and Diagnostic Challenges
3.1 Clinical Spectrum

The clinical manifestations of PNH vary significantly. In children, PNH is an extremely rare condition,
and its presentation often deviates markedly from the classic adult phenotype. The non-specific nature of its
symptoms and the frequent overlap with other childhood illnesses can lead to significant diagnostic delays,
sometimes exceeding two years(M. Karwacki et al., 2019). This delayed diagnosis can have serious
consequences, as the disease is associated with considerable morbidity and mortality if left untreated. A deep
understanding of the unique clinical spectrum of pediatric PNH and the nuances of its diagnostic process is,
therefore, essential for early and accurate intervention(Griesser et al., 2020).

In the pediatric population, PNH should be considered first and foremost a bone marrow failure
syndrome(van den Heuvel-Eibrink, 2007). This is a critical distinction from the adult-predominant classic PNH,
which is typically characterized by overt hemolytic symptoms. PNH clones are frequently found in patients
with other severe bone marrow failure syndromes, particularly aplastic anemia (AA) and, to a lesser extent,
myelodysplastic syndrome (MDS)(Narita et al., 2017). The coexistence of PNH with bone marrow failure is
reported to be substantially higher in children, with some studies indicating a prevalence of up to 80%,
compared to approximately 30% in adults(Krishnaprasadh et al., 2019). Data from a large international registry
demonstrated that a history of aplastic or hypoplastic anemia was present in nearly 78% of children with PNH
at the time of their enrollment, a significantly higher proportion than in the adult cohort. The underlying
mechanism for this strong association is thought to be an autoimmune process where healthy hematopoietic
stem cells are targeted and destroyed by the immune system(Urbano-Ispizua et al., 2017). The PIGA-mutated,
GPI-deficient stem cells, which are not recognized by this misguided immune attack, gain a selective survival
and proliferative advantage. This allows them to expand clonally and become the dominant source of blood
cells, even while the overall bone marrow remains hypocellular and fails to produce sufficient healthy blood
cells(Krishnaprasadh et al., 2019). This pathophysiology directly explains the common laboratory finding of
severe cytopenia - including anemia, leukopenia, and thrombocytopenia - which is observed more frequently
in children with PNH than in adults(Griesser et al., 2020).

While chronic intravascular hemolysis is a defining feature of PNH, its clinical expression in children
is often less pronounced than in adults. Although the frequency of hemolysis itself is comparable between
pediatric and adult cohorts, its severity is notably lower in children. This is evidenced by significantly lower
levels of lactate dehydrogenase (LDH) and reticulocyte counts in children compared to adults with
PNH(Urbano-Ispizua et al., 2017).

The most striking clinical consequence of this difference is the absence of overt hemoglobinuria, the
symptom from which the disease derives its name. While approximately 50% of adult PNH patients present
with hemoglobinuria, it is reported in only 10% to 20% of pediatric cases(Griesser et al., 2020). This lack of a
hallmark symptom can easily lead to misdiagnosis, as the remaining signs of chronic hemolysis, such as fatigue,
pallor, and dyspnea, are non-specific and common to many other childhood conditions. This phenomenon
highlights the inherent challenge: clinicians looking for the classic signs of hemolysis may overlook the
possibility of PNH in a child presenting with symptoms of bone marrow failure(Brodsky, 2014).

Thrombosis is a major cause of morbidity and the leading cause of death in patients with PNH. Although
it is less common in children than in adults, it remains a serious and life-threatening complication that requires
a high index of suspicion. The frequency of thrombotic events in pediatric PNH has been reported to range
between 20% and 50% in the literature(Griesser et al., 2020). These events are particularly dangerous because
they often occur at unusual, atypical sites, such as the cerebral and visceral veins(Hill et al., 2013).

Beyond the primary hematological manifestations, PNH can present with a variety of non-hematological
symptoms that can act as a "diagnostic mask" and significantly delay diagnosis(M. W. Karwacki et al., 2019).
These symptoms include dysphagia, esophageal spasms, and abdominal pain. They arise from the depletion of
nitric oxide (NO) caused by chronic hemolysis. Free hemoglobin released during hemolysis binds and
consumes NO, leading to smooth muscle dystonia in various organs(Pu & Brodsky, 2011).

A case study by Karwacki et al. illustrates this critical point, describing a 16-year-old boy who
experienced a diagnostic delay of more than four years due to the disease's "abdominal mask" of recurrent
abdominal pain. This recurring, non-specific symptom, while seemingly benign, is a direct consequence of the
same underlying pathological process that makes patients susceptible to a major, life-threatening complication:
thrombosis. The visceral pain caused by smooth muscle dystonia can be an early warning sign of impending
or developing visceral venous thrombosis, the most common site for thrombosis in PNH. This interconnection
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means that PNH must be considered in the differential diagnosis for any child with chronic, unexplained
abdominal pain, especially in the presence of other subtle hematological abnormalities(M. Karwacki et al.,
2019). The key differences in clinical presentation between pediatric and adult PNH patients are summarized
in Table 1.

Table 1. Differences in clinical presentation between pediatric and adult PNH patients

Parameter Pediatric Patients Adult Patients
: YA 5 - YA
PNH Clone Size Predominantly smaI.I (<10%) in >50% Predomlnaf)ltly largg (>50%) in
of patients ~40% of patients
—RN0°, : . 209, : . :
Incidence of Bone Marrow Failure Up to ~80 A;. coexistence; severe 30% coexistence; severe cytopenia
cytopenia more frequent less frequent
- 00 - T
Hemoglobinuria Presenting symptom in 10-20% of Presenting symptom in 50% of
patients patients
. . Less severe (lower LDH, reticulocyte More severe (higher LDH,
Hemolysis Severity .
count) reticulocyte count)
Thrombotic Events Less frequent thgn in gdults but still a More frequent
serious risk

3.2 Diagnostic Challenges

The average diagnostic delay for PNH is more than two years. This protracted period is not a result of a
lack of diagnostic technology but rather a lack of initial clinical awareness. The rarity of the disease, combined
with its non-specific symptoms and its significant overlap with more common childhood disorders like aplastic
anemia and myelodysplasia, frequently leads to misdiagnosis or a prolonged diagnostic journey(Griesser et al.,
2020). Many children with PNH are initially treated for aplastic anemia due to their predominant bone marrow
failure phenotype. The core challenge lies in the fact that the subtle signs of hemolysis, such as elevated LDH
or low haptoglobin, may be overlooked in the presence of more severe cytopenias. Therefore, a high index of
suspicion is required to connect unexplained hemolysis, with or without bone marrow failure, to the possibility
of PNH, thereby prompting the appropriate diagnostic testing(Urbano-Ispizua et al., 2017; van den Heuvel-
Eibrink, 2007)

With the advent of high-sensitivity flow cytometry, the diagnostic landscape for PNH has been
revolutionized. This technique has replaced older, less sensitive methods, such as the Ham and sucrose lysis
tests, and is now considered the gold standard for definitive diagnosis(van den Heuvel-Eibrink, 2007). The
assay's methodology is highly specific and sensitive, capable of detecting PNH clones comprising as little as
0.01% of the total cell population. The critical components of the assay involve the use of specific GPI-linked
antibodies and fluorescein-labeled proaerolysin (FLAER), a reagent that binds directly and with high affinity
to the GPI anchor itself. The importance of this approach lies in its ability to analyze multiple peripheral blood
cell lineages - including granulocytes, monocytes, and red blood cells. A key reason for this multi-lineage
analysis is that reliance on red blood cell analysis alone can lead to false-negative results or an underestimation
of the true clone size. This is because ongoing hemolysis may destroy the GPI-deficient red blood cells, or a
patient may have received a recent blood transfusion, diluting the PNH clone. Therefore, the analysis of white
blood cells, which have a longer lifespan, is a more robust indicator of the true PNH clone size(Borowitz et
al., 2010; Sutherland et al., 2014).

High-sensitivity flow cytometry provides a quantitative measure of the PNH clone size, which is the
percentage of GPI-deficient cells. This measurement is crucial because the size of the clone directly correlates
with the clinical phenotype. Patients with "classic PNH," characterized by dominant hemolytic symptoms,
typically have large clone sizes exceeding 50%. Conversely, patients with PNH in the context of another bone
marrow failure disorder usually have a smaller clone size, often less than 50%. This distinction is of paramount
importance in pediatrics, where more than half of children with PNH have a small clone size of less than 10%.
This finding underscores that the dominant pediatric phenotype is a bone marrow failure syndrome, with the
PNH clone often being a small but clinically significant component. The development of high-sensitivity flow
cytometry has fundamentally changed our understanding of pediatric PNH, revealing a previously
underdiagnosed population of children who would have been missed by older, less sensitive tests(Borowitz et
al., 2010; Sutherland et al., 2014).
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4. Therapeutic Landscape
4.1 Complement Inhibitors

Since its approval in 2007 by the United States Food and Drug Administration (FDA) and the European
Medicines Agency (EMA), eculizumab, a complement component 5 (C5) inhibitor, has served as the first-line
therapy for PNH. In a Phase 3 clinical trial, eculizumab reduced hemolysis, as indicated by an 87% decrease
in LDH levels, increased hemoglobin concentrations, and a 52% reduction in RBC transfusion rates, from a
mean of 12.3 to 5.9 RBC units per patient. Additionally, 51% of patients remained transfusion-independent
throughout a 52-week treatment period. The quality of life, as assessed using the Functional Assessment of
Chronic Illness Therapy-Fatigue (FACIT-Fatigue) score, improved significantly after one week of
therapy(Brodsky et al., 2008).

Pediatric assessments of eculizumab demonstrated comparable outcomes. Normal lactate
dehydrogenase (LDH) levels, defined as less than 275 U/L, were achieved by week 2 of treatment, with a 65%
reduction from baseline observed at week 12. Plasma free hemoglobin concentrations decreased from a mean
of 17.7 mg/dL at baseline to 7.4 mg/dL at week 12(Reiss et al., 2014). Since transfusion rates were infrequent
in the study group prior to treatment, the data do not permit conclusions regarding changes in transfusion
requirements. However, several studies have reported cases in which patients did not require transfusions
during eculizumab treatment(Reiss et al., 2014; Yen et al., 2012). The optimal pediatric dosing regimen of
eculizumab for PNH has not been established due to the low incidence of the hemolytic variant in pediatric
populations(van den Heuvel-Eibrink, 2007). Adult dosing consists of a 600 mg induction dose administered
weekly for four weeks, followed by a 900 mg maintenance dose in week five, and then 900 mg every two
weeks thereafter. The authors recommend this regimen for children over 30 kg(Reiss et al., 2014). To the best
of our knowledge, eculizumab dosing has not been assessed in smaller children. Serum hemolytic activity is
inhibited when eculizumab concentrations exceed 35 mg/mL(Hillmen et al., 2004). In pediatric patients, the
median trough level at week 12 was 192.5 mg/mL, and the median peak level was 425.4 mg/mL(Reiss et al.,
2014). These data indicate that adult dosing achieves therapeutically effective eculizumab concentrations in
pediatric patients over 30 kg.

Ravulizumab, another C5 inhibitor, is a therapeutic agent used in PNH that demonstrated non-inferiority
to eculizumab in two adult Phase 3 clinical trials. The primary endpoints in these studies included hemolysis,
assessed by LDH levels, and avoidance of blood transfusion. Ravulizumab also demonstrated non-inferiority
in secondary endpoints, including the incidence of breakthrough hemolysis, FACIT-Fatigue score, stabilization
of hemoglobin concentration, and the total number of RBC units transfused(Kulasekararaj et al., 2019; Lee et
al., 2019). In 2021, the FDA approved ravulizumab for the treatment of PNH in patients aged one month and
older. Similarly, the EMA approved ravulizumab in patients weighing at least 10 kg. A Phase 3 clinical trial
evaluated the safety and efficacy of ravulizumab in pediatric patients. The study population consisted of both
patients who had not previously received eculizumab and those with prior exposure to eculizumab. Mean
hemolytic activity remained below 20% following the initial infusion. At study completion, mean hemolytic
activity was 21.9% in eculizumab-naive patients and 31.9% in eculizumab-experienced patients. These results
indicate complete inhibition of C5(Chonat et al., 2024). The eculizumab-naive group achieved secondary
endpoints, including significant reductions in LDH levels. Specifically, LDH decreased by 55.52% on day 15,
47.91% on day 183, and 60.15% on day 911. In contrast, eculizumab-experienced patients did not show
additional LDH reduction because their LDH levels were already within the normal range at the start of
ravulizumab therapy. During the primary 26-week evaluation period, 80% of eculizumab-naive patients and
100% of eculizumab-experienced patients were able to avoid transfusions. Over the subsequent four-year
period, 80% of eculizumab-naive and 87% of eculizumab-experienced patients continued to avoid
transfusions(Chonat et al., 2024). Ravulizumab dosing in adults is based on patient body weight, with an initial
dose of 2400 to 3000 mg. The first maintenance dose is administered two weeks after the initial dose is given.
Subsequent maintenance doses are given every eight weeks. Additionally, ravulizumab therapy can be initiated
two weeks following the final eculizumab dose(Lee & Kulasekararaj, 2020). Compared to eculizumab,
ravulizumab requires less frequent administration. Eculizumab is administered every two weeks, whereas
ravulizumab is administered every four or eight weeks, depending on pediatric patient weight(Chonat et al.,
2024). Reduced dosing frequency may enhance quality of life in pediatric patients. Table 2 presents pediatric
dosing of ravulizumab as studied in a Phase 3 clinical trial. Children weighing less than 20 kg received
maintenance doses every four weeks(Chonat et al., 2024). In contrast, children over 40 kg received the same
dosing regimen as adults, with an eight-week interval.
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Table 2. Pediatric dosing of ravulizumab(Chonat et al., 2024)

Patient body weight (kg) Initial dose (mg) Maintenance dose (mg)
>51t0 <10 600 300 (every 4 weeks)
>10 to <20 600 600 (every 4 weeks)
>20 to <30 900 2100
>30 to <40 1200 2700
>40 to <60 2400 3000
>60 to <100 2700 3300
>100 3000 3600

Crovalimab, a recently approved therapeutic agent, has received authorization from both the FDA and
the EMA for the treatment of PNH in patients aged 12 years and older and 13 years and older, respectively.
Both regulatory agencies have established a minimum weight requirement of 40 kilograms for crovalimab
administration. The COMMODORE 2 trial demonstrated that crovalimab is non-inferior to eculizumab in
terms of hemolysis control, transfusion avoidance, prevention of breakthrough hemolysis, and maintenance of
stable hemoglobin levels. Furthermore, crovalimab is administered subcutaneously and is suitable for self-
administration at four-week intervals(Roth et al., 2024).

4.2 Hematopoietic Cell Transplantation (HCT)

Complement inhibitors represent the standard therapy for PNH. However, allogenic hematopoietic cell
transplantation (allo-HCT) remains the only curative treatment and is generally reserved for patients with bone
marrow failure, patients who do not respond to complement inhibitor therapy, or when such therapy is
unavailable. Bone marrow transplantation is preferred to peripheral blood progenitor cell transplantation due
to the non-malignant nature of PNH(Ussowicz et al., 2024).

Allo-HCT is infrequently performed in pediatric patients with PNH due to the low incidence of the
disease in this population. The majority of published data on pediatric PNH cases consist of individual case
reports. In 2019, Andolina et al. summarized 22 pediatric cases of allo-HCT, with 18 patients surviving and
all survivors remaining disease-free. Among these 22 children, ten received myeloablative conditioning, five
received non-myeloablative conditioning, one received no conditioning, and the conditioning regimen was not
reported in six cases(Andolina et al., 2018).

Reduced-toxicity transplant conditioning should be considered for patients undergoing allo-HCT for PNH.
Immunoablative protocols remain appropriate for those with aplastic anemia or severe aplastic anemia. Patients
with classic PNH may benefit from reduced-intensity conditioning(Ussowicz et al., 2024). Although pediatric data
are limited, several successful cases of allo-HCT with reduced conditioning have been reported(Andolina et al.,
2018). Allo-HCT carries significant risks, including life-threatening complications such as graft-versus-host disease.
A thorough evaluation of potential benefits and risks is essential before proceeding.

4.3 Supportive Care

The introduction of complement inhibitors has reduced the reliance on supportive treatments for PNH.
Iron and folate supplementation, previously considered essential(Parker et al., 2005), are now infrequently
documented in recent literature. RBC transfusions remain necessary for patients with anemia. However, the
reduction in transfusion rates due to the use of complement inhibitors has been suggested as early as
2011(Curran et al., 2012) and is now well-documented(Hillmen et al., 2004).

Thrombosis represents the leading cause of mortality among individuals diagnosed with PNH.
Thrombotic events frequently develop in atypical sites, including the mesenteric, cerebral, and cutaneous
veins(Ali et al., 2024). Adult patients presenting with acute thrombotic events should receive unfractionated
heparin or low-molecular-weight heparin combined with a complement inhibitor. Patients already receiving
eculizumab should receive an additional dose in conjunction with therapeutic anticoagulation(Kokoris et al.,
2024). The duration of subsequent anticoagulation therapy, typically with a vitamin K antagonist, depends on
clinical factors including risk of recurrence and bleeding, and requires individualized assessment. Evidence
regarding the safety and efficacy of direct oral anticoagulants (DOACs) in PNH remains limited; further studies
are warranted(Ali et al., 2024).
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Pediatric patients diagnosed with PNH have also developed thrombosis in uncommon locations,
including the portal, hepatic, renal, and mesenteric veins as well as the cerebral sinuses(Curran et al., 2012).
Complement inhibitors are the primary recommended treatment(Kokoris et al., 2024). Additionally, heparin,
low-molecular weight heparin, and vitamin K antagonists have been utilized as adjunct therapies following
thrombosis(Curran et al., 2012; Griesser et al., 2020).

5. Future Directions and Emerging Therapies
5.1 New Complement Inhibitors

Pegcetacoplan, a complement component 3 (C3) inhibitor, has been approved by the FDA and later by
the EMA for the treatment of adults with PNH. In the PRINCE study, compared to supportive care only,
pegcetacoplan demonstrated superior hemoglobin stabilization and a greater change from baseline in LDH
levels. Notably, more than 90% of patients in the pegcetacoplan group remained transfusion-free throughout
the study duration, compared to less than 6% in the supportive care group. Furthermore, no serious adverse
effects associated with pegcetacoplan were observed(Wong et al., 2023). Pegcetacoplan resulted in a greater
increase in hemoglobin levels from baseline compared to eculizumab, demonstrating the superiority of
pegcetacoplan. Additionally, 85% of patients receiving pegcetacoplan remained transfusion-free, whereas only
15% of those receiving eculizumab achieved this outcome. Pegcetacoplan was also non-inferior to eculizumab
in terms of changes in LDH levels from baseline(Hillmen et al., 2021). Currently, pegcetacoplan is undergoing
a Phase 2 clinical trial in pediatric patients with PNH (NCT04901936).

Iptacopan is the first oral medication for PNH to receive approval from both the FDA and the EMA for
use in adult patients with PNH. It functions as a proximal complement inhibitor targeting factor B in the
alternative complement pathway(Peffault de Latour et al., 2024). Iptacopan is administered orally, twice a
day(Perry et al., 2025). In the APPLY-PNH trial, iptacopan demonstrated superiority over anti-C5 therapy in
increasing hemoglobin levels and achieving a hemoglobin concentration of 12 g/dL without the need for red
blood cell transfusions or meeting transfusion criteria. Participants in the APPOINT-PNH study were
complement inhibitor-naive. Ninety-two percent achieved the primary endpoint, defined as an increase in
hemoglobin of at least 2 g/dL. Sixty-three percent reached a hemoglobin concentration of 12 g/dL without
requiring red blood cell transfusions(Peffault de Latour et al., 2024). A phase 3 clinical trial (NCT06934967)
investigating iptacopan for the treatment of pediatric PNH has recently begun.

Danicopan is an oral factor D inhibitor, approved by both the FDA and EMA for the treatment of PNH
in adult patients. Danicopan is administered orally three times a day, with an initial dose of 150 mg, which can
be escalated to 200 mg if necessary. In the Phase 3 ALPHA trial, danicopan was administered in combination
with either eculizumab or ravulizumab. After 12 weeks, this combination resulted in a significant increase in
hemoglobin levels compared to the placebo group that received eculizumab or ravulizumab alone(Lee et al.,
2023). In the subsequent phase, participants initially assigned to a placebo were switched to danicopan. These
participants achieved hemoglobin levels comparable to those in the original danicopan group by week 14 and
maintained these levels through week 72(Kulasekararaj et al., 2025). Danicopan is currently undergoing a
Phase 3 study (NCT06449001) as an add-on treatment to eculizumab or ravulizumab in pediatric patients with
PNH who have clinically significant extravascular hemolysis.

5.2 Gene Therapy

Gene therapy has potential utility in PNH because mutations in the PIGA gene are a primary cause of
the disease. Restoration of normal PIGA gene function could address the underlying pathophysiology.
Although some authors have referenced conference materials reporting successful gene therapy
outcomes(Perry et al., 2025), there is currently no published evidence to suggest that this treatment has been
utilized or investigated specifically in pediatric patients.

5.3 Considerations for Developing Pediatric Clinical Guidelines.

PNH is a rare disease that typically presents in adults(Ware et al., 1991), making pediatric cases particularly
uncommon. Further research involving pediatric populations is necessary to inform the development of evidence-
based clinical management guidelines, determine optimal dosing regimens, and refine strategies for managing
adverse effects in this population. Additionally, clinical trials of emerging therapies should include pediatric cohorts
to address the distinct physiological and therapeutic needs of children.
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6. Conclusions

Pediatric paroxysmal nocturnal hemoglobinuria (PNH) is a uniquely challenging entity within the
spectrum of rare hematologic disorders. Although it shares the same PIGA-driven molecular basis as adult
PNH, its clinical profile is distinct - dominated by bone marrow failure and cytopenias rather than overt
hemolysis. These atypical features, coupled with the rarity of the disease, contribute to frequent diagnostic
delays and under-recognition. High-sensitivity flow cytometry has revolutionized diagnostic accuracy,
particularly by detecting small clones that characterize pediatric cases.

Therapeutic advances have markedly improved outcomes. The introduction of C5 inhibitors, particularly
eculizumab and ravulizumab, has transformed prognosis by effectively controlling hemolysis, reducing
transfusion dependence, and lowering the risk of life-threatening thrombosis. Newer agents - including
crovalimab, pegcetacoplan, iptacopan, and danicopan - expand the therapeutic arsenal, offering more
convenient routes of administration, extended dosing intervals, and the potential for more comprehensive
complement blockade. Allogeneic hematopoietic cell transplantation remains the only curative approach but
is reserved for selected cases, given its risks.

Future directions lie in integrating emerging complement inhibitors, exploring gene therapy as a
potential definitive cure, and ensuring that pediatric populations are systematically included in clinical trials.
Given the rarity of the disease in children, collaborative international registries and multicenter studies will be
essential to generate the evidence base needed for standardized pediatric guidelines.

Ultimately, the evolution of PNH management - from supportive care and transfusions to targeted
complement inhibition - represents one of the most striking therapeutic successes in rare hematology.
Extending these advances to pediatric patients requires heightened clinical suspicion, earlier diagnosis, and
tailored therapeutic strategies that account for the unique clinical spectrum of this population.
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