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Abstract: Paroxysmal nocturnal hemoglobinuria (PNH) is an acquired, ultra-rare disease characterized by
chronic intravascular hemolysis. It is classically caused by an acquired mutation in the phosphatidylinositol
N-acetylglucosaminyltransferase subunit A (PIGA) gene, though other gene mutations have been
implicated. Whatever the initiating mutation, the result is a deficiency or loss of glycophosphatidylinositol
(GPI) anchors from cell surfaces. These anchors are essential in binding proteins to cell membranes, with
CD55 and CDS59 being two important GPI-linked proteins lost in PNH. These ligands protect cells
against complement; part of the innate immune system which promotes phagocytosis and lysis of invading
pathogens. PNH cells appear to have a survival advantage over hematopoietic stem cells, often with the
backdrop of bone marrow failure, leading to expansion of the PNH clone. Without the protection of CD55
and CD59, PNH red blood cells undergo complement-mediated hemolysis, causing a range of non-specific
symptoms including anemia, fatigue, breathlessness and thrombosis. Untreated mortality can be high and
before the advent of complement inhibitors treatment was limited to blood transfusions, anticoagulation,
and bone marrow transplantation in a minority of patients. Complement inhibitors are now available which
target components throughout the complement cascade and they have reduced PNH-associated morbidity
and mortality. Treatment, however, carries the risk of infection, extravascular hemolysis and breakthrough
hemolysis with some patients having better responses to others; perhaps in part due to polymorphisms of
complement regulators. The aim of this review is to provide a thorough summary on the pathophysiology of
not just the pathogenesis of PNH, but its clinical manifestations, treatment and their adverse effects, drawing
on the impact of complement regulators, not covered in other review articles. Through reviewing the latest

literature we have been able to identify areas where further ongoing research is required.
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Introduction

Paroxysmal nocturnal hemoglobinuria (PNH) is a complex
disease which runs a devastating course and carries a
median untreated survival from diagnosis of 10 years (1).
It has a multifaceted pathophysiology which incorporates
genetic mutations and polymorphisms, the complement
cascade and relentless intravascular hemolysis. There is
a significant overlap with bone marrow failure and there
remains a risk of clonal evolution. The understanding of
PNH has improved dramatically over recent decades and
this review aims to provide a comprehensive overview of
the latest insights into its pathophysiology, focusing on
the normal function and regulation of the complement
system, the cellular and molecular mechanisms underlying
PNH, as well as the clinical manifestations of the disease.
Additionally, the review will discuss the therapeutic
landscape of PNH including the mechanisms of available
complement inhibitors and factors influencing patient-
to-patient variability in treatment responses, the latter of
which has not been covered in other reviews.

Normal complement function

The complement system (or cascade) is an integral
part of the innate immune system, evolved primarily to
protect us against invading pathogens. It is composed of
over 50 proteins (2) which interact, cleave and combine
to complement antibodies in our defences, particularly
against encapsulated bacteria such as Hemophilus influenzae,
Neisseria meningitidis and Streptococcus pneumoniae (3). It
has three canonical pathways of activation, classical (CP),
lectin (LP) and alternative (AP), which converge at the
enzymatic activation of complement component C3. The
nomenclature of complement proteins, which numerically
begin at C1 and end at C9, inconveniently reflect their
chronological order of discovery rather than the order in
which they appear in the cascade (3) (Figure I).

The CP was the first pathway to be discovered and
is typically initiated when antibody complexes bind to
invading pathogens, activating complement component
Clq (3). Clq binds to the Fc portion of a single surface-
bound IgM, or at least two IgG antibodies in close
proximity, and undergoes a conformational change. This
change allows Clq to activate Clr and Cls, leading to
cleavage of complement component C4 into C4a and
C4b. The lectin pathway is similar except serum proteins
mannose-binding lectin (MBL) and ficolins bind directly to
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the bacterial surface by attaching to carbohydrates among
other binding partners (4). This is recognised by MBL-
associated proteases (MASP-1, MASP-2, MASP-3) which
bind to the MBL or ficolin to create a Cl-like complex of
MBL-MASP (4). This complex behaves like C1 and cleaves
C4 into C4a and C4b (4), and from here the two pathways
converge. C4b has a thioester which allows it to become
covalently bound to the activating surface where it is able to
bind to complement component C2 (4). C4b-bound C2 is
cleaved by the activated C1 complex into C2a and C2b. The
smaller split product C2b (traditional nomenclature denotes
the smaller C2 fragment to be C2b) diffuses away, while
C2a remains bound to C4b forming the C3 convertase of
the CP, C4bC2a. This C3 convertase cleaves C3 into C3a
and C3b before binding to the cleavage product C3b to
form the C5 convertase of the CP, C4bC2aC3b (3,5,6).
This C5 convertase subsequently feeds into the terminal
complement pathway.

In the AP, continuous hydrolysis of C3 to C3(H,0)
ensures that the AP is always active. Hydrolyzed C3 binds
to factor B (FB) which is in turn cleaved by factor D (FD)
litself formed when pro-FD is activated by MASP-3 (7)],
with the resultant product being a C3 ‘initiation convertase’,
C3(H,0)Bb. This C3 convertase cleaves C3 to C3a (an
anaphylatoxin) and C3b, the latter of which (like C4b) has a
thioester which can bind covalently to the activating surface.
C3b also has a binding site for FB, and when C3b-bound
FB is cleaved by FD, the resultant molecule C3bBb is the
C3 convertase of the AP. C3bBb is stabilized by the binding
of the protein properdin (3). C3bBb cleaves C3 into C3b
which itself forms new C3bBb molecules; an ‘amplification
loop’ which allows for a rapid upregulation of complement
in response to infection. A further single C3b molecule
can bind to C3bBb to form the C5 convertase of the AP,
C3bBbC3b (3).

As well as being vital for the production of C3 and C5
convertases, the opsonization of pathogens with covalently
bound C3b and C4b also promotes phagocytosis in the
spleen (4).

All three of the above pathways result in the formation
of a C5 convertase on the surface of the invading bacteria,
marking the start of the terminal pathway where C5 is
cleaved into C5a (a powerful anaphylatoxin) and C5b. The
C5b molecule recruits C6 forming C5b,6 which in turn
recruits C6, C7, C8 and multiple C9 molecules to form a
membrane attack complex (MAC), a transmembrane pore
which causes osmotic lysis of the targeted cell (3).

Although this has long been the accepted tenet of the
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Figure 1 The complement cascade. Created with BioRender.com.

complement cascade, recent studies suggest an alternative
mechanism at the level of the terminal pathway. The
concept of a trimolecular C5 convertase has been disputed,
as C3b is unable to bind 2 vitro to immobilized C3bBb (8),
a process required to form the C5 convertase C3bBbC3b.
Instead, it is suggested that as C3b accumulates on the cell
surface it recruits and ‘primes’ C5 molecules for cleavage by
the C3 convertases (8-12).

© AME Publishing Company.

Normal complement regulation

An important aspect of the complement system is to protect
healthy host cells against complement-mediated damage,
and to downregulate when no longer required. There are
dozens of regulators in action which work together in a
3-stage strategy: (I) limit activation of complement when

not required (or moderate activation when no strong
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Figure 2 Components of complement regulation. (A) CR1 decays the C3 convertases and is a co-factor to FI. (B) MCP is a co-factor to FI.
(C) FH decays C3bBb, prevents FB binding to C3b and is a co-factor to FI. (D) CD55 decays C3 convertases (of the AP and CP; for
simplicity only AP is shown). CD59 prevents MAC formation. Created with BioRender.com. MCP, membrane cofactor protein; MAC,

membrane attack complex.

activation is needed), (II) regulate complement convertases
(which are central amplifiers) on host surfaces, and (III)
prevent MAC formation on host surfaces (13).

Cl1 inhibitor (C1-INH) is the main regulator controlling
activation of the CP and LP. It is an inhibitor which
irreversibly binds to the catalytic centre of Clr and Cls,
preventing them from cleaving C4 (14), blocking the CP
before the formation of the C3 convertase. C1-INH also
inhibits MASP proteases and thus downregulates the LP,
although there are other proteins (sMAP, MAP-1) which

© AME Publishing Company.

limit the LP by competing for binding sites on MBL and
ficolins (14).

The main regulator of C3b, C4b, and the convertases is
Factor I (FI) (Figure 2). This circulating protein cooperates
with so-called cofactor proteins to cleave C3b and C4b into
inactive products which can no longer form convertases
(iIC3b/C3dg, iC4b/C4d) (14). FI works alongside a family
of six regulatory proteins called ‘regulators of complement
activity’ (RCA). These proteins are all encoded on
chromosome 1q32 (15) and consist of three membrane-
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bound components [complement receptor 1 (CRI1; or
CD35), membrane cofactor protein (MCP; or CD46)
and decay-accelerating factor (CD55)] and three soluble
components [C4b-binding protein (C4BP), Factor H
(FH) and its alternative splice product Factor H-like 1
(FHL-1)] (14). The RCA proteins have either cofactor
activity or decay accelerating activity or both. Cofactors
assist Factor I in proteolytically trimming C3b and C4b.
Decay accelerators prevent the assembly of convertases or
decay them if already formed.

CR1 (CD35) is a glycoprotein expressed on most blood
cells which has a number of binding sites for C3b and
C4b, acting as a co-factor to increase their FI-mediated
inactivation (Figure 2). It is involved in the decay of C3 and
C5 convertases (5) and transporting C3b and/or C4b-loaded
particles to the spleen for phagocytosis, a phenomenon
which is called immune adherence (14). MCP (or CD46),
widely expressed on most cell surfaces except red blood cells
(RBCs), is another cofactor to FI (14). CD55 is expressed
on almost all peripheral blood cells and C5 convertases, and
accelerates their decay (4) (Figure 2). While CR1, CD55 and
MCP regulate the CP/LP and AP, the two remaining RCA
proteins are specific for different activation paths. C4BP is
CP specific; it is another cofactor for FI and accelerates the
natural decay of C3-convertase (16).

FH is the main fluid phase regulator of the AP. It binds
to C3b, competing with complement FB, blocking C3bBb
(C3 convertase) formation. Furthermore, it accelerates
the irreversible decay of C3 convertases that do form, and
acts as a co-factor for factor I (17) (Figure 2). FHL-1 is
an alternative splice-product which shares the same gene
as FH, produced as a truncated form of the protein with
similar function (6).

Finally in the terminal pathway, CD59 is an important
cell surface regulator which binds to C8 or C9 within a
C5b-8 or C5b-9 complex and prevents C9 polymerization,
inhibiting MAC formation on host cells (14) (Figure 2).
Within the serum, clusterin and vitronectin are proteins
which form complexes with free C5b-7 to prevent
the insertion of developing MAC into bystander cell
membranes (5).

PNH at a cellular level

With an understanding of the complement system and its
regulation, one can better understand the pathophysiology
of PNH. At a cellular level, the key issue is the loss of
the complement regulators CD55 and CD59 from cell
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surfaces. This occurs in hematopoietic stem cells (HSCs)
and so all peripheral blood cells derived from those affected
HSCs carry this CD55 and CD59 deficiency. Without
these protective membrane bound regulators, complement
activation and amplification is under-regulated on host
cells. On affected RBCs, this means that already weak to
moderate complement activation triggers may lead to MAC
formation and chronic intravascular hemolysis. RBCs are
particularly vulnerable as the loss of CD55 and CDS59 is
compounded by the natural absence of the complement
regulator MCP (14).

Outside of PNH, isolated deficiencies of CD55 and
CD59 can be seen as inherited disorders. CD55 deficiency
with hyperactivation of complement, angiopathic thrombosis
and severe protein-losing enteropathy (CHAPLE)
syndrome, an inherited CD55 deficiency, doesn’t lead to the
development of devastating intravascular hemolysis as the
ongoing protection from intact CD59 is sufficient (18). In
contrast, patients with an inherited CD59 deficiency present
with chronic and paroxysmal intravascular hemolysis akin
to PNH, though it is seen in association with a chronic
inflammatory demyelinating polyradiculoneuropathy (19).

CD55 and CD59 deficiency in PNH stems from an error
in the surface expression of the anchor required to bind
these proteins to the cell membrane. The anchor in question
is glycophosphatidylinositol (GPI), and over 150 GPI
anchored proteins (GPI-AP) have been identified (20).

In PNH, the amount of CD55 and CD59 seen on RBC
surfaces can vary. Cells which have a complete deficiency
are labelled Type III PNH cells, whilst those which only
have a partial deficiency are Type II PNH cells (21). Type I
PNH cells are normal RBCs with normal CD55 and CD59
expression. Type III cells are 10-15x more sensitive to
complement-mediated hemolysis than Type I cells, whilst
Type II cells are 3—5x more sensitive (21). Generally, the
larger the proportion of Type III cells the more severe the
hemolysis a patient experiences.

As well as the absence of GPI-AP, PNH at a cellular level
may involve the metabolomic profile; the small molecules
produced during cellular metabolism (22). Similar to other
hemolytic anemias, patients with PNH have been found
to have an altered metabolome compared with healthy
controls, with lower levels of amino acids participating in
the glycogenesis pathway with impaired glutaminolysis (22).
The degree (if any) to which the metabolome is involved in
the pathogenesis of PNH, the expansion of a PNH clone or
individual responses to complement inhibitors is yet to be
determined and is an area of ongoing research (23,24).
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PNH at a molecular level

GPI-AP biosynthesis is encoded by at least 33 genes
and a 23-step engineering process (25) which involves
combining sugar nucleotides and phospholipids within the
endoplasmic reticulum, before transfer of the completed
molecule to the cell surface (26). One of these 33 genes,
phosphatidylinositol N-acetylglucosaminyltransferase
subunit A (PIGA), is responsible for producing a
484 amino-acid protein required in the early stages of GPI-
AP synthesis (27,28). PNH is classically caused by acquired
somatic mutations in the PIGA gene (29).

The PIGA gene is located on the X chromosome,
though mutations in PNH develop after X-chromosome
inactivation, explaining why PNH is seen in equal number of
males and females (28) and why a mutation in only a single
gene is required for the PNH phenotype to appear (28).
Hundreds of different mutations in the PIGA gene have
been identified and these can be insertions, deletions,
missense or nonsense (28). Missense mutations may leave
some residual PIGA activity, explaining the presence of Type
IT PNH cells (28). Patients can have multiple populations of
PNH clones, each with different PIGA mutations (30).

Despite its recognized association, the relationship
between PIGA mutations and PNH is complex. Firstly,
although the large majority of patients with PNH have a
PIGA mutation, it can be absent in some. For these patients,
it may mean mutations in other genes encoding for GPI-
AP biosynthesis, and pathogenic mutations of PIGT and
PIGV have been reported in patients with normal PIGA
genes (31). What is more, the presence of a PIGA gene
mutation cannot be said to be pathognomonic for PNH,
with mutations identifiable in the healthy population. These
are associated with very small asymptomatic PNH clones of
<0.001% and are detectable in polyclonal colony-forming
cells which, unlike HSCs, do not have the capacity to self-
renew (32,33).

PNH clone expansion and bone marrow failure (BMF)

What continues to elude researchers is how PNH cells
proliferate in preference to normal HSCs, and what drives
the PNH clone to expand in some patients but not in
others. PNH cells have no intrinsic growth advantage over
normal HSCs (34), which explains how PIGA mutations can
be detected in healthy donors with no sequalae of PNH.
PNH is strongly associated with aplastic anemia (AA) and it
is widely accepted that PNH develops on a background of
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BMEF (35). In this context it is acknowledged that PNH cells
likely escape autoreactive CD8" T-lymphocytes (which cause
AA), through the loss of GPI-AP bound co-stimulatory
molecules or autoantigens in the bone marrow (36);
an escape model in which the PNH clone is not susceptible
to autoimmune attack, potentially by losing the direct target
of the T-cells, GPI itself (37). As for PNH clone expansion,
it may in part be related to other genetic mutations within
the HSCs; mouse models have shown that increased
HMGA?2 expression is associated with clonal expansion and
this can be seen in higher levels in patients with PNH (38).
It has previously been suggested that PNH cells are more
resistant to apoptosis than GPI-AP positive cells, proposing
a mechanism of clonal expansion, although in vitro data are
contradictory (39).

Clinical features of PNH

The most common clinical features at the time of
PNH diagnosis are anemia, fatigue, hemoglobinuria,
breathlessness, thrombosis, abdominal pain, dysphagia and,
in men, erectile dysfunction (40).

Anemia in PNH is likely multifactorial, with an increase
in RBC destruction through chronic intravascular hemolysis
being compounded by impaired RBC production due to
urinary iron loss (41) and BME. Breathlessness can in part
be attributed to anemia but patients are also at risk of
pulmonary hypertension. Free hemoglobin in the serum,
released during intravascular hemolysis, reacts with and
destroys nitric oxide (NO), a potent endothelium-derived
relaxing factor. NO relaxes smooth muscle and induces
vasodilation, with chronic NO scavenging by hemoglobin
causing marked vasoconstriction (42). Vasoconstriction
within the lungs leads to pulmonary hypertension, whilst
in the kidneys it can contribute to renal disease. Renal
impairment can be compounded by damage to the renal
tubules through chronic iron deposition, the toxicity of free
hemoglobin and repeated microvascular thrombosis (43).
Renal vein or artery thrombosis is rare (43). NO depletion
and impairment of smooth muscle relaxation further leads
to abdominal pain, dysphagia and erectile dysfunction.

Thrombosis in PNH is complex, resulting from
the overlap of the complement and clotting cascades
(Figure 3) (44). Without the protection of CD59, PNH
platelets are susceptible to constant complement-
mediated activation, with clotting further stimulated by
free hemoglobin and NO depletion. Activated circulating
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Figure 3 An abridged pathophysiology of thrombosis in PNH. Created with BioRender.com. PNH, paroxysmal nocturnal hemoglobinuria.

PNH platelets release prothrombotic microvesicles
which act as binding sites for prothrombinase and tenase,
upregulating the clotting cascade and stimulating thrombin
production (44). Thrombin cleaves fibrinogen to form a
fibrin clot which is stabilized by the activity of Factor XIII.
Factor XIII is inhibited by NO, so NO deficiency in PNH
may lead to increased clot stability (45). Furthermore,
PNH white blood cells lose the GPI-AP, urokinase-type
plasminogen activator receptor (u-PAR) and tissue factor
pathway inhibitor (TFPI). These are natural anticoagulants

© AME Publishing Company.

which increase clot lysis (uPAR) and inhibit factor X and
tissue factor-VIIa complexes (TFPI), and their absence may
promote clot formation (44). Adding to this hypercoagulable
state, the proinflammatory anaphylatoxin C5a promotes
vasoconstriction in an already NO deplete vasculature,
leading to impaired hemodynamic flow (44). Completing
Virchow’s triad, free heme released during hemolysis is also
thought to irritate the vascular endothelium, leading to local
injury and inflammation (46). One of the most common
sites of thrombosis for patients with PNH is the hepatic
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vein (Budd-Chiari syndrome), although the mechanism
behind the predilection for this site is not known (40). The
use of anticoagulation alone in patients with PNH is not
always enough to prevent Budd-Chiari syndrome (47).
Unsurprisingly, patients at the highest risk of thrombosis
are those with previous thromboses, high white blood cell
PNH clones and evidence of high disease activity (48), but
there are cohorts of patients with atypical PNH clones who
also appear to be at high risk. Patients with a high white
blood cell clone but low red cell clone, and those with a
higher Type II clone than Type III clone both appear to
be at an increased risk and this reflects how non-hemolytic
mechanisms play a major role in thrombosis (49).

Current treatments

Until the early 2000s, treatment for PNH was supportive;
blood transfusions, iron and folate replacement, and
anticoagulation. For many patients globally who do not
have access to complement inhibitors, this unfortunately
remains the mainstay of treatment. 2002 saw the first pilot
study of eculizumab in the treatment of PNH and its success
led to eculizumab being the gold standard therapy (50).

Eculizumab is a humanized monoclonal IgG antibody
which specifically binds with high-affinity to C5, blocking
its cleavage (50). In doing so, it prevents the generation of
C5b required for MAC formation. Eculizumab specifically
binds to the macroglobulin MG7 domain of C5, though
a rare subset of Japanese patients with a polymorphism
in Arg885 have an altered epitope to which eculizumab
is unable to bind, leading to treatment failure (51).
Eculizumab is administered intravenously every 2 weeks.
Biosimilars to eculizumab are now available which have the
same mechanism of action and offer non-inferiority (52).

Ravulizumab is a humanized monoclonal IgG antibody
directed against C5, bioengineered from eculizumab to
increase its half-life fourfold, allowing it to be administered
intravenously every 8 weeks. By altering the amino acid
sequence in the complementary determining and neonatal
Fc-receptor-binding regions of the eculizumab molecule,
there is increased dissociation of C5 from ravulizumab in
the acidic environment of the intracellular endosome as
well as improved recycling via the neonatal Fc-receptor.
As such, the amount of antibody that undergoes lysosomal
degradation in vascular endothelial cells is reduced,
increasing the amount of free antibody released back into
the circulation which can then rebind to C5, allowing for
less frequent dosing (53,54).
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The introduction of both eculizumab and ravulizumab
into the treatment plans of patients with PNH had a
revolutionary impact on their morbidity and mortality, with
those patients now having the same life-expectancy as age-
and sex-matched controls (excluding those who require
treatment for BMF) (40).

Other available C5 inhibitors include crovalimab and
pozelimab. Crovalimab is a humanized monoclonal IgG
which, like ravulizumab, is recycled efficiently from the
acidic endosome and returned into the circulation (55),
though it targets a different C5 epitope to that of eculizumab
and ravulizumab (56). Crovalimab is given as a subcutaneous
injection every 4 weeks (56). Pozelimab is a monoclonal
antibody given as a weekly subcutaneous infusion, after
initial intravenous loading (57). In clinical trials, pozelimab
is given alongside cemdisiran, a ’small interfering RNA’
(siRNA) which reduces hepatic C5 production (57).

Moving from terminal inhibition to proximal, pegcetacoplan
is a pegylated pentadecapeptide inhibitor of C3, administered
as a subcutaneous infusion twice-weekly (58). By blocking the
cleavage of C3, pegcetacoplan is an effective inhibitor of the
AP, preventing the formation of AP C3 and C5 convertases
through the absence of C3b. By blocking C3, pegcetacoplan
can be used successfully in patients susceptible to
extravascular hemolysis seen as a result of C5 inhibition (59).

Some of the available agents which block proximal to C3
include iptacopan, danicopan and OMS906. Iptacopan (60)
and danicopan (61) are both oral small-molecule inhibitors
which block FB and FD respectively, both suppressing the
AP and the amplification loop. OMS906 is a subcutaneous
inhibitor of MASP-3, blocking the AP by reducing pro-FD
activation and therefore available FD (62).

A summary of currently available complement inhibitors
and their targets within the complement cascade is shown
in Table 1.

Complement rvegulators and treatment responses

As described earlier, the RBC antigen CR1 binds to C3b and
C4b and acts as a co-factor to increase their FI-mediated
inactivation (5). There are two co-dominant alleles that
control expression of CR1, labelled H (high expression) and
L (low expression) (63). Expressing two alleles, patients can
either have the genotype H/H with high levels of CR1, the
genotype L/L with low levels of CR1, or have intermediate
amounts with the genotypes H/L (63). PNH patients with
L/L (and therefore the lowest surface levels of CR1) have
the highest levels of C3 deposition, likely due to reduced
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Table 1 Currently available complement inhibitors

Complement inhibitor Complement target

Eculizumab (and biosimilars) C5
Ravulizumab C5
Crovalimab C5
Pozelimab C5
Cemdisiran C5
Pegcetacoplan C3
Iptacopan Factor B
Danicopan Factor D
OMS906 MASP-3

FI-mediated clearance and lower decay accelerating activity.
Clinically, those patients with the L/L polymorphism are
seven times more likely to have a suboptimal response to
eculizumab (defined as ongoing transfusion requirement)
than patients with the H/H phenotype (63).

With FH, gene polymorphisms are more common in
patients with PNH than in healthy controls. Patients with
atypical variants are more likely to be transfusion dependent
at 6 months after starting eculizumab than those who have
typical FH genes (64). PNH RBCs have significantly lower
surface levels of FH than normal RBCs, thought to be
related to lower levels of sialic acids (ligands which help
bind FH to the RBC surface) and augmenting surface levels
in vitro protects PNH RBCs from complement-mediated
lysis (65). FH polymorphisms may therefore play a role in
PNH presentation and treatment responses.

Although data on FI polymorphisms in PNH is lacking,
a number of polymorphisms have been reported in patients
with other complement-mediated disorders such as age-
related macular degeneration, C3 glomerulopathy and
atypical hemolytic uraemic syndrome (66). More than half
of these polymorphisms correlate with reduced levels of
FI (66) which one could hypothesise may correlate with
higher levels of C3 and C4 deposition, potentially affecting
response to complement inhibitors.

Pathophysiology of treatment sequelae

Infection

By blocking the innate immune response, infection has
long been a concern for patients receiving a complement
inhibitor. The major risk is that of encapsulated bacteria
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(Streptococcus pnewmoniae, Neisseria meningitidis, Hemophilus
influenza) which can no longer be destroyed by MAC.
Eculizumab carries a 1,000-2,000 fold increased risk of
meningococcal infection (67), and patients on CS5 inhibitors
are required to comply with meningococcal vaccination
and, in some countries, regular antibiotic prophylaxis (68).
With these measures the rate of meningococcal infection
in patients receiving C5 inhibitors is around 0.35 per
100 patient years, although caution is still required; in
509 patients treated with either eculizumab or ravulizumab,
there was 1 fatality from 11 cases of meningococcal sepsis
over a 20 year period (40). As well as preventing MAC
formation, C5 inhibition prevents the production of C5a,
a powerful anaphylatoxin which supports the recruitment
and activation of granulocytes (4), including the release
of proinflammatory mediators (69). Proximal inhibitors
will similarly reduce the availability of the anaphylatoxin
C3a, though this is less potent than C5a (4). Data on the
risk of non-meningococcal infection in patients receiving
complement inhibitors versus healthy controls is lacking.
One could look to increased infection risk in patients with
inherited deficiencies of complement components for
comparison (70), though this data is likely to be affected
by selection bias. Patient numbers in these reports are low,
and it is likely that these patients are discovered to have
complement deficiency because of recurrent infections,
and we do not know about the possible prevalence of
complement deficiencies which may remain asymptomatic.
In a Dutch study of patients with PNH receiving
eculizumab, the incidence of non-meningococcal infection
was 0.91 per year, and the vast majority of these were
grade 2 (71); moderate symptomatology limiting important
activities of daily living, but not severe enough to limit self-
care. How this compares to age- and sex-matched controls
is unknown. Confounding the data is the fact that these
patients with PNH often have underlying bone marrow
failure which contributes to infection risk.

Extravascular hemolysis

A recognised mechanistic consequence of receiving a C5
inhibitor is the surface loading of C3 onto PNH RBCs (72).
C3b binds to all PNH RBCs cells due to an absence of
CD55, but in untreated patients these cells undergo rapid
MAC-mediated hemolysis due to the absence of CD59;
when C5 is blocked by C5 inhibitors, these C3-loaded
cells avoid MAC-mediated hemolysis. FI together with
the required cofactors of the RCA family ensure that C3 is
cleaved to C3b (and subsequent degradation products) and
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PNH RBC undergoing
MAC-mediated haemolysis

Bystander
PNH RBC
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MAC-mediated haemolysis
of bystander PNH RBC

Figure 4 Reactive lysis. C5b-7 diffuses away from the site of a lysed PNH cell and binds to bystander PNH cells, leading to MAC formation.

Created with BioRender.com. PNH, paroxysmal nocturnal hemoglobinuria; RBC, red blood cell; MAC, membrane attack complex.

these opsonized cells are destroyed through macrophage-
mediated extravascular hemolysis in the liver and spleen.
Extravascular hemolysis is not as rapid as intravascular
hemolysis, allowing C3-loaded cells to be detected in the
circulation (72). Approximately 1 in 4 patients receiving a
C5 inhibitor have ongoing transfusion requirements (40)
and a majority have a hemoglobin below 120 g/L (73), in
part due to this extravascular hemolysis, and is a common
reason for switching to a proximal complement inhibitor.
Patients at highest risk for extravascular hemolysis are
probably those with impaired activity of complement
regulators.

Breakthrough hemolysis (BTH)
Separate from extravascular hemolysis is BTH which can
occur with any complement inhibitor. There has been no
consensus on the definition of BTH, but generally includes
the development of new or worsening signs or symptoms of
intravascular hemolysis in the presence of an elevated lactate
dehydrogenase (74). The mechanism of BTH is classed as
being either pharmacokinetic or pharmacodynamic.
Pharmacokinetic BTH occurs when the amount of
complement inhibitor is subtherapeutic for the levels
of available complement, with surplus free complement
leading to MAC formation (75). This is commonly seen
in complement amplifying conditions such as infections,
though could also be caused by missed doses of complement
inhibitors. Pharmacodynamic BTH occurs in patients who
have seemingly complete blockade of complement, and

© AME Publishing Company.

its mechanism is poorly understood. There is a body of
evidence to suggest that pharmacodynamic BTH may occur
in the context of PNH RBCs which are densely loaded
with either C3b or C4b. In hemolysis assays, RBCs with
higher surface densities of C3b demonstrate higher levels of
hemolysis, which is not completely blocked by the addition
of a C5 inhibitor (11). Furthermore, iz vitro studies suggest
that when C5 interacts with a RBC surface densely loaded
with either C3b or C4b, it undergoes a conformational
change in its structure to form a new molecule termed
C5 one- This conformational change exposes new binding
sites which allow it to form MAC complexes with C6-9
despite not being cleaved to C5b (8). C5,,~mediated MAC
formation can be hindered but not completely blocked by
the addition of a single C5 inhibitor (8).

Additionally, reactive lysis (Figure 4) is the mechanism by
which MAC can be formed on PNH RBCs which haven’t
had initial activation of the complement cascade on their
surface. When RBCs have undergone MAC-mediated lysis,
C5b6 which hasn’t yet generated MAC can be released into
the surrounding environment. These C5b6 molecules can
bind to ‘bystander’ PNH RBCs and recruit C7, C8 and
C9 to create MAC. This has been shown in vitro (76) and
the hemolysis is more pronounced in Type III PNH cells
than Type II; unsurprising given the protection offered
by low levels of CD59. Reactive lysis is also inhibited to
a certain degree by complement regulators clusterin and
vitronectin (5). Reactive lysis does not explain why BTH
occurs, as a bypass mechanism is still required to form
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MAC on the initiating cell, but it does offer an explanation
of how an initial BTH trigger may be amplified in patients
with high Type III PNH clones, commonly seen in patients
receiving pegcetacoplan (75).

Finally, a contributing factor to BTH may be
polymorphisms in complement regulators. Given the
interplay between FI and the RCA family, it is likely that
reduced activity of any of these proteins could contribute
to increased cell surface C3, C4 and the C3 and CS5
convertases and therefore contribute to the risk of BTH.

An important consideration in BTH is the size of a
patient’s PNH clone at the outset, with a higher clone
representing a larger population of RBCs susceptible to
lysis. By preventing extravascular hemolysis, proximal
complement inhibitors cause a rise in the PNH RBC clone,
and therefore the potential to cause a larger fall in the
hemoglobin level during BTH events (75). Furthermore,
downstream effects of complement breakthrough whilst
receiving proximal complement inhibitors can be more
devastating than breakthrough on terminal blockade
due to the alternative pathway amplification loop; for
each C5 molecule that escapes inhibition, a single MAC
molecule can be produced, but for each MASP-3, FD, FB
or C3 molecule that escapes inhibition, one or more C3
convertases can be generated with downstream amplification
leading to multiple MAC molecules being formed (75).

Conclusions

Our understanding of this ultra-rare but devastating disease
has improved dramatically, but, despite this, there remain
many unanswered questions in key areas.

Although the ‘escape model” of PNH development in
the context of AA is widely accepted, we do not yet fully
understand what drives the PNH cell survival advantage
in preference to normal HSCs in the absence of AA, nor
do we know why PNH clones expand in some patients but
not others. Answering these questions could help identify
patients at-risk for PNH progression and unlock the
potential to make early treatment decisions or even prevent
disease progression before the onset of symptoms.

Therapeutic complement inhibitor research has
flourished over the past two decades and new treatments
with novel mechanisms of action continue to be produced.
With varying methods of administration, dosing frequencies
and adverse effect profiles, what is best for one patient
may not suit another. With C5 inhibitors there is no way
to predict which patients are most likely to experience
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extravascular hemolysis and require ongoing transfusion
support. For all complement inhibitors, BTH is a real
concern and carries the risk of severe anemia and potentially
fatal thrombosis. More research needs to be done to
determine its pathophysiology with an aim to identify which
patients are at highest risk and how it can be prevented.
‘Treatment responses can, in part, be affected by patient-to-
patient variations in complement regulators; FH has already
been identified as a potential therapeutic target (77,78) and
further research into other complement regulators could
yet yield further advances.

Only with further high-quality research can evidence-
based individualised treatment approaches be offered to
patients to limit the impact of this disease.
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