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Summary

Paroxysmal nocturnal haemoglobinuria (PNH) is character-

ized by complement-mediated intravascular haemolysis, sev-

ere thrombophilia and bone marrow failure. While for

patients with bone marrow failure the treatment follows that

of immune-mediated aplastic anaemia, that of classic, hae-

molytic PNH is based on anti-complement medication. The

anti-C5 monoclonal antibody eculizumab has revolutionized

treatment, resulting in control of intravascular haemolysis

and thromboembolic risk, with improved long-term survival.

Novel strategies of complement inhibition are emerging. New

anti-C5 agents reproduce the safety and efficacy of eculizu-

mab, with improved patient convenience. Proximal comple-

ment inhibitors have been developed to address C3-mediated

extra-vascular haemolysis and seem to improve haematologi-

cal response.

Keywords: paroxysmal nocturnal haemoglobinuria, intravas-

cular haemolysis, extravascular haemolysis, proximal comple-
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Paroxysmal nocturnal haemoglobinuria (PNH) is a rare

haematological disease characterized by the clinical triad:

complement-mediated intravascular haemolysis, severe throm-

bophilia and bone marrow failure.1 PNH is due to somatic

loss-of-function mutations in the phosphatidylinositol N-

acetylglucosaminyltransferase subunit A (PIGA) gene,2–4

occurring in one or more haematopoietic stem cells (HSCs).

The development of the disease is associated with the clonal

dominance of PIGA-mutated HSCs, which progressively

replace normal haematopoiesis, probably because they are

spared in the presence of immune-mediated damage of

haematopoietic progenitors.5–7 The PIGA mutation precludes

the biosynthesis of the glycosylphosphatidylinositol (GPI)

anchor, resulting in the lack on the cell surface of all GPI-

anchored proteins (GPI-AP), both on affected haematopoietic

progenitors and on their mature progeny blood cells.8–11

The hallmark of PNH — the typical complement-mediated

intravascular haemolysis — is due to the fact that the two key

complement regulators, CD5512–14 and CD59,15,16 are

expressed on the cell surface via the GPI anchor. Consequently,

PNH erythrocytes are deficient for both CD55 and CD59, and

are highly susceptible to complement-mediated lysis, because

they are unable to physiologically modulate complement acti-

vation on their surface. These complement regulators are lack-

ing also on PNH granulocytes and platelets, and impaired

complement regulation on these cells might contribute. Hae-

molysis of PNH is chronic, secondary to the physiologic spon-

taneous hydrolysis of complement component 3 (the so called

“C3 tick-over”),17 with possible acute exacerbations triggered

by transient complement activation associated with specific

clinical events, such as infections. Thromboembolic events are

the most feared complication in PNH; thrombosis is

pathogenically linked to intravascular haemolysis of PNH ery-

throcytes, but impaired complement regulation on other

affected blood cells might contribute to the thrombophilic sta-

tus of PNH.18

Historically, the diagnosis of PNH was based on the demon-

stration of an erythrocyte population susceptible to

complement-mediated haemolysis in vitro through the Ham

test.19,20 Today, flow cytometry is the established diagnostic

assay, which enables high-sensitivity detection of GPI-AP-

deficient populations in all blood lineages. Guidelines describing

panels of monoclonal antibodies and protocols have been pub-

lished.21–24 These techniques allow the detection of GPI-AP-

deficient cell populations as low as 0�01%. Once a GPI-AP-

deficient cell population (i.e. a PNH clone) has been detected,

patients can be classified as having classic PNH, PNH in the con-

text of another bone marrow disorder, or subclinical PNH.25

More practically (and correctly, since PNH is by definition

characterized by haemolysis), PNH patients may be purely

haemolytic (i.e. florid PNH), or with broader pancytopenia
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fulfilling or not fulfilling the diagnostic criteria for aplastic

anaemia (AA; AA/PNH syndrome and intermediate PNH

respectively).26 In contrast, patients defined as “subclinical

PNH” simply harbour GPI-AP-deficient blood cell popula-

tions, which may have a pathophysiologic meaning in the

context of other conditions, usually immune-mediated bone

marrow failures.27

Standard treatment

Treatment indications are driven by the two clinical presen-

tations: haemolytic, without overt marrow failure, referred to

as classic, haemolytic PNH; and with marrow failure, often

described as AA/PNH syndrome (Fig 1). Before specific ther-

apy became available, PNH resulted in the death of approxi-

mately half of all patients, mainly through thrombotic

complications, including a particularly grim prognosis for

patients presenting with classic PNH.26

Treatment options for haemolytic PNH remained limited

and often inadequate until the availability of eculizumab, a

humanized monoclonal antibody (mAb) targeting compo-

nent 5 (C5) of the complement cascade.28 By disabling the

complement cascade at the level of the terminal complement

(i.e. membrane attack complex — MAC — formation), ecu-

lizumab prevents the lysis of PNH erythrocytes, which can-

not properly curb complement activation on their surface.

The efficacy of eculizumab in PNH patients was first

demonstrated in a pilot study from the UK, which showed

robust inhibition of complement-mediated intravascular

haemolysis.29 Two subsequent large international phase III

randomized studies demonstrated that eculizumab prevents

intravascular haemolysis in PNH, eventually leading to hae-

moglobin stabilization, reduction or eradication of red blood

cell transfusions and resolution of most disease-related

symptoms.30,31 These data were confirmed in longer follow-

up analysis, which showed further haematological improve-

ment on continuous maintenance treatment with eculizu-

mab, with no safety concerns.32 Notably, eculizumab also

reduced the thromboembolic risk,33 the most feared compli-

cation in PNH, thereby impacting on the disease course,

morbidity and long-term survival. With the caveat of the rel-

atively short follow-up, two independent studies have shown

that PNH patients receiving continuous treatment with eculi-

zumab have a five-year survival >90%.34,35 These survival

rates appear superior to well-established data on the natural

history of PNH,26,36,37 elegantly shown in a retrospective

comparison between eculizumab-treated patients and histori-

cal controls.35

Therapeutic complement inhibition by eculizumab has

thus revolutionized the treatment of these patients and is

hitherto considered the standard of care for PNH patients

with haemolytic disease or thromboembolic complications.

Eculizumab is symptomatic, with PNH-related symptoms

resurfacing upon withdrawal. Haemolysis-related transfu-

sions, clinical signs arising from intravascular haemolysis and

thrombosis occurrence are all good reasons to begin therapy,

whereas clone size per se is not. Conversely, patients with

ongoing bone marrow failure from moderate or severe aplas-

tic anaemia are less likely to derive any benefit from eculizu-

mab. For these patients, therapy should address the

underlying bone marrow failure (Fig 1).

All patients receiving eculizumab should be vaccinated,

since the most severe risks of terminal complement blockade

are life-threatening neisserial infections. In some countries

like France and the UK, penicillin prophylaxis is usually rec-

ommended, but this has not yet been formally evaluated.

Despite the fact that eculizumab was a breakthrough therapy

for PNH, recent efforts have been aimed at further

Fig 1. Treatment algorithm. A tentative treatment algorithm of PNH; based on disease presentation and response to available treatments. BMF,

bone marrow failure; EVH, extra-vascular haemolysis; FU, follow-up; GPI-AP, glycosylphosphatidylinositol-anchored proteins; IST, immuno-

suppressive therapy; IVH, intravascular haemolysis; LDH, lactate dehydrogenase; MAA/SAA, moderate/severe aplastic anaemia; PNH, paroxysmal

nocturnal haemoglobinuria; SCT, stem cell transplantation.
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improving the current standard therapy in PNH. In this

manuscript, we review current issues in anti-complement

treatment for PNH, settling the goals for future complement

inhibitors in development for PNH.

Response to anti-complement treatment

The fact that eculizumab has drastically improved the sur-

vival of PNH patients, with the control of most severe signs

and symptoms of disease, does not mean that eculizumab-

treated PNH patients are cured. Patients still require careful

clinical and laboratory assessment to investigate possible

changes in disease presentation, which appears to be the rule,

rather than the exception, in PNH. This is especially true for

bone marrow failure, which remains subtle in most patients,

but may eventually become clinically meaningful any time

during the disease course.

Periodical bone marrow analysis should be performed (ev-

ery 18/24 months, or at even longer intervals if blood counts

remain stable) to rule out the very low risk of evolution to

myeloid malignancies. Similarly, the thrombophilic status

characteristic of PNH may account for thromboembolic

events, albeit rarely, even during eculizumab treatment. Thus,

upon cases of signs or symptoms of such complications,

PNH patients should be evaluated for possible thrombotic

complications, with the most appropriate methods depending

on the site and on clinical presentation.

However, eculizumab treatment has been designed to inhi-

bit complement-mediated haemolytic anaemia, the hallmark

of PNH. The rest of the manuscript will thus aim to dissect

the efficacy of eculizumab on haemolytic anaemia, trying to

provide a guide for physicians in the forthcoming scenario of

alternative anti-complement agents available in the market or

within clinical trials. Our guide is driven by the goal of max-

imizing therapeutic benefit for each individual PNH patient,

based on their own clinical and biological data.

The efficacy of eculizumab has been largely demonstrated

based on its effect on lactate dehydrogenase (LDH) and

transfusion requirement, as shown in the pivotal registration

trials; irrespective of haematological benefit, eculizumab has

been proven biologically effective in reducing intravascular

haemolysis in all PNH patients, with the exception of those

carrying a rare C5 polymorphism.38 Nevertheless, the actual

haemoglobin levels in PNH patients on eculizumab have not

been described in detail,39 even if it is obvious that many

patients remain variably anaemic.40 Haematological response

categories were initially proposed in 2009,27,40 but they have

not been formally established.

We and others have recently tried to define objective

response categories during eculizumab treatment, based on

haemoglobin and on biological evidence of disease activity

(using LDH and reticulocyte count as biomarkers of haemol-

ysis).41 We have developed a six-category classification

(Table I), spanning from patients with normal blood counts

with no laboratory sign of haemolysis to patients who remain

transfusion-dependent, despite eculizumab. In our experi-

ence, no more than 15% of PNH patients receiving eculizu-

mab achieve the two top response categories (complete and

major response, both characterized by normal-like haemoglo-

bin levels).42 Thus, for the remaining 85% of patients, differ-

ent reasons account for residual anaemia, irrespective of its

clinical relevance.

There are three major causes contributing to residual

anaemia in PNH patients on eculizumab treatment

(Table II), which are inadequate erythropoietic response,

residual intravascular haemolysis and emerging C3-mediated

extra-vascular haemolysis.27,40,41,43,44 Inadequate erythropoi-

etic response is possibly due to a concomitant bone marrow

failure, but vitamin and iron deficiencies should also be ruled

out. As discussed above, bone marrow failure is an expected

presentation of PNH, which requires treatment different

from complement inhibitors. In contrast, the other two

causes imply a pathogenic role for the complement cascade

and they represented an obvious trigger for the development

of second-generation complement inhibitors.

Residual intravascular haemolysis is due to an incomplete

C5 blockade, which can be chronic (leading to low-grade

continuous haemolysis), or more frequently transient (pre-

senting as breakthrough haemolysis, Fig 2). The reasons

accounting for this partial C5 blockade are not fully under-

stood, with exception of the 15–20% of patients in whom

recurrent breakthrough haemolysis is due to underdosage of

eculizumab (pharmacokinetic breakthrough)45; these patients

usually benefit from either increased doses or decreased dos-

ing intervals of eculizumab.45,46

Biomarkers of complement activity (i.e. CH50)45 and

some pharmacokinetic measurements (free eculizumab and/

or free C5 plasma level)45,47 may help to distinguish these

patients from those experiencing pharmacodynamic break-

through,48 who usually have limited benefit from changes in

the eculizumab treatment schedule.49 However, these sophis-

ticated assessments are not available in routine practice and

the most useful laboratory parameter remains LDH, serially

monitored before eculizumab dosing and at day 7 from

administration. In addition to intravascular haemolysis,

extra-vascular haemolysis emerged as the most relevant factor

affecting haematological benefit in PNH patients on eculizu-

mab.27,40,50 In PNH patients on eculizumab treatment, extra-

vascular haemolysis is an ineluctable biological phenomenon

resulting from the inhibition of the terminal complement (at

the level of C5), while PNH erythrocytes remain unable to

control early phases of complement activation on their sur-

face (Box 1)51,52

Eculizumab targets C5, thereby preventing its C5 cleavage

and the generation of the MAC (the effector mechanism of

the terminal complement), eventually overcoming the lack of

CD59 on PNH erythrocytes.51,52 Nevertheless, PNH erythro-

cytes also lack CD55 on their surface; as a result, while with

eculizumab they are protected from MAC-mediated haemol-

ysis, PNH erythrocytes continue to undergo chronic,
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continuous, surface C3 activation.43,51,52 This uncontrolled

activation leads to progressive deposition of C3 fragments,

which may serve as opsonins on the red blood count surface,

eventually leading to their removal by tissue macrophages in

the spleen and liver.51,52 Both residual intravascular haemoly-

sis and C3-mediated extra-vascular haemolysis may benefit

from novel therapeutic agents targeting different components

of the complement cascade.41

Specific issues on standard anti-C5 complement
inhibition

PNH, thrombophilia and possible treatments

Thrombophilia of PNH has been defined as “the most

vicious acquired thrombophilic state known to medicine”,51

representing the leading cause of death in PNH.26 Different

pathogenic mechanisms have been proposed to explain this

condition, including platelet activation, pro-thrombotic

microparticles generated by haemolysis, impaired nitric oxide

bio-availability, fibrinolytic system impairment and inflam-

matory mediators.18

The management of this thrombotic risk using primary

prophylaxis with warfarin is still debated, as it may lead to

incomplete thromboembolic protection26,55 and a risk of

major haemorrhages.56 On the other hand, eculizumab has

been proven effective to prevent thromboembolic complica-

tions in PNH33; thus, for patients already on eculizumab,

there is no reason to add a specific primary prophylaxis that

would increase the risk of complications, without delivering

any benefit.

In contrast, there is a broad consensus that any throm-

botic event in PNH patients represents an absolute indication

for immediate anti-complement treatment whenever possible,

as well as immediate full anti-coagulation with heparin treat-

ment. In cases of refractoriness to anti-coagulation and anti-

complement therapies, in these life-threatening conditions

even thrombolytic therapy with tissue plasminogen activator

may be considered.55

Regarding secondary prophylaxis in the case of a throm-

boembolic event, the most effective treatment strategy nowa-

days is based on eculizumab33; nevertheless, even in the era

of anti-complement agents, secondary prophylaxis with anti-

coagulants is still recommended. Some biological observa-

tions suggest that pathogenic alterations are not fully dis-

abled during eculizumab treatment, eventually supporting

this strategy.57,58 Thus, a conservative approach seems con-

ceivable, advising all PNH patients with a prior thromboem-

bolic event to continue anti-coagulation on top of anti-

complement treatment, unless there are clear contraindica-

tions.

Pregnancy and PNH in the era of eculizumab

Historically, the management of pregnancy in PNH women

has been challenging, with counselling discouraging

Box 1. Complement biology in PNH

1. Eculizumab results in a good control of MAC-mediated intravascular haemolysis in all PNH patients, with the exception of

those carrying rare C5 polymorphisms (mostly of Japanese ethnicity).31,33,38

2. PNH patients on eculizumab (and other anti-C5 agents) often remain anaemic, despite an adequate control of intravascu-

lar haemolysis.41

3. Residual intravascular haemolysis due to suboptimal inhibition of C5 may contribute to residual anaemia, but in the

majority of patients it does not seem the leading cause.

4. Residual intravascular haemolysis on eculizumab may be managed by increased doses of eculizumab, or novel anti-C5

agents.

5. Underlying bone marrow failure may also contribute to residual anaemia in PNH, but it pertains to a minority of patients

who have an indication for anti-complement therapies (i.e. classic, haemolytic PNH).

6. C3-mediated extra-vascular haemolysis is the main cause of residual anaemia in PNH during anti-C5 treatment.40

7. C3-mediated extra-vascular haemolysis is due to the fact that the lack of the endogenous complement regulators CD55 and

CD59 on PNH erythrocytes account for the uncontrolled generation of surface C3-convertase and formation of MAC.

Since eculizumab (and other inhibitors intercepting the complement cascade at the level of C5) disables MAC formation,

but does not affect early steps of complement activation, surface C3-convertase continues to generate C3 fragments on

PNH erythrocytes, which are spared from MAC-mediated intravascular haemolysis. These C3 fragments, albeit inactivated

(C3b is quickly converted into C3d),53 serve as opsonins on PNH erythrocytes, eventually promoting their phagocytosis

from professional macrophages through their C3 receptors.54

8. Inhibitors specifically targeting complement proteins involved in the initial phases of complement activation (upstream

C5) and defined proximal complement inhibitors might counteract uncontrolled surface C3 activation occurring on PNH

erythrocytes, possibly preventing the emergence of C3-mediated extra-vascular haemolysis.52
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maternity in patients.59–61 In fact, during pregnancy in PNH,

intravascular haemolysis tends to become more severe, with

more frequent paroxysms, eventually resulting in more severe

anaemia and a higher transfusion requirement.62–64 In addi-

tion to the worsening of symptoms, pregnancy in PNH also

carries higher morbidity and mortality for both the fetus and

the mother,61,63,64 and such risk also extends into the post-

partum period.65

In the eculizumab era, PNH women benefited from anti-

complement treatment, with major clinical improvements

and resolution of more severe symptoms, eventually increas-

ing the choice of motherhood. While pregnancy was not

allowed within clinical trials, some cases of pregnancy

occurred in real life, and taking into account the risk-to-

benefit for the patients, treating physicians have not necessar-

ily discontinued eculizumab treatment.66–68

Subsequently, the topic of pregnancy in PNH during

eculizumab treatment was addressed in an international

study that investigated 75 pregnancies in 61 women occur-

ring in the era of eculizumab treatment.69 In this large ser-

ies, there were no fatal events among the mothers, while

foetal deaths were three (4%) and miscarriages during the

first trimester were six (8%). These rates of morbidity and

mortality were comparable with those in non-PNH healthy

women.

Nevertheless, pregnancy in these PNH women remained

challenging, because both red blood cell and platelet transfu-

sions were increased while pregnancies progressed. In 54% of

pregnancies progressing past the first trimester, breakthrough

haemolysis emerged, eventually requiring increased doses

and/or reduced intervals of eculizumab. Low-molecular-

weight heparin was used in 88% of pregnancies, resulting in

10 bleeding events and, during postpartum, two thromboem-

bolic events.69 Globally, 22 out of the 66 births (29%) were

premature; 25 babies were breast-fed. This study, albeit retro-

spective, clearly demonstrated that eculizumab leads to

remarkable benefits for pregnant PNH women, with a very

low rate of maternal complications and high rate of foetal

survival. Nevertheless, even in the eculizumab era, pregnancy

in PNH women requires the highest attention and a multi-

disciplinary team, including haematologists, gynaecologists

and other specialists, is highly recommended.

PNH and haematopoietic stem cell transplantation

Haematopoietic stem cell transplantation (HSCT) remains

the only curative treatment for PNH, but it is associated with

high morbidity and mortality.70 In a large retrospective study

on 211 PNH patients transplanted between 1978 and 2007,

the European Society for Blood and Marrow Transplantation

Table I. Haematological response to complement inhibitors in paroxysmal nocturnal haemoglobinuria.

Response category Red blood cell transfusions Haemoglobin level Residual haemolysis and breakthrough episodes*,**

Complete response None ≥130 g/l (males) or

≥120 g/l (females)

LDH ≤1.5 9 ULN and ARC ≤150 000/µl,§

no breakthrough episodes

Major response None ≥130 g/l (males) or

≥120 g/l (females)

LDH >1.5 9 ULN and/or ARC >150 000/µl,§

only subclinical breakthrough episodes

Good response None ≥10 and <130 g/l (males) or

≥10 and <120 g/l (females)

Any LDH and ARC value, only subclinical

breakthrough episodes (rule out bone

marrow failure)†Partial response None or occasional

(≤2 every 6 months)

≥8 and <100 g/l

Minor response# None or occasional

(≤2 every 6 months)

<80 g/l

Regular

(3–6 every 6 months)

<100 g/l

Reduction by ≥50%^ <100 g/l

No response# Regular

(>6 every 6 months)

<100 g/l

ARC, absolute reticulocyte count; LDH, lactate dehydrogenase; ULN, upper limit of the normal.

*The presence of clinically meaningful episodes of breakthrough haemolysis downgrades the response category by one degree.

§To rule out increased erythropoietic response to compensate ongoing haemolysis; the value of 150 000/µl is a tentative index based on

1.5 9 ULN (which in most laboratories is set at 100 000/µl).

†To assess the relative contribution of the degree of bone marrow failure to any response less than complete: a value of ARC below 60 000/µl

could be a tentative index to establish such a contribution.

^For patients with previous transfusion history (with a pre-treatment follow-up of at least six months).

#For patients who do not accept red blood cell transfusions, minor response can be defined based on haemoglobin level ≥60 and <80 g/l, and no

response based on haemoglobin <60 g/l. All haemoglobin, LDH and ARC values should be assessed based on the median value over a period of

six months.

**These response categories apply to patients with adequate control of intravascular haemolysis; patients with clinically meaningful haemolysis

(e.g., recurrent symptoms or LDH stably >2 9 ULN) are considered as non-responders according to this classification.
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reported 30% overall mortality, with an unacceptable higher

risk of mortality in patients with previous thrombosis.71

Thus, in the era of therapeutic complement inhibition, the

role of HSCT seems restricted to a few indications for PNH

patients.

Since alternative treatment options are absent, HSCT plays

a major role for 5–10% of patients, progressing to a myeloid

malignancy (myelodysplastic syndromes or acute myeloid

leukaemia), even during anti-complement treatment,35 and

in 15–20% of patients evolving to bone marrow failure.34,35

In this setting, previous treatment with eculizumab may also

affect transplant procedure: the French group has recently

reported 21 PNH patients undergoing HSCT between 2007

and 2017, who have previously received eculizumab.72 In

these patients, eculizumab was continued until HSCT, with

the recommendation of delivering the last eculizumab dose

during the conditioning regimen.

Nevertheless, even in this recent cohort, and despite

bridge-to-transplant eculizumab treatment, overall mortality

was around 30%, mainly due to graft-versus-host disease and

infectious complications.72 Based on these data, HSCT

should not be considered a reliable treatment option for the

rare patients (2–4%)35 with recurrent thrombosis during ecu-

lizumab treatment, and even more so for the 34–51% of

patients with clinically meaningful anaemia, despite

eculizumab.27,31,33,39–41 For all these patients there are obvi-

ous unmet clinical needs that hopefully may be addressed by

the second generation of complement inhibitors.

Iron overload and eculizumab

The spontaneous iron loss through urine, seen as

haemoglobinuria or haemosiderinuria, is a peculiar feature of

PNH: this is a quite unique circumstance that patients

receive large numbers of transfusions without developing

iron overload. One of the consequences of eculizumab in

PNH is that this somehow protective mechanism is lost due

to the inhibition of intravascular haemolysis. In addition,

most patients develop a meaningful extra-vascular haemoly-

sis, which results in substantial changes in iron homeostasis,

Table II. Reasons for inadequate haematological response to anti-C5 agents and possible actions.

Cause Cause Prevalence Mechanism Clinical impact Action

Intravascular

haemolysis

Inherited

C5 variants

Ultra-rare (<1%,

usually in

Japanese patients)

Intrinsic resistance

due to impaired

binding of

eculizumab (and

of ALXN1210)

Minimal (but very

significant

for the few patients

for whom

there is no available

treatment)

Switch to other

investigational

agents (mostly

alternative

C5 inhibitors)

Recurrent

pharmacokinetic

breakthrough

10–15% of

patients

Inadequate plasma

level of eculizumab

Significant Decrease interval of

dosing (10–12 days) or

increase

dose of eculizumab

(1 200 mg), or

consider novel

investigational agents

Sporadic

pharmacodynamic

breakthrough

May occur in

any patients

Massive complement

activation

due to concomitant

clinical events

Irrelevant None (treat the

underlying cause)

Extravascular

haemolysis

C3-mediated

extra-vascular

haemolysis

25–50% of patients

(even more

considering

subclinical events)

Persistent uncontrolled

activation of proximal

complement, leading to

C3-fragment opsonization of

PNH red blood cells and

subsequent removal by

professional

hepato-splenic phagocytes

Very significant Consider investigational

proximal

inhibitors of the

complement

Bone marrow

disorders

Bone marrow

failure

10–35% (depending

also on

initial patient

selection)

Inadequate production

of red blood cells

Significant Treat underlying aplastic

anaemia with either

immunosuppression

or bone marrow

transplantation

Clonal evolution to

myeloid malignancies

1–5% Additional stochastic

somatic mutations

Relevant Treat the myeloid

malignancy

PNH, paroxysmal nocturnal haemoglobinuria.
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with possible iron overload, even in the absence of regular

transfusions.73 While the mechanisms of iron overload in

PNH on anti-C5 treatment need to be fully elucidated, regu-

lar monitoring of ferritin and transferrin saturation are very

important to identify PNH patients who may require thera-

peutic iron chelation.74

Second-generation anti-complement agents

Several novel anti-complement agents have been described75

and are now in clinical development for PNH (Table III).76

Here we focus on the most advanced programmes, for which

phase II and some phase III results are publicly available, as

they represent already possible treatment options for the speci-

fic PNH patient population, within clinical trials and hopefully

even in standard practice. For the purpose of this discussion,

novel agents are grouped into terminal complement inhibitors

(i.e. C5 inhibitors similar to eculizumab) and proximal com-

plement inhibitors (i.e. those intercepting the complement cas-

cade upstream of C5). Their mechanism of action and their

preclinical data are reviewed elsewhere.41,75,76

New terminal complement inhibitors

Eculizumab has revolutionized the field but still requires

intravenous (IV) injection every two weeks. The need for

(A)

(B)

(C)

(D)

Fig 2. Biology of complement-mediated haemolysis in PNH on terminal complement inhibitors. (A) Initial complement activation. C3:H2O gen-

erated by spontaneous hydrolysis of C3 (the so-called “C3 tick-over”) continuously initiates the complement cascade through its alternative path-

way in the fluid phase. Due to the lack of CD55, PNH erythrocytes are unable to regulate complement activation on their surface, and C3bBb C3

convertase can be generated from C3 tick-over and factor B cleavage operated by factor D. These C3 convertases generate further C3b, eventually

self-transforming into the C3bBbC3b C5 convertases. These steps are not affected by C5 inhibitors, which act downstream, making free C5 not

available for the C5 convertases. (B) C3-mediated extra-vascular haemolysis. Terminal complement inhibitors (i.e. anti-C5 agents) prevent the

cleavage of C5 into C5a and C5b, thereby disabling the formation of the MAC and inhibiting intravascular lysis of PNH erythrocytes. Neverthe-

less, early steps of complement activation and upstream C5 cleavage remain uncontrolled, leading to opsonization of PNH erythrocytes with C3

fragments. C3-opsonized erythrocytes can be recognised by C3-specific receptors, expressed on professional macrophages in the liver and in the

spleen, eventually resulting in extra-vascular haemolysis. (C) Residual intravascular haemolysis due to pharmaco-kinetic breakthrough. In the case

of inadequate plasma levels of eculizumab (or any other anti-C5 agent), free C5 becomes once again available for the C5 convertases. This eventu-

ally enables the terminal pathway of the complement, leading to MAC-mediated residual intravascular haemolysis. (D) Residual intravascular

haemolysis due to pharmaco-dynamic breakthrough. During massive complement activation, C3 convertases may generate an excess of active

forms of C3 (C3b), leading to the generation of “C3b-rich” C5 convertases, which have higher affinity for C5. Thus, these high-affinity C5 con-

vertases may better compete with eculizumab for free C5, possibly displacing C5 from its inhibitor. This eventually enables the terminal pathway

of the complement, leading to MAC-mediated residual intravascular haemolysis. MAC, membrane attack complex; PNH, paroxysmal nocturnal

haemoglobinuria.
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time- and resource-consuming clinic visits for patients or

nurse visits at home for lifelong IV administration are limita-

tions for these mostly young and very active patients. The

next generation of terminal complement blockers (Table III)

mostly aim to delay clinical visits, with a longer treatment

interval or different drug formulation (subcutaneous dosing)

allowing treatment independent of the clinical setting.

Ravulizumab (ALXN1210) paved the way for these new

long-acting C5 inhibitors. Four amino acid substitutions in

the complementarity-determining and fragment-crystallizable

(Fc) regions of eculizumab result in ravulizumab’s enhanced

endosomal dissociation of C5 and recycling to the vascular

compartment through the neonatal Fc receptor pathway.

These modifications allow a sustained C5 inhibition with

eight-week dosing intervals.77

In two large phase III studies in patients who were naive

to78 or previously treated with eculizumab,79 ravulizumab

was shown to be non-inferior to eculizumab, according to

normalization and percentage change in LDH, transfusion

avoidance, rates of breakthrough haemolysis and haemoglo-

bin stabilization during the 26-week primary evaluation per-

iod. Improvements in fatigue and quality of life outcomes

were also comparable between eculizumab and ravulizu-

mab.78,79 Open-label extension of phase III studies demon-

strated durable efficacy and consistent safety.80,81

Ravulizumab has been approved by the US Food and Drug

Administration (FDA) and should also be available soon in

most European countries.

Crovalimab (RO7112689 or SKY59; Chugai Pharmaceuti-

cal, Tokyo, Japan) is a sequential, highly soluble monoclonal

antibody recycling technology (SMART) antibody, allowing

for small injection volumes.82 Crovalimab was engineered for

extended self-administered subcutaneous dosing of small vol-

umes in diseases eligible for C5 inhibition. Moreover, epitope

recognition of C5 by crovalimab is different from eculizumab

and ravulizumab, which allow binding on a single missense

C5 heterozygous mutation (c.2654G?A, single nucleotide

polymorphism) present in � 3% of the Japanese population

and associated with a lack of response to eculizumab.38

A three-part open-label adaptive phase I/II trial was con-

ducted to assess safety, pharmacokinetics, pharmacodynamics

and exploratory efficacy in healthy volunteers (part 1), as

well as in complement blockade-naive (part 2) and C5

inhibitor-treated (part 3) PNH patients. Subcutaneous

crovalimab was shown to provide complete and sustained

terminal complement pathway inhibition in patients with

PNH on a monthly injection basis, with no safety concerns,

except possible self-limiting vasculitis-like symptoms, associ-

ated with drug-target-drug immune complexes observed in

patients switching from eculizumab to crovalimab.83 Two

large phase III studies in patients previously treated with

crovalimab (COMMODORE 1; ClinicalTrials.gov Identifier:

NCT04432584) and in patients who were naive to standard

complement inhibitors (COMMODORE 2; NCT04434092)

are ongoing to confirm its efficacy and safety.

Other compounds are in development with no or few data

published yet. Pozelimab (REGN3918; Regeneron, Tarrytown,

NY, USA), targeting C5, is injected subcutaneously on a

weekly basis after an initial IV loading dose. A proof-of-

concept study to assess the efficacy, safety and pharmacoki-

netics of tesidolumab (LFG316; Novartis, Basel, Switzerland;

NCT02534909), an anti-C5 antibody in patients with PNH,

has never been published. Anti-C5 biosimilars are also under

development, the most mature being elizaria (eculizumab;

Generium, Moscow, Russia) approved in Russia.

New proximal complement inhibitors

Proximal complement inhibitors were specifically designed

aiming to prevent C3-mediated extra-vascular haemolysis;

however, depending on their specific mechanism of action, a

possible action on residual intravascular haemolysis was also

hypothesized (Fig 3). At the moment, three classes of agents

are in clinical development, targeting three different compo-

nents of the complement pathway: (i) complement C3; (ii)

complement factor D; (iii) complement factor B. Here we

provide a short summary of the recent data from phase II

and phase III studies.

Therapeutic C3 inhibition is based on the small peptide

compstatin and its derivatives. Pegcetacoplan is a PEGylated

version of compstatin which binds to C3, thereby preventing

complement activation along all its pathways.84 The potential

of C3 inhibitors in PNH has been investigated both in vitro85

and in vivo in a phase II study.86 The PEGASUS study, a

phase III, open-label, randomized trial, investigated efficacy

and safety of pegcetacoplan, versus eculizumab, in adults with

PNH and haemoglobin (Hb) < 105 g/l on eculizumab ther-

apy.87 Patients were randomized to subcutaneous pegceta-

coplan monotherapy (n = 41) or intravenous eculizumab

(n = 39), after a four-week run-in with concomitant pegceta-

coplan and eculizumab.

At week 16, pegcetacoplan demonstrated superiority to

eculizumab in haemoglobin change from baseline, with an

adjusted mean treatment difference of 38�4 g/l (P < 0�0001).
Transfusion avoidance was observed in 35/41 (85�4%) pegc-

etacoplan arms, compared with 6/39 (15�4%) with eculizu-

mab. Non-inferiority was demonstrated for change in

absolute reticulocyte count, but not for LDH. The most

common treatment-emergent adverse events in the pegceta-

coplan and eculizumab groups respectively, were injection

site reactions (36�6% vs 2�6%), diarrhoea (22�0% vs 2�6%),

headache (7�3% vs 23�1%), and fatigue (4�9% vs 15�4%). No

cases of meningitis or of severe infection were observed.

These data demonstrate that pegcetacoplan monotherapy

was effective in inhibiting intravascular haemolysis of PNH

patients and in preventing the emergence of C3-mediated

extra-vascular haemolysis, eventually resulting in a better

haematological response.87 With follow-up extended to

48 weeks, patients randomized to pegcetacoplan maintained

a high haemoglobin level (mean haemoglobin level was
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113 g/l), while patients randomized to eculizumab who

switched to pegcetacoplan during the open-label period

demonstrated a significant improvement compared with the

baseline (mean haemoglobin increase was 29 g/l).88

During the extension period, the rate of patients who

remained transfusion-independent was overlapping between

the two treatment arms (73% vs 72% in pegcetacoplan–pegc-
etacoplan and eculizumab–pegcetacoplan arms respectively).

No safety alert emerged with this longer follow-up, even if

12 of the 80 patients discontinued pegcetacoplan, of whom

six due to breakthrough haemolysis. Pegcetacoplan is now

approved by the FDA for patients with PNH who are either

treatment-naive or switching from anti-C5 monoclonal anti-

bodies.

The first-in-class factor D (FD) inhibitor is danicopan, an

oral proximal, complement alternative pathway inhibitor,

which was investigated in two open-label, single-arm, phase

II studies in eculizumab-poor responders and untreated PNH

patients.89,90 In the poor-responder study, danicopan was

given as an add-on treatment at the dose of 100–200 thrice

daily to 12 transfusion dependent PNH patients on eculizu-

mab.90 Twelve patients received at least one danicopan dose;

one discontinued from a serious adverse event, deemed unli-

kely related to danicopan. In the 11 patients who completed

the treatment (one early discontinuation due to a serious

adverse event, unlikely related to danicopan), the addition of

danicopan resulted in a mean 24 g/l haemoglobin increase at

week 24.

The transfusion requirement during the 24 weeks of treat-

ment was one transfusion (two units) in one patient, com-

pared with 10 patients receiving 34 transfusions (58 units) in

the 24 weeks prior to danicopan. The most common adverse

(A)

(B)

(C)

Fig 3. Biology of complement-mediated haemolysis in PNH on proximal complement inhibitors. (A) Modulation of complement activation on

PNH erythrocytes on C3 inhibitors. The C3 inhibitor pegcetacoplan binds C3 in its naive and activated forms, eventually preventing the genera-

tion of C3 convertases on the surface of PNH erythrocytes. If the inhibition is pharmacologically sustained, the complement cascade is disabled

in its early phases, resulting in inhibition of the MAC-mediated intravascular haemolysis, and in the prevention of C3 opsonization (and thus of

extra-vascular haemolysis). (B) Modulation of complement activation on PNH erythrocytes on factor D inhibitors. The factor D inhibitor danico-

pan binds factor D, eventually preventing the cleavage of factor B, which is needed to generate C3 convertases. If the inhibition is pharmacologi-

cally sustained, the complement cascade is disabled in its early phases, resulting in inhibition of the MAC-mediated intravascular haemolysis, and

in the prevention of C3 opsonization (and thus of extra-vascular haemolysis). (C) Modulation of complement activation on PNH erythrocytes on

anti-factor B inhibitors. The factor B inhibitor iptacopan binds factor B, eventually preventing its cleavage needed to generate C3 convertases. If

the inhibition is pharmacologically sustained, the complement cascade is disabled in its early phases, resulting in inhibition of the MAC-mediated

intravascular haemolysis, and in the prevention of C3 opsonization (and thus of extra-vascular haemolysis). MAC, membrane attack complex;

PNH, paroxysmal nocturnal haemoglobinuria.

Review

ª 2021 The Authors. British Journal of Haematology published by British Society for
Haematology and John Wiley & Sons Ltd. British Journal of Haematology, 2022, 196, 288–303

297



event was a headache. Thus, the addition of danicopan led to

a meaningful improvement in haemoglobin and reduced the

transfusion requirement in PNH patients who were

transfusion-dependent on eculizumab.90

In the untreated PNH study, 10 untreated haemolytic

PNH patients received danicopan in monotherapy (100–
200 mg thrice daily).89 All patients reached the primary end-

point and eight completed the treatment (two discontinued:

one for a serious adverse event and one for personal reasons

unrelated to safety). Danicopan was proven effective in pre-

venting intravascular haemolysis, as demonstrated by mean

decreased LDH [5.7 9 upper limit of normal (ULN) at base-

line vs 1.8 9 ULN (day 28) and 2�2 9 ULN (day 84); both

P < 0�001]. This was associated with meaningful improve-

ment of haemoglobin levels, with increases from baseline (98

g/l) of 11 (day 28) and 17 (day 84) g/l (both P < 0�005). No
significant C3 fragment deposition occurred on GPI-deficient

erythrocytes. Most common adverse events were headaches

and upper respiratory tract infections.

In this phase II study, danicopan monotherapy resulted in

the clinically meaningful inhibition of intravascular haemoly-

sis, without evidence of C3-mediated extra-vascular haemoly-

sis, leading to haemoglobin improvement in untreated PNH

patients.89 Danicopan is now under investigation in a phase

III study enrolling poor responders to eculizumab; in paral-

lel, a novel analogue with better pharmacokinetic and phar-

macodynamic properties is currently being tested in a phase

II study, again in poor responders to eculizumab.

Another FD inhibitor in early development is BCX9930,

which is given orally twice a day at doses up to 500 mg. Pre-

liminary data show clinical efficacy both as add-on treatment

in PNH patients with inadequate response to eculizumab,91

as well as in treatment-naive patients, in monotherapy.92

Therapeutic inhibition of factor B (FB) exploits iptacopan

(previously known as LNP023), an oral, selective and potent

first-in-class FB inhibitor which was investigated, in a multi-

centre, open-label phase II trial enrolling PNH patients with

active haemolysis on eculizumab.93 Iptacopan was initially

given as add-on therapy at the dose of 200 mg twice a day,

until the primary end-point at week 13 was reached; then

patients entered into a long-term extension study, which

allowed modification and even discontinuation of eculizu-

mab treatment.

Iptacopan was well tolerated, with no treatment discontin-

uation or treatment-related serious adverse event recorded in

the 10 patients enrolled. At week 13, iptacopan resulted in a

marked reduction of LDH (539 � 263 vs 245 � 54 iu/l;

P = 0�006), associated with significant improvement of hae-

moglobin levels (97�7 � 105 vs 126�3 � 18�5 g/l; P < 0�001),
with 8/10 patients achieving resolution of anaemia. All

biomarkers of haemolysis improved on iptacopan treatment,

demonstrating substantial efficacy on both intravascular

haemolysis and extra-vascular haemolysis, as confirmed by

abrogation of C3 deposition and increase of PNH erythrocyte

population.

Observed haematological benefits were maintained longer,

throughout the study extension, including seven patients

who stopped discontinued eculizumab and continued iptaco-

pan in monotherapy. These data demonstrated that in poor

responders to eculizumab, iptacopan, at a chronic dose of

200 mg twice a day, was able to better control intravascular

haemolysis and to prevent C3-mediated extra-vascular

haemolysis, leading to remarkable improvement of haemo-

globin levels, even in monotherapy.93

Additional data on the use of iptacopan in monotherapy

come from an ongoing phase II study enrolling treatment-

naive PNH patients. Preliminary data from 13 patients who

have been randomized to different doses of iptacopan

(25 mg, followed by 100 mg twice a day or 50 mg followed

by 200 mg twice a day) demonstrated control of intravascu-

lar haemolysis in all treated patients.94 Looking at biomarkers

of haemolysis and to haemoglobin level, the dose of 200 mg

twice a day showed the highest efficacy and it has been

selected for further studies. Indeed, iptacopan is now be

tested in pivotal trials to investigate its haematological bene-

fit, in monotherapy, both in PNH patients, poor responders

to anti-C5 treatment (NCT04558918) or those that are naive

to anti-complement therapy (NCT04820530).

Emerging questions in the era of proximal
complement inhibitors

The introduction of eculizumab for the treatment of PNH

led to the description of C3-mediated extra-vascular haemol-

ysis as a novel mechanism of disease in PNH, unmasked by

anti-C5 therapy (Box 1).40 Now the clinical use of proximal

complement inhibitors is raising different questions about

our understanding of complement biology in PNH, eventu-

ally identifying possible pitfalls of this novel treatment strat-

egy (Box 2).

Recent data have clearly shown that, irrespective of the

specific target and of the specific agent, we may improve the

control of intravascular haemolysis and may prevent extra-

vascular haemolysis, eventually leading to a greater haemato-

logical benefit. Indeed, once clinically meaningful intravascu-

lar haemolysis is controlled (as demonstrated by

LDH < 1.5 9 ULN),an increase of haemoglobin seems the

most reasonable goal of PNH treatment.

Most of these data were achieved combining proximal

inhibitors with an anti-C5 agent, but all proximal inhibitors

seem very effective, apparently better than anti-C5 agents,

even in monotherapy. Nevertheless, data looking systemati-

cally at the difference between combination treatment and

monotherapy are limited, and it is not clear whether we lose

anything in terms of haematological response by using proxi-

mal inhibitors in monotherapy.

Some of the proximal complement inhibitors, such as

pegcetacoplan87 and iptacopan,93 seem very effective, even in

monotherapy, eventually leading to a proportion of PNH

erythrocytes as high as >90%, which likely demonstrates a
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normal life span of PNH erythrocytes. We have to acknowl-

edge that PNH with such large GPI-deficient erythrocyte

populations is a new condition that could not be found in

the natural history of the disease, nor during anti-C5 treat-

ment.

This PNH may represent a novel disease, with possible

peculiar presentations that we still have to learn. For

instance, such a large mass of erythrocytes susceptible to

complement-mediated lysis raises obvious concerns about the

risk of breakthrough haemolysis, even with severe clinical

presentation. Available data about breakthrough haemolysis

with proximal complement inhibitors are still limited, but we

may start by making some observations. For instance, the

presence of very high (>95%) PNH erythrocyte populations

Box 2. Pitfalls and caveats of novel anti-complement therapies in PNH

1. Novel anti-C5 agents seem as effective as eculizumab, with possible advantages related to longer dosing intervals and easier

administration routes (i.e. subcutaneous), which result in more convenient treatment options for patients and care provi-

ders.

2. Novel anti-C5 agents may have better pharmacological properties, possibly allowing for a deeper C5 inhibition; some data

suggest that in some cases this may reduce the risk of pharmacokinetic breakthrough haemolysis, while episodes of pharma-

codynamic breakthrough haemolysis associated with complement-amplifying conditions seem unaffected.

3. The safety profile of novel anti-C5 agents seems consistent with that of eculizumab, with the exception of transient auto-

immune manifestations, due to drug-target-drug immune complexes in patients switching from eculizumab to other anti-

C5 antibodies targeting different C5 epitopes.

4. Novel anti-C5 agents, intrinsically, cannot address the unmet clinical need of C3-mediated extra-vascular haemolysis.

5. Proximal complement inhibitors targeting different complement components (Factor B, Factor D and C3) have been safely

used in PNH patients; they have easy administration routes (oral or subcutaneous), but a short half-life, requiring daily

or bi-weekly administration.

6. The safety profile of proximal complement inhibitors is consistent with that of anti-C5 agents, even if longer follow-up is

needed to rule out possible impact on the risk of infectious complications, auto-immune diseases, as well as cancer.

7. Given the broader impairment of the complement cascade associated with proximal complement inhibitors, anti-infectious

risk mitigation strategies include a broader vaccination schedule, as well as possible pharmacological anti-microbial pro-

phylaxis.

8. Once added to anti-C5 therapies, all proximal complement inhibitors were proven effective in preventing C3-mediated

extra-vascular haemolysis, eventually leading to a higher haematological benefit in PNH patients.

9. Proximal complement inhibitors, again added to anti-C5 therapies, also improved the depth of the control of intravascular

haemolysis (likely reducing the activation of the terminal pathway through the inhibition of the complement amplifica-

tion loop).

10. The efficacy of proximal complement inhibitors may vary depending on pharmacological properties of the specific agent,

likely due to the capability of achieving sustained and full inhibition of their specific molecular targets.

11. For some proximal complement inhibitors, available data seem to support that they can be used even in monotherapy;

however, further data are needed to understand whether in monotherapy the efficacy remains as high as in combination

treatment with anti-C5.

12. The tremendous efficacy of proximal complement inhibitors is demonstrated not only by improvements in all biomarkers

of haemolysis, but also by the large increase of the proportion of erythrocytes with the PNH phenotype.

13. PNH with such large PNH erythrocyte populations is a novel condition, which might be characterized by a peculiar clini-

cal course and possible complications.

14. The risk of breakthrough haemolysis emerges as an obvious concern during treatment with proximal complement inhibi-

tors, especially in monotherapy. Such a risk seems highly different among the agents in clinical development, depending

on their pharmacological properties, which shape the risk of possible leakage in their inhibition. Current data seem to

demonstrate that proximal complement inhibitors may successfully prevent haemolysis, even with such a large PNH ery-

throcyte population, but breakthrough episodes may develop both in the case of subtherapeutic drug level, or in the

presence of complement-amplifying conditions. Indeed, the inhibitors with the most favourable therapeutic window and

with the deepest inhibition of their target, allowing full and sustained inhibition, seem to have the highest chance to be

used in monotherapy. Nevertheless, further studies are needed to describe the risk and the mechanisms of breakthrough

haemolysis during treatment with proximal complement inhibitors, as well as to establish adequate risk mitigation strate-

gies for its management or prevention.
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does not seem a risk for breakthrough haemolysis per se,

since many patients harbour such large clones without even

laboratory signs of haemolysis.

On the other hand, in this condition, breakthrough

haemolysis may appear as a consequence of subtherapeutic

doses of the inhibitor, or in the presence of some

complement-amplifying condition, such as infections, which

may even overcome therapeutic levels of the inhibitor. When

such breakage in complement inhibition occurs, clinical pre-

sentation may be severe due to the large mass of erythrocytes

susceptible to lysis, and therapeutic interventions are needed,

for instance adding, even transiently, a terminal complement

inhibitor, or adjusting the dose of the proximal inhibitor,

that is in the presence of proven subtherapeutic levels of the

inhibitor, or of missed doses.

In contrast, subclinical haemolysis seen as a chronic mild

increase of LDH may be associated to some leakage in com-

plement inhibition, and may not require any therapeutic

interventions. Future studies will have to address how deep

and how sustained complement inhibition is with each of

these novel agents to fully understand if they can be safely

used in monotherapy.

Conclusions

In conclusion, PNH remains a disease with a pleiotropic

clinical presentation and its treatment should be based

on the actual clinical presentation: physicians have to

assess haemolysis and bone marrow function, as well as

the thrombotic complications, before choosing the most

appropriate treatment. The hallmark of PNH is

complement-mediated haemolytic anaemia — we should

not label any condition as PNH in the absence of mean-

ingful haemolysis. Even if we have to acknowledge that

anti-complement treatment will never be a cure for

PNH, it is obvious that anti-complement treatment is

the only aetiologic treatment for PNH. After about 15

years of eculizumab treatment, we know that life expec-

tancy may be almost normal, with major improvement

of most disease signs and symptoms.

Nevertheless, very long-term outcome is required, unmet

clinical needs still remain, and room for improvements is

vast. We are learning that we can set our bar higher: haemo-

globin can be normalized in most PNH patients, even with

more convenient treatments that do not require frequent

hospitalizations (i.e. orally or subcutaneously available).

While clinical trials are on their way to investigate safety and

efficacy of individual agents, possibly in head-to-head com-

parison, the message for treating physicians seems obvious:

more effective and more convenient treatments will not nec-

essarily mean that everything is solved, since the manage-

ment of this unique disease will still require specific expertise

and continuous efforts to unravel the knowledge of such a

mysterious and fascinating illness.
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