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Abstract: Generalized myasthenia gravis (gMG) is a rare autoimmune disorder affecting the 
neuromuscular junction (NMJ). Approximately 80–90% of patients display antibodies directed 
against the nicotinic acetylcholine receptor (AChR). A major drive of AChR antibody-positive 
MG pathology is represented by complement activation. The role of the complement cascade 
has been largely demonstrated in patients and in MG animal models. Complement activation at 
the NMJ leads to focal lysis of the post-synaptic membrane, disruption of the characteristic 
folds, and reduction of AChR. Given that the complement system works as an activation 
cascade, there are many potential targets that can be considered for therapeutic intervention. 
Preclinical studies have confirmed the efficacy of complement inhibition in ameliorating MG 
symptoms. Eculizumab, an antibody directed towards C5, has recently been approved for the 
treatment of AChR antibody-positive gMG. Other complement inhibitors, targeting C5 as well, 
are currently under phase III study. Complement inhibitors, however, may present prohibitive 
costs. Therefore, the identification of a subset of patients more or less prone to respond to such 
therapies would be beneficial. For such purpose, there is a critical need to identify possible 
biomarkers predictive of therapeutic response, a field not yet sufficiently explored in MG. This 
review aims to give an overview of the complement cascade involvement in MG, the evolution 
of complement-inhibiting therapies and possible biomarkers useful to tailor and monitor 
complement-directed therapies. 
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Introduction
Myasthenia Gravis (MG) is a rare autoimmune disorder that targets the neuromuscular 
junction (NMJ). It is caused by B-cell activation with subsequent production of 
autoantibodies targeting different proteins of the postsynaptic endplate. About 
80–90% of patients have antibodies directed against the nicotinic acetylcholine 
receptor (AChR), which are rarely present in healthy subjects. The remaining 
10–20% can have antibodies against the muscle-specific tyrosine kinase (MuSK) or 
the lipoprotein-related protein 4 (LRP4) or have no specific antibodies at all.1,2 

Pathogenic features mostly depend on serological profile. In fact, as treated more in 
depth further on, in AChR-positive MG the most critical pathogenic mechanism is 
complement activation by AChR antibodies, which are of IgG1 and IgG3 subclass. 
Anti-LRP4 antibodies also act through complement activation, being mainly of IgG1 
subclass, and through inhibition of LRP4–agrin interaction which is fundamental for 
AChR clustering.3 Anti-MuSK antibodies are predominantly of IgG4 subclass and are 
therefore unable to activate the complement cascade, yet they are able to interfere with 
AChR clustering.4

Correspondence: Renato Mantegazza 
Neurology IV - Neuroimmunology and 
Neuromuscular Diseases Unit, 
Fondazione IRCCS Istituto Neurologico 
Carlo Besta, Via Celoria 11, Milan 20133, 
Italy  
Tel +39-02-23942471  
Fax +39-02-23942413  
Email renato.mantegazza@istituto-besta.it

submit your manuscript | www.dovepress.com ImmunoTargets and Therapy 2020:9 317–331                                                                  317

http://doi.org/10.2147/ITT.S261414 

DovePress © 2020 Mantegazza et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/ 
terms.php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing 

the work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. 
For permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

ImmunoTargets and Therapy                                                                Dovepress
open access to scientific and medical research

Open Access Full Text Article

Im
m

un
oT

ar
ge

ts
 a

nd
 T

he
ra

py
 d

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/
F

or
 p

er
so

na
l u

se
 o

nl
y.

http://orcid.org/0000-0002-9810-5737
mailto:renato.mantegazza@istituto-besta.it
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php
http://www.dovepress.com


MG clinical hallmarks are weakness and fatigability 
involving ocular, bulbar, and skeletal muscles.5 Ocular 
involvement is often the first to appear, and in most 
cases, patients progress to generalized MG (gMG) within 
3 years.2 Pharmacological treatment of MG comprehends 
cholinesterase inhibitors and immunosuppressive therapy 
(IST), such as chronic corticosteroids or other ISTs used 
as second-line therapy. Plasmapheresis (PE) or intrave
nous immunoglobulins (IVIg) are recommended for MG 
crisis or exacerbation.6–8 However, in MG there is a great 
variability in treatment response and about 10–15% of 
patients are refractory to treatment.5–9 Moreover, pro
longed treatment with ISTs also comes with several 
other issues such as chronic immunosuppression, adverse 
events, and comorbidities. Therefore, there is an urgent 
need of new drugs, with a more specific and effective 
action.

In this review we will provide an extensive overview 
of the complement cascade and its role in AChR-positive 
gMG, focusing on preclinical and clinical data encoura
ging the application of complement inhibitors as a new 
therapeutic approach in gMG.

The Complement Cascade
The complement is a protein cascade, composed of over 
50 proteins, key arm of the innate immune system. Its 
main function is to recognize and destroy invading micro
organisms through the ultimate formation of the mem
brane attack complex (MAC) (Figure 1).10 The 
complement also plays a crucial role in adaptive immunity, 
by boosting the antibody response, and is implicated in the 
clearance of dead cells and immune complexes.11 Other 
beneficial effects are post-injury tissue regeneration,12 

synaptic pruning in developmental stages,13 and 
a possible important role in the modulation of T cell 
responses.14

The system can be divided into three main pathways 
depending on the modality of complement activation: i) 
the classical pathway, which occurs when C1 recognition 
molecule is activated by the binding of an antibody to 
a specific surface; ii) the mannose-binding lectin (MBL) 
pathway, activated by mannose residues found on the 
bacterial surface; iii) the alternative pathway, characterized 
by spontaneous formation of C3b. All pathways converge 
on the formation of C3 convertase, which converts many 

Figure 1 Schematic representation of the complement cascade and therapeutic targets of current complement inhibitors.
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molecules of C3 into C3a and C3b. C3b has two main key 
roles: opsonization of pathogens, with following destruc
tion by complement receptor 3 (CR3) expressing phago
cytes, and formation of C5 convertase, through its binding 
with C3 convertase. C5 convertase initiates the terminal 
pathway by converting C5 molecules into C5a and C5b. 
C5a works as a chemotactic protein and, with C3a, is also 
involved in the anaphylactic reaction. On the other hand, 
C5b leads to the formation of MAC, composed of C5b, 
C6, C7, C8, and polymeric C9, which together form a lytic 
pore in the cellular membrane causing cell destruction.15 

As aforementioned, the alternative pathway is character
ized by spontaneous and continuous activation of the com
plement. This process is known as “tick-over” and 
represents an important part of innate immunity. In fact, 
meta-stable C3 can interact with water to form C3 (H2O), 
which operates as partly functional C3. Preformed C3b or 
circulating C3 (H2O) fixate on to tissues and, thanks to the 
activity of factor B and properdin factor D, enhance com
plement activation by creating an alternative C3 conver
tase (C3bBb). High levels of local C3b encourage the 
formation of alternative pathway C5 convertase 
(C3bBC3b).16,17

The complement cascade can be spontaneously acti
vated and this eventuality is held back by a network of 
inhibitory regulators, which act on different points of 
the cascade, blocking its activation on self-tissues. 
Plasma proteins (eg, C4bp, C4b-binding protein, and 
FH, factor H) and “intrinsic” membrane proteins (eg, 
CD55, decay-accelerating Factor or DAF, and CD46, 
membrane co-factor protein or MCP), which are 
expressed on almost all cell surfaces and are particularly 
concentrated at the NMJ, function by decay accelerating 
activity, inactivating C3/C5 convertases through the dis
sociation of their enzymatic subunits, Bb or C2a. 
Another target of the regulatory proteins, specifically 
CD59 (also known as MAC-IP, MAC-inhibitory protein, 
another “intrinsic” protein), is the inhibition of MAC 
formation. Just before the formation of the lytic pore, 
when C8 binds to the complex, CD59 inhibits the C9 
polymerization, thus preventing the formation of the 
MAC complex.18–20 Interestingly, the expression of 
“intrinsic” complement regulators was found to be 
decreased at the extraocular muscle (EOM) junction, 
possibly explaining the higher susceptibility of EOM 
to MG compared to skeletal muscles.21

Complement Role in MG and AChR 
Ab-Mediated Animal Models
Nowadays, the role of complement in anti-AChR anti
body-positive (AChR+) MG is well established. In fact, 
together with AChR internalization, complement activa
tion represents the main effector of AChR+ MG.22 Other 
involved pathogenic mechanisms are steric interference of 
ACh-AChR binding,23,24 and sodium entry blocking.25

In AChR+ MG, the complement-mediated damage 
involves the post-synaptic surface of the NMJ and is 
triggered by the activity of antibodies (primarily of 
IgG1 and IgG3 subclasses, and to a lesser extent IgG2) 
directed towards the AChR.26 These antibodies activate 
the classical pathway by binding C1q on the Fc domain, 
with activation of C1r and subsequently of C1s. C1s 
activates C4 into C4a and C4b and also C2 into C2a 
and C2b, with consequent formation of C3 convertase 
(C4b2a). C3 convertase, cleaving C3 into C3a and C3b, 
leads to the formation of C5 convertase (C4b2a3b), 
which initiates the terminal pathway that leads to MAC 
formation (C5b6789). The final effect is a focal lysis of 
the NMJ with loss of AChR and disruption of the post
synaptic folds.27

The first evidence that suggested complement involve
ment in AChR+ MG was the observation of C3 and MAC 
deposition at the NMJ, in the absence of inflammation.28–30 

Other following important findings were: persistent simpli
fied structure and detritus at the intrasynaptic space of NMJ 
consistent with complement-mediated damage, reduction of 
C3 and C4 levels with increase of complement terminal 
components in MG sera, and complement-mediated destruc
tion of cultured myotubes provoked by sera.31–33 These 
findings were also mirrored in the animal models of MG, 
allowing to further investigate the role of complement in MG 
pathogenesis and to elaborate new possible therapeutic 
strategies.

Modelling of MG can be obtained by the passive 
transfer MG (PT-MG) model and the experimental auto
immune MG (EAMG) model. PT-MG is induced by the 
administration of anti-AChR antibodies and is character
ized by simple disease induction, via a single antibody 
injection, and rapid development of weakness, within 
24 h from injection. This model is very useful to investi
gate agents that block the antibody binding or the comple
ment cascade. However, in PT-MG there is no cellular 
activation that drives the antibody production and also 
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the postsynaptic injury induced by antibodies is accompa
nied by a considerable inflammatory infiltration, which 
does not happen in human MG.34 EAMG (or active 
EAMG) has been studied since the 1970s and is caused 
by immunization with purified AChR or small fragments 
of AChR.35–37 Immunization results into tolerance break, 
which best resembles the cellular mechanisms involved in 
human MG pathogenesis. Autoreactive B-cells, with the 
help of deregulated T-cells, produce IgG1 and IgG3 class 
antibodies directed towards the exogenous antigen. 
Ultimately, antibodies targeting self-AChR can be found, 
witnessing the occurrence of tolerance loss. The main limit 
of this model is the time of weakness onset, which, vary
ing among species, occurs from weeks to months.32 Thus, 
defining the right time window to intervene with 
a preventive or therapeutic approach is quite difficult 
when using active EAMG models.

The first studies to investigate complement activation 
in EAMG concerned complement depletion. The admin
istration of cobra venom, before anti-AChR antibodies 
administration in PT-MG and in the acute phase of 
active EAMG models, hydrolyzes C3 and C4 inducing 
a functional depletion of the complement, with subse
quent marked reduction of MG severity.38 A step further 
in research was possible thanks to genetically modified 
rodent strains. C3 and C4-depleted mice also demon
strated weakness reduction, compared to wild type, 
while C3 and C4 knockout (KO) mice showed no weak
ness at all, with maintained postsynaptic folds and 
AChR density.25 Interestingly, C3 and C4-deficient 
rodents had low AChR IgG2b levels as well as low 
B-cell expression. This evidence was found both in the 
non-immunized and in EAMG mice, suggesting a role 
of complement in cellular immunity.39 Conversely, 
C5 KO mice develop similar anti-AChR levels to their 
C5-sufficient littermates. Moreover, C5 KO mice present 
C3 and IgG, but no MAC deposits. Nonetheless, C5 KO 
mice do not present weakness nor junctional damage.40 

C6-deficient mice, after anti-AChR antibodies injection, 
did not build the MAC complex, while exogenous 
administration of C6 restored MAC assembly.41 

Finally, DAF KO mice displayed higher susceptibility 
to disease induction, especially compared with the CD59 
KO model.42,43

Together these findings greatly encouraged the research 
of novel therapeutic approaches targeting different levels 
of the complement cascade.

Complement Inhibition in MG 
Therapeutics
Preclinical Studies
In accordance with the evidence collected throughout the 
years of complement involvement in MG, many EAMG 
trials investigating different complement inhibitors have 
been conducted. Therapeutic strategies included recombi
nant proteins, chemicals, soluble isoforms of the comple
ment receptor, monoclonal antibodies, and small 
interfering RNA (siRNA). These studies focused on either 
inhibiting a branch of the complement system (terminal or 
classical pathway) or acting on complement regulators 
(Table 1).

Terminal Pathway Inhibitors
One of the first studies to be conducted involved an anti- 
C6 antibody to prevent MAC formation. The administra
tion of anti-C6 antibody before passive administering of 
anti-AChR antibody prevented EAMG induction. C6- 
blocking inhibited the accumulation of components from 
C6 to C9, preventing MAC formation at the NMJ. Serum 
levels of C3 and C5 remained normal, indicating that 
passive EAMG prevention depended solely on the inhibi
tion of MAC formation.44

Similarly, treatment with anti-C5-antibody before pas
sive administration of anti-AChR prevented EAMG induc
tion. In fact, anti-C5 pretreated rats displayed no weakness 
after 48 h, in contrast to their untreated littermates which 
required euthanasia due to severe weakness.45 Moreover, 
a subsequent set of experiments conducted by the same 
group demonstrated that treatment with anti-C5 antibody 
24 h after passive EAMG induction was able to restore 
strength in over two-thirds of the rats. Treated rats pre
sented normo-structured endplates and low C9 deposition 
at the NMJ. Consistent with anti-C5 functioning down
stream of C3, C3b depositions were still found at the 
NMJ.45 Likewise, a recombinant C5 inhibitor, rEV576, 
was found to be effective in the prevention and treatment 
of myasthenic symptoms both in the passive and active 
EAMG model. In both models, rats generally developed 
a milder phenotype, with less weakness and longer survi
val. Treated rats displayed low complement activity 
(CH50), reduced C9 deposition at the NMJ, while total 
IgG concentration remained the same. Interestingly, levels 
of complement fixing IgG1 were reduced in rEV576- 
treated rats, suggesting a role of C5 in adaptive immunity 
as well.46
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A more recent study exploited siRNA, ALN-CC5, to 
silence liver expression of C5. Subcutaneous administra
tion of ALN-CC5, both in a rodent and non-human pri
mate MG model, resulted in potent and prolonged 
suppression of liver C5 expression. siRNA-C5-treated ani
mals displayed significantly reduced levels of circulating 

C5, which demonstrated having a key role in pathology at 
the NMJ in this study. Moreover, in the muscle, no C5 
mRNA expression was identified, suggesting that C5- 
depending NMJ pathology is probably liver derived. C5 
silencing greatly reduced disease severity in PTMG ani
mals, with minimal evidence of weakness. Similarly, 

Table 1 Preclinical Studies of Potential Complement Inhibitors in MG

Target Drug Molecule Type of 
Treatment

Outcomes Study

Terminal pathway

C6 Anti-C6 antibody EAMG 
prevention

● Prevention of MAC formation by inhibiting accumulation of com
ponents from C6 to C9

● Normal C3 and C5 serum levels, which indicate that passive 

EAMG prevention strictly depends on MAC inhibition

Biesecker 
and 

Gomez42

C5 Anti-C5 antibody EAMG 

prevention 
EAMG 

treatment

● Pretreatment with anti-C5 antibody prevented EAMG induction
● Treatment with anti-C5 antibody 24 h after passive EAMG induc

tion restored strength in >2/3 of rats
● Normo-structured endplates with reduced deposition of C9, but 

not C3b, at the NMJ

Zhou et al43

C5 Recombinant C5 

inhibitor (rEV576)

EAMG 

prevention 

EAMG 
treatment

● Prevents passive EAMG in a dose-dependent manner
● Treatment mitigates disease severity in active and passive EAMG
● Reduced serum complement activity (CH50)
● Reduced C9 deposition at the NMJ and reduced IgG1 levels

Soltys et al44

C5 ALN-CC5 (siRNA) EAMG 
prevention 

EAMG 

treatment

● Treatment with ALN-CC5 greatly reduced disease severity both in 

active and passive EAMG
Kusner 
et al45

Classical pathway

C1q Anti-C1q antibody EAMG 

prevention 

EAMG 
treatment

● Preventive administration reduced incidence of EAMG induction
● Treatment administration reduced severity of disease
● Reduced C3, IgG, and MAC deposition at the NMJ
● Reduced levels or IL-6 and anti-AChR IgG2b
● Reduced C1q-dependent clearance of immune-complexes

Tüzün 

et al46

C2 siRNA EAMG 
treatment

● Improvement of muscle strength and survival in established EAMG
● Reduced C3 and MAC deposits with increased AChR concentra

tion at the NMJ
● Preservation of alternative pathway

Huda et al48

Complement regulators

sCR1 Classical and 
alternate pathways

EAMG 
prevention

● Inhibition of EAMG induction, with reduction of weight loss and 
symptom severity

Piddlesden 
et al49

Crry-IgG2a C3/C5 convertases EAMG 

prevention

● Prevention of passive EAMG induction
● Reduction of C3 and MAC deposition at the NMJ

Hepburn 

et al50

DAF linked to 

a single-chain 

antibody

NMJ/AChR α- 

subunit

EAMG 

treatment

● Amelioration of muscle weakness
● Reduction of MAC deposition at the NMJ

Kusner 

et al51
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disease severity in active EAMG animals improved inde
pendently of whether ALN-CC5 was administered before 
or after onset of weakness.47

Classical Pathway Inhibitors
Giving the core role of complement in the defense against 
invading pathogens, major disadvantage of terminal path
way inhibition is an increased susceptibility to infections. 
This problem can be overcome by acting on the classical 
pathway, primarily involved in AChR antibody-related 
MG, leaving the lectin and alternative pathways intact. 
The administration of anti-C1q antibody before or after 
AChR immunization is able to reduce the incidence and 
severity of EAMG induction. To these beneficial effects 
correspond a reduced NMJ deposition of C3, IgG and 
MAC, decreased IL-6 production, and reduced serum 
levels of anti-AChR IgG2b. However, treated mice dis
played renal glomerular deposition of IgG and C3, proving 
the importance of C1q in the clearance of immune 
complexes.48 To reduce the problem of complex deposi
tion, the same group developed a siRNA silencing C2. In 
fact, C2 deficiency does not entail immune complex dis
orders as much as C1q or C4 deficiencies.49 Moreover, C2 
represents a valid target also because it is expressed at 
very low levels and does not have any primary immuno
logical function other than MAC formation. The adminis
tration of C2-siRNA in established EAMG mice 
determined improvement of muscle strength and survival. 
The clinical amelioration was accompanied by reduced C3 
and MAC deposits and increased AChR levels at the NMJ. 
Serum C3 levels were comparable between the C2-siRNA 
treated and untreated group, confirming that the alternative 
pathway was unaffected.50

Complement Regulators
Administration of human complement receptor 1 (sCR1), 
which targets both the classical and alternate pathway, 
reduced symptom severity, and weight loss in PT-MG 
rats.51 Another regulator that has been investigated is 
complement receptor 1–related gene/protein y (CRRY), 
a specific murine complement inhibitor with functions 
corresponding to human DAF and MCP (ie, convertases 
inhibition). The application of CRRY regulator, coupled to 
rat IgG2a Fc to lengthen circulating half-life, prevented 
passive induction of EAMG and markedly reduced the 
deposition of C3 and MAC at the NMJ.52 Lastly, DAF- 
regulator protein associated to a single-chain antibody 
directed towards the AChR α-subunit, in order to be 

delivered at the NMJ, produced significantly less muscle 
weakness and low MAC deposition when administered as 
treatment in EAMG rats.53

Clinical Trials
Eculizumab
Eculizumab (Soliris) is the first complement-targeting drug 
approved for complement-mediated diseases. It is 
a humanized IgG2/4 monoclonal antibody which binds to 
C5 with high affinity, inhibiting its cleavage into C5a and 
C5b, thereby blocking MAC formation. The efficacy of 
eculizumab in the inhibition of MAC formation was pre
viously assessed in paroxysmal nocturnal hemoglobinuria 
(PNH) and atypical hemolytic uremic syndrome 
(aHUS).54,55 Eculizumab also demonstrated to be effective 
in reducing relapse risk in neuromyelitis optica spectrum 
disorder (NMOSD).56 The efficacy of eculizumab in gMG 
was initially assessed in AChR+ treatment refractory gMG 
patients in a pilot randomized, double-blind, placebo- 
controlled Phase II trial (Study C08-001) sponsored by 
Alexion Pharmaceuticals.57 The study involved 14 patients 
with severe refractory disease randomized to either eculizu
mab or placebo for 16 weeks (Period 1) with a crossover to 
the opposite group after a washout period of 5 weeks 
(Period 2). Primary efficacy endpoint of a ≥ 3-point reduction 
in QMG score was met in 6 (86%) of eculizumab-treated 
patients, compared to 4 (56%) of the placebo group, suggest
ing a therapeutic effect of the drug in gMG. Interestingly, 
before entering Period 2, patients treated with eculizumab did 
not return to their baseline QMG despite the 5-week washout 
period. These encouraging data led the way to the rando
mized, double-blind, placebo-controlled, multicenter, phase 
III REGAIN study (ECU-MG-301)58 and its following open- 
label extension (OLE) study (ECU-MG-302).59 The 
REGAIN study enrolled 125 AChR+ patients with refractory 
gMG, defined as persistent weakness albeit treatment with at 
least two immunosuppressive therapies (ISTs) or the need of 
chronic plasma exchange or IVIg in association with at least 
1 IST. Patients also required an MG-ADL score of at least 6 
points and an MGFA class between II and IV. Patients were 
randomized 1:1 to either eculizumab or placebo for 26 
weeks. One-hundred-seventeen patients completed the 26- 
week double-blind phase and were eligible to enter the OLE 
phase. Primary efficacy endpoint was a change in MG-ADL 
score from baseline to week 26 measured by worst-rank 
analysis of covariance (ANCOVA). Secondary endpoints 
included: change in QMG total score form baseline, 
improvement of at least 3 points in MG-ADL score and 5 
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points in QMG score, and changes form baseline in MGC 
and MG Quality of Life 15 (MG-QoL15) total scores. 
Primary endpoint was not met (p=0.0698), but the pre- 
specified secondary outcome of at least 3-point improvement 
in MG-ADL was significant. Seemingly, QMG achieved 
statistical significance (p=0.0129) as well as MG-QoL15 (p 
= 0.0281). MGC score, on the other hand, showed no statis
tically significant change. Despite not reaching its primary 
endpoint, the success in the secondary endpoints demon
strated a potential benefit of eculizumab, which was main
tained in the OLE phase. Clinical efficacy appeared in the 
treatment group the week after the first infusion, reached its 
peak around week 12 and was maintained throughout the 
130-weeks of the OLE phase. Eculizumab reduced the fre
quency of exacerbation by 75% (p = 0.0001) and 56% of 
patients reached the state of pharmacological remission or 
minimal manifestations. In the REGAIN study, by week 12 
in the eculizumab-treated arm, 67.3% of patients reached at 
least a 3-point variation in MG-ADL score, and 56.1% 
reached at least a 5-point variation in QMG score. At the 
end of the OLE phase, 84.7% of patients improved in the 
MG-ADL criteria and 71.4% improved in the QMG 
criteria.58–60

Currently, eculizumab is approved for AChR+ gMG in 
USA,61 for refractory AChR+ gMG in the EU62, and for 
AChR+ gMG patients that do not respond to IVIg/PE in 
Japan.63,64 Every trial cited so far was conducted on adult 
patients (≥18 years of age). Currently, recruitment is open 
in USA and Japan for a phase III OLE study of eculizu
mab in pediatric participants (6 to <18 years of age) with 
refractory gMG (NCT03759366).

Noteworthy, patients with a history of thymoma or 
thymic neoplasm were excluded from the REGAIN trial; 
therefore, data on this subgroup of patients are lacking. 
However, recent evidences of case reports demonstrate 
that eculizumab represents a valid therapeutic approach 
also for thymoma-associated MG, which strongly associ
ates with treatment-refractory disease.65,66

Ravulizumab
Ravulizumab (Ultomiris) is another recombinant huma
nized monoclonal antibody developed by Alexion 
Pharmaceuticals that binds the complement protein C5 
with high affinity. Ravulizumab was primarily tested and 
then approved for PNH in the USA, following positive 
results of two phase III clinical trials, on December 2018. 
The drug was developed by re-engineering eculizumab to 
enhance its pharmacokinetic and pharmacodynamic 

profile. Ravulizumab has a longer duration of action, 
requiring intravenous administrations every 8 weeks, 
allowing to improve therapeutic efficacy while keeping 
a similar safety profile to eculizumab.67

Given the encouraging results obtained in other com
plement-mediated diseases, Alexion Pharmaceuticals 
started a phase III, randomized, double-blind, placebo- 
controlled multicenter trial to evaluate safety and efficacy 
of ravulizumab in complement-inhibitor-naïve adult gMG 
patients (NCT03920293). The trial started in 2019 and is 
currently underway in Europe, United States, Japan, and 
South Korea. Primary efficacy endpoint is MG-ADL 
change at Week 26 from Baseline.

Zilucoplan
Zilucoplan is a small macrocyclic peptide that inhibits 
MAC formation by a dual mechanism: prevention of down
stream complement activation by allosterically inhibiting 
C5 cleavage and direct inhibition of the first step of MAC 
assembly (C5b-C6-binding). The binding site of zilucoplan 
on C5 is distinct from eculizumab, as demonstrated by its 
ability to bind C5 in blood samples of patients genetically 
resistant to eculizumab. Ra Pharmaceutical sponsored 
a Phase II double-blind, placebo-controlled trial on 
44 AChR+ gMG patients (NCT03315130). Patients were 
randomized 1:1:1 to zilucoplan 0.1 mg/kg, 0.3 mg/kg, or 
placebo with daily subcutaneous self-administration for 
12 weeks. Eligible patients could subsequently enter the 
OLE. Primary outcome measure was QMG score change 
from Baseline to week 12, and the secondary outcome 
measures included the MG-ADL, the MGC, and the MG- 
QOL15r. Analyses showed clinically meaningful and 
statistically significant improvements in primary and sec
ondary endpoints in the treated group versus placebo.68 Of 
note, despite none of the participants randomized to the 
0.3-mg/kg dose group worsened, and most participants 
improved greatly, 28% of participants did not improve by 
the minimal clinically important difference of 3 points on 
QMG. The variability in the degree of improvement, regis
tered both in this study and the eculizumab studies, could 
depend on various factors, which need to be further inves
tigated: previously undetected fixed weakness, genetic and 
epigenetic factors (further discussed in this review), or the 
subsequent predominant activity of other complement inde
pendent pathogenic mechanisms such as antigenic modula
tion and AChR blockade.68

A phase III study, named RAISE (NCT04115293) is 
currently underway for patients with gMG. Primary 
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efficacy endpoint is MG-ADL change at week 12 from 
Baseline.

Regarding the safety of complement inhibitors, com
mon adverse events were upper-tract infections and head
aches, as observed also in PNH and aHUS trials.58–60 

More importantly, the inhibition of C5 increases the risk 
of Neisseria Meningitidis infection. Therefore, it is man
datory for patients treated with anti-C5 inhibitors to be 
vaccinated with both quadrivalent and B-serotype vac
cines. Patients must be correctly informed of the risks 
and symptoms of meningococcal meningitis, and should 
always carry an informational safety card to show when
ever necessary. Vaccination should be administered at least 
14 days prior to the initial dose of C5-inhibitor. If not 
possible, prophylactic antibiotic therapy is necessary.

No meningococcal infection occurred in all three con
cluded trials, except one non-fatal case following the com
pletion of REGAIN OLE.58,59

Biomarkers for Tailoring and 
Monitoring Complement-Targeted 
Therapies
Complement inhibitors promise to increase specificity, effi
cacy, and safety of AChR+ gMG treatment in the next 
future. However, their introduction into the MG therapeutic 
algorithm may be limited by high costs. Considering the 
inter-individual variation in treatment response,5 the devel
opment of personalized medicine approaches based on bio
markers predictive of therapeutic success may be pivotal to 
improve the cost/effectiveness ratio of the therapy, and 
hence the sustainability in the health system. At present, 
complement-related biomarkers in MG are missing and 
need to be defined for their possible employment into the 
common medical practice. Their identification could allow 
to select patients with a greater benefit from complement- 
targeted therapies as well as those with lower responsive
ness or tolerability. The best candidate biomarkers could be 
serological indicators of the complement activity, and/or 
individual molecular factors affecting complement activa
tion and regulation, or the mechanism of action of the 
complement-targeted drugs (Table 2).

Complement-Related Serological Markers
Complement status prediction in the single patient could 
represent the first step towards anti-complement therapy 
selection as treatment option. It is mainly based on sero
logical analyses to quantify complement components, 

activation products, and in vitro complement activity. It 
enables to reveal any deficiency of complement proteins 
due to consumption and abnormal disease-related comple
ment activation.69

Different immunoassays are commercially available to 
determine the plasma/serum concentration of complement 
components. Recently, multiplex assays have been devel
oped with the advantage of simultaneously determine 
more complement proteins in one sample, providing 
a comprehensive complement component profile. In addi
tion, quantification of products generated during comple
ment activation, including C3a, C5a, and soluble C5b9 
(sC5b9 or sMAC), in properly collected serum/plasma 
samples,70 can be used to monitor the degree of comple
ment activation during the disease course. Complement 
activity functional tests, mainly consisting in hemolytic 
assays measuring classical (CH50)71 and alternative 
(AH50)72 pathways, from initiation to the effector phase 
(MAC formation), provide further information regarding 
the patient-specific complement activation status, and can 
be therefore useful to monitor complement function during 
disease exacerbations or crisis. These assays could be 
tested for evaluating their potential value in predicting 
good clinical response to anti-complement therapy in 
patients showing largely altered values of complement- 
related parameters. Moreover, if applied during therapy, 
some of them could be important to monitor the functional 
drug effects in relationship with disease improvement.73 

This would allow to adjust individual dosage or dosing 
intervals, possibly reducing costs and maximizing 
response. Among serological parameters, C5 function 
and total complement activity estimated by CH50 are the 
most promising biomarkers to monitor anti-complement 
therapies, being reported as eculizumab efficacy 
markers.74 A correct approach could be a combination of 
such assays. In fact, “C3:CH50 ratio” has been described 
as better marker of complement inhibition and disease 
activity in atypical aHUS eculizumab-treated patients 
than other single serological factors.75

Despite the clear involvement of complement in MG,3 

serological complement parameters have never been inves
tigated as possible immunological biomarkers and their 
role as reliable factors predictive of treatment response 
still needs to be evaluated. In a study by Liu and 
colleagues,76 C3 levels were found to be lower in 
AChR+ compared to AChR− gMG patients and healthy 
controls, according with C3 consumption due to comple
ment activation at the NMJ. Interestingly, serum C3 
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Table 2 Potential Biomarkers for Tailoring and Monitoring Anti-Complement Therapies

Biomarker Molecule/Function or 
Variant

Significance and Predictive Value Relationship with Anti- 
Complement Drug Efficacy

Study/Reviewed 
in

Serological markers

Complement 
components

C1q, C2, C2a, C3, C4, 
C4a, C5, C9, MBL, factor 

I, factor H, factor B

● Decreased levels due to disease- 
related complement activation

● Possible prediction value for respon

siveness to anti-complement thera
pies, pre- or early during the 

therapy, in combination with other 

parameters (eg, C3:CH50)
● Lower C3 levels in MG sera

● Putative normalization of levels 
due to reduced consumption 

related to therapeutic comple

ment inhibition

Ekdahl et al64 

Mohebnasab 

et al65 

Kerboua et al70 

Liu et al71

Complement 
activation 

products

C3a, C5a, sC5b9 ● Increased levels due to increased 

disease-related complement activity
● Possible prediction value for respon

siveness to anti-complement 

therapies

● Reduced levels due to therapeu

tic complement inhibition
Ekdahl et al64 

Mohebnasab 

et al65

Complement 

function

CH50, hemolytic assays 

measuring classical 
pathway 

AH50, hemolytic assays 

measuring alternative 
pathway

● Useful to monitor disease-related 

complement-activation status
● Therapeutic efficacy monitoring, 

alone or in combination with other 

parameters (eg, C3:CH50)

● Reduced values due to thera

peutic complement inhibition
● CH50 reduction associated with 

improvement during eculizumab 

therapy in MG
● Higher CH50 reduction, asso

ciated with improvement, in 

high than low dose arm in the 

zilucoplan clinical trial in MG

Ekdahl et al64 

Mohebnasab 
et al65 

Willrich et al68 

Wijnsma et al;69 

Kerboua et al70 

Yanagidaira et al72 

Howard et al63

Genetic markers

“Complotype” 

variants

Genetic variants affecting 

complement activity and/ 

or associated with 
complement-related 

diseases in:
● complement compo

nent genes
● complement regulator 

genes

● Impact on complement activity (eg, 
exacerbated activity, defective regu

lation) and disease severity
● Possible pharmacogenetic biomar

kers to predict anti-complement 

therapy responsiveness

● Anti-complement drug efficacy 
predicted in patients with phar

macogenetic profile associated 

with dysregulated complement 
activity

-

Variants 

affecting the 
drug 

mechanism of 

action

Genetic variants in genes 

encoding the targeted 
complement component

● Possible value as pharmacogenetic 

biomarkers to predict anti- 

complement drug efficacy

● Reduced or absent efficacy due 

to compromised binding of the 

anti-complement drug to its 
target

● C5 variants (c.2654G → A and 

c.2653C→T) inhibiting eculizu
mab binding to C5 in PNH 

patients
● CR1 HindIII variant affecting 

eculizumab efficacy in PNH 

patients

-
● Nishimura et al74

● Rondelli et al76

(Continued)
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concentration increased after prednisone or IVIg therapies 
in relationship with clinical improvement, suggesting its 
variation as possible biomarker of disease status and ther
apeutic efficacy in AChR+ gMG. In a case report, eculi
zumab administration in an AChR+ gMG patient with 
severe bulbar signs was able to decrease CH50 levels in 
association with symptoms’ improvement. Disease sever
ity was correlated temporally with CH50 level during the 
therapy,77 supporting a role of CH50 as a marker of anti- 
complement drug-induced complement blockade, and an 
indicator of a potential worsening of symptoms during the 
treatment in MG. In line with this observation, in the phase 
II study on zilucoplan in gMG patients, the high dose 
(0.3-mg/kg) arm, resulting in clinically meaningful and 
statistically significant improvements, achieved rapid, sus
tained, and near-complete complement inhibition (>97%) 
as measured in the CH50 assay, whereas the low dose 
(0.1-mg/kg) arm, whose outcomes were less pronounced, 
did not achieve complete CH50 ablation (~88%).68

Genetic and Epigenetic Factors 
Associated with Complement Activation 
and Regulation
Genetic markers associated with anti-complement therapy 
efficacy or toxicity represent potent predictive tools for the 
development of individualized treatments, allowing to 
identify beforehand responders vs non-responders. 
Identification of such biomarkers is still an open research 
field that needs to be expanded in MG to minimize poten
tially ineffective use of such expensive drugs. Candidate 
genetic biomarkers for these drugs are variants able to 
affect complement activity or to interfere with the drug 
mechanism of action and effectiveness.

The term “complotype” has been proposed to describe the 
inherited set of variants affecting complement activity, and 
hence susceptibility to complement-related diseases, disease 
severity degree, and response to therapies.78 “Complotype” 
variants of interest for their possible usage as clinical bio
markers for personalized medicine mainly include poly
morphisms in genes encoding complement proteins and 
regulators, that set an individual intrinsic complement activ
ity by impacting on the delicate balance between activation 
and regulation.78 Of note, if a single polymorphism can cause 
only small changes, when combined the effects of “complo
type” variants may be enormous. For this reason, analysis of 
complement-related gene panels should be considered as 
a useful pharmacogenetic tool. Targeted next-generation 
sequencing approaches can serve as a comprehensive, 
rapid, and reliable method to analyze common and novel 
pharmacogenetic “complotype” variants.

As regard to the variants directly affecting anti- 
complement drug effectiveness, to our knowledge few 
studies have been performed so far, mainly because of 
the recent development of these biological drugs. Genetic 
basis underlying resistance to eculizumab was described 
in Japanese PNH patients.79 Specifically, a rare missense 
C5 heterozygous sequence variant c.2654G → A (p. 
Arg885His), able to inhibit eculizumab binding to C5, 
was identified in 11 PNH patients (3.2% of the eculizu
mab-treated PNH population), all characterized by a poor 
response to the drug. An Asian PNH patient, also show
ing a poor response to eculizumab, had a very similar 
mutation in C5 (c.2653C→T).79 Both mutations caused 
a replacement of arginine by histidine or cysteine in C5, 
so that the arginine-binding pocket was too small to allow 
eculizumab to bind to the protein.80 The HindIII 

Table 2 (Continued). 

Biomarker Molecule/Function or 
Variant

Significance and Predictive Value Relationship with Anti- 
Complement Drug Efficacy

Study/Reviewed 
in

MicroRNAs

MicroRNAs modulating 

the expression of:
● complement 

components
● complement regulators 

(miR-200b, −200c, 
−217, −150, −328, 

−616, −19a, −20a)78–80

● Possible influence on complement 
activity

● Possible biomarkers to predict or 

monitor responsiveness to anti- 
complement therapies

● Putative influence of comple
ment-related miRNA expres

sion profile on increased/ 

decreased anti-complement 
drug efficacy

-
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polymorphism of the complement regulatory gene CR1 
was also reported to affect the response to eculizumab in 
PHN patients, likely by influencing the binding of C3.81 

In MG patients, genetic studies associating complement- 
related gene variants with response to eculizumab or 
zilucoplan are lacking. Variants already identified in 
other complement-related disease patients could be inter
esting to be tested. However, population ethnicity needs 
to be taken into consideration, since the genetic profile 
associated with treatment response can differ depending 
on ethnicity.

Along with genetic factors, epigenetic modifications 
could also be associated with inter-individual differences 
in response to, or toxicity of, anti-complement drugs, point
ing out the need of pharmacoepigenetic profiling for these 
biological drugs. The most promising pharmacoepigenetic 
factors to be investigated as biomarkers are microRNAs 
(miRNAs) because they are stable in body fluid, can be 
easily assessed, and their expression reflects specific patho
physiological conditions or diseases.82 Moreover, miRNAs 
are not only able to predict optimal patient-specific treat
ment, but their changes upon therapy may be predictive of 
the patient clinical response, that is particularly important 
for an early identification of non-responder patients to be 
directed towards other therapeutic options, with an optimi
zation of costs. MiRNAs with the ability to modulate the 
expression of complement components or regulators may 
be candidate pharmacomiRs to be investigated for possible 
association with anti-complement drug activity. MiR-200b, 
miR-200c, and miR-217 have been implicated in regulation 
of complement-dependent cytotoxicity, via modulation of 
the complement membrane regulatory proteins CD46 and 
CD55, which act as complement inhibitors.83 MiR-150, 
miR-328, and miR-616 were also found to affect cell resis
tance to complement-dependent cytotoxicity by modifying 
the expression of CD46 and CD59, another complement 
regulatory protein.84 In addition, miR-19a and miR-20a 
were described as regulators of the expression of CD46.85 

Nevertheless, knowledge in this field needs to be greatly 
enhanced. The advent of multiomics analyzes promises to 
significantly increase pharmacogenetic/miR data in the next 
years, with enormous implications on the development of 
innovative biomarker-based personalized medicine 
schemes for eculizumab and other complement-targeted 
drugs. To this purpose, biomarker validation for clinical 
usage on a large scale will be a critical step, for which well- 
designed retrospective or prospective clinical trials will be 
needed. Retrospective analyses could be performed on 

samples obtained from the clinical trials already 
completed,58,59,66 for which the outcome data are available. 
Collection of biological samples is an essential condition 
for allowing retrospective biological analyses; thus, it 
should be considered a key step during clinical trials. 
Prospective studies could highlight the potential of preli
minary patient-selection, carried out using pharmacoge
netic/miR biomarkers, in increasing the positive outcome 
rate.

What are the Prospects of the 
Complement Inhibitor Therapy?
The present treatment of MG is based on a multi-step 
approach in which three layers of decisions are taken: 1. 
improve neuromuscular transmission using cholinesterase 
inhibitors; 2. contrast the immune mechanisms of MG 
using ISTs or immunomodulating therapies; 3. modify 
the natural course of the disease by thymectomy.6 The 
choice of any of the above-described approaches is based 
on clinical parameters such as MG subgroups (eg, anti
body stratification, presence of thymoma, age at onset), 
clinical severity, other comorbidities, and the need to limit 
side effects. Most MG patients start with symptomatic 
treatment, but in a considerable proportion corticosteroids 
and/or ISTs become necessary; IVIg and PLEX are mostly 
used as rescue therapies in case of clinical deterioration. 
Corticosteroid and other ISTs are proposed as chronic 
treatments and, though neurologists seek for the minimal 
effective dose (particularly for corticosteroids), patients 
are treated for very long periods of time leading to 
a severe burden of adverse events.

With the rapidly growing pharmacological innovation, 
as testified by the enormous number of clinical trials 
performed and still ongoing, it is possible to distinguish 
“global immunosuppression” from “specific immunosup
pression”. Global ISTs include all ISTs employed in clin
ical practice so far, whereas the specific ones are 
characterized by a higher selective mechanism of action. 
Complement inhibition is part of treatment innovation and 
C5 inhibitors are particularly relevant for MG as their 
effect is highly specific by selectively blocking one of 
the mechanisms of action of the anti-AChR antibodies, 
thus fulfilling the characteristic of precision medicine.

Based on these considerations, use of complement 
inhibitors should address the following aspects in the 
pharmacological approach to MG:
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(a) To assess their immunosuppressive effect in 
patients naïve to immunosuppression, ie, a formal 
evaluation of their effect in controlling MG symp
toms when patients have not been treated with 
corticosteroids or other ISTs. Today the effect of 
complement inhibitors has been evaluated as an 
add-on therapy; hence, we have not yet appreciated 
their efficacy as a single drug. This is of particular 
relevance for those countries where the drug has 
been authorized only.

(b) To assess how rapidly they can exert a clinical 
improvement, ie, whether complement inhibitors 
are competitive with PLEX or high doses of immu
noglobulins to serve as immunomodulating agents.

(c) To assess their clinical effect in the real-world 
setting, a condition significantly different from 
a controlled study and more adherent to the need 
of patients.

(d) To assess the cost-benefit of complement inhibitors, 
also through a pharmaco-economic analysis; intro
duction of new drugs should be attained taking into 
consideration the sustainability of the healthcare 
system.

(e) The introduction of compounds that target selec
tively the immune system will also offer a new 
opportunity to investigate immunological markers 
of disease activity and response to treatment. The 
topic of biomarkers in MG and other autoimmune 
disorders is not new but very little is known in case 
of biological treatments, including complement 
inhibitors.86 To our knowledge, pharmacogenetic 
profiling for biological drugs in MG has not been 
performed yet and genetic variants known to mod
ulate responsiveness to these drugs in patients with 
other autoimmune diseases have not been investi
gated in MG patients. This field should be imple
mented in MG also in light of the usually high costs 
of the innovative therapies. Interestingly, the whole 
miRNome sequencing performed in MG patients 
has revealed pharmacomiRs possibly predicting or 
monitoring clinical response to immunosuppressive 
treatments.87

In very recent years the introduction of drugs targeting specific 
immune-pathological mechanisms, such as complement inhi
bition, has raised the expectation to change in the paradigm of 
immunosuppression in MG. Whether these compounds will 
effectively modify the algorithm of immunosuppression in 

MG is not known, but such a strong expectation will depend 
on their capacity to face the unmet clinical needs and to 
improve the quality of life of MG patients. Of note, however, 
is that currently we have very limited information to suggest 
that complement inhibition can influence antibody production. 
Therefore, it is possible that complement inhibiting therapies 
alone could not be able to lead to remission and that lifelong 
treatment may be necessary.
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