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ABSTRACT

Myasthenia gravis (MG) is the prototypic autoimmune
neurological disorder causing fatiguable muscle weakness
cither limited to the ocular muscles or becoming generalised
involving the limb and bulbar muscles. Nine out of ten
generalised MG patients have IgGl or 1gG3 antibodies
againsttheacetylcholinereceptor (AChR). AChR antibodies
cause neuromuscular weakness by internalisation of AChR,
receptor blockade and activation of the complement
pathway. Complement activation causes formation of the
membrane attack complex (MAC), leading to degradation of
the neuromuscular junction (NM.J). Several animal models
have confirmed the role of complement in the pathogenesis
of MG, with the experimental autoimmune MG models
(EAMG) often needing complement inhibitory therapies
to prevent or reverse the disease. Various molecules that
target the complement system have now been developed to
treat myasthenia gravis. The vast majority of the currently
studied molecules target the C5 protein, thereby preventing
the formation of MAC and subsequent NMJ destruction.
The currently studied anti-complement therapies for MG
include Eculizumab, Zilucoplan, Ravulizumab, Pozelimab,
Cemdisiran, Gefurilimab, Danicopan and a few others in the
pipeline. Eculizumab has been shown in clinical trials to be
effective in the treatment of refractory MG, but further sub-
group analysis and real-life experience have shown that this
drug can be beneficial in various patients including those
receiving regular intravenous immunoglobulin (IVIG),
plasma exchange or Rituximab. It was approved for use by
the FDA in October of 2017. Ravulizumab is a long-acting
monoclonal antibody which has similar mechanism of
action to Eculizumab and was approved for use in MG by
the FDA in April 2022. Zilucoplan is a macrocyclic peptide
which can be given subcutaneously and binds to C5 and
C5b, thus preventing terminal complement activation (FDA
new drug application accepted in Nov 2022). Many of these
have also been shown (o have long-term benefit in different
sub-groups of patients with MG. Patients would need to
be vaccinated against Neisseria meningitidis because of
the risk of Gram-negative septicacmia, although no major
safely signatures have been noted in the studies so far.
Future studies may be able to identify specific biomarkers
which might aid in selecting the most appropriate patients
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who might respond to these therapies.
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Ravulizumab, Zilucoplan

Introduction

Myasthenia gravis (MG) is the most well recognised
autoimmune nervous system discase characterised by
fatiguable muscle weakness.[1] Patients can have symptoms
localised to the eye muscles causing ptosis and double
vision (ocular MG) or progress to develop weakness in the
limbs or bulbar muscles causing dysphagia, dysarthria and
breathing difficulties (generalised MG, gMG). Generalised
MG is caused by antibodies against the nicotinic
acetylcholine receptor (AChR) in over 85% of patients.|2]
Other main antibodies involved in myasthenic syndromes
include those against the muscle-specific tyrosine kinase
(MuSK), which is seen in 5-8% of generalised MG, and
the pre-synaptic voltage gated calcium channels (VGCC),
causing the related Lambert Eaton Myasthenic syndrome
(LEMS). Low density lipoprotein receptor related protein
4 (LRP4) antibodies are seen in up to 2% of generalised
MG patients. [1] Antibodies against several other molecules
have been described including acetylcholinesterase, agrin,
ColQ, titin, ryanodine, Kvl4 and cortactin, but their
exact pathophysiological role is unknown. [3, 4] The main
molecules involved in neuromuscular transmission and
the pathogenctic mechanisms in MG are schematically
represented in Figure 1.

The action potential arriving at the pre-synaptic
terminal opens voltage gated calcium channels (VGCC)
triggering release of Agrin and Acetylcholine receptor
(AChR) to the synaptic cleft. The binding of ACh to its
receptor (AChR) opens voltage gated sodium channels
leading to muscle contraction. The clustering of AChRs
at the neuromuscular junction (NM.J) is promoted by
Agrin binding to the MuSK-LLRP4 complex. There are
three main mechanisms by which AChR antibody causes
neuromuscular damage: antigenic modulation where Anti-
AChR cross links AChRs, increasing the internalisation
of AChRs (1), direct blockade when Anti-AChR blocks
the ligand binding site of Acetylcholine to AChR (2) and
complement activation (3). Anti-AChR-AChR complex
activates the complement system, leading to the destruction
of muscle end plate by Membrane Attack Complex.

Other NM.J syndromes include Anti-MuSK MG (Anti-
MuSK binds MuSK-Lipoprotein Receptor Related Protein
4 (MuSK-LRP4), interferes with interaction of MuSK with
other NM.J molecules and reduces AChR clustering) and
LEMS (anti-VGCC binds VGCC at motor nerve terminal,
blocking the calcium influx and calcium driven AChR
vesicle release into NM.J).

There are three possible ways by which the AChR anti-
bodies are likely to impair neuromuscular transmission.[5]
These include:
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Neuromuscular transmission and immunopathogenesis of neuromuscular junction disorders
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three mechanisms might be the predominant component in
an individual MG patient, although complement activation
is thought to play the major role in the pathogenesis, at least
in AChR-MG patients.[5-7] Antibodies against AChR,
LRP4 and VGCC are predominantly of the IgG1 sub-class
and are more likely to fix complement as opposed to MuSK
antibodies, which are usually IgG4. The vast majority of
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complement inhibition studies in MG have been done on
AChR antibody positive patients and hence this review
primarily focuses on this sub-group of MG.

Complement pathway

The complement system is an integral part of innate
immunity and is composed of over fifty proteins primarily
responsible for defending the host from infections by
eliminating pathogenic organisms. It also serves as a link
between innate and adaptive immunity by interacting with
the T and B-cellreceptors or by dendritic cell modulation.[ 8]
The complement system is also involved in the clearance of
immune complexes and dead cells.[9] This delicate balance
can occasionally be disrupted, leading to autoimmune
neurological disorders and may contribute to some
neurodegenerative conditions (e.g.: Alzheimer’s discase,
amyotrophic lateral sclerosis and Huntington’s disease).
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Figure 2
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The classical complement pathway and molecules used to inhibit this pathway in Myasthenia Gravis
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This has now led to a growing interest in complement
modulatory therapies in various neurological diseases,
involving the peripheral (e.g.: Guillain-Barre syndrome,
chronic demyelinating neuropathies, dermatomyositis)
and central nervous system (e.g.: neuromyelitis optica,
autoimmune encephalitis, multiple sclerosis). [0]

A detailed review of the complement pathway is beyond
the scope of this article. The main aim of the complement
pathway is the formation of the membrane attack complex
(MAC), which leads to destruction of microorganisms
or tissue damage when triggered by autoimmunity. The
activation of the pathway involves three different initiation
loops [6], although we will concentrate on the one
responsible for myasthenia pathogenesis in more detail:

1. Classical pathway - C1 activation after binding of
antigen-antibody complexes, which leads to a cas-
cade of reactions explained below.

2. Mannose Binding Lectin (MBL) pathway -
Lectin binds mannose or other carbohydrates (e.g.:
ficolins or collectins) on the bacterial surface, acti-
vating the Mannan-binding lectin serine protecases
(MASPI and MASP2) and leading to the forma-
tion of C3 convertase, with subsequent steps com-
mon with the classical pathway.

3. Alternate pathway - Spontancous activation of
C3 leads to a low rate, “tick-over” pathway which
is an integral part of innate immunity. Unlike the
other two pathways, C1, C2 and C4 are not needed
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with Factor B and properdin Factor D helping to
produce the alternate C3 convertase (C3bBb).
This, when combined with high concentrations of
C3Db, leads to the production of alternate C5 con-
vertase (C3bBbC3b).

Classical pathway and terminal complement complex

The activation of C1 complex by the multi-valent Clq
binding to the Fc portion of the AChR-bound antibody
(usually IgGl or 3, less commonly IgG2), generates
enzymatically active Clr and Cls. Cls cleaves C4 to C4a
and the larger C4b, and the combination of Clr, Cls and
C4b converts C2 to C2a and C2b. The C4b2b complex is
called C3 convertase because it cleaves C3 to C3a and C3b,
the latter combining with the C3 convertase to form C5
convertase. C5 convertase (C4b2a3b) initiates the terminal
complement pathway by cleaving C5 into C5a and C5b. C5a
is a chemoattractant protein and is involved in anaphylactic
reactions along with the C3a released earlier. The C5
component sequentially accepts C6 and C7, and then
translocates to the outer lipid bilayer of cell membrane,
exposing its lipophilic structure due to the transmembrane
location. C8 and several (up to 17) molecules of C9 are
added, widening the pore size and subsequent formation of
the osmolytic membrane attack complex (MAC, C5b-9)[6]
(Figure 2). MAC formation at the post-synaptic membrane
leads to lysis and disruption of the NM.J folds.
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Complement regulators

To avoid spontaneous activation of the complement
pathway that leads to cell injury, there are several inhibitory
molecules in the plasma (C4 binding protein and factor
H) and cell surface (CD55 - decay-accelerating factor
(DAF1), including CD46 — membrane co-factor protein
(MCP) - and CD59 — membrane attack complex inhibitory
protein (MAC-IP)). CD55 and CD46 are concentrated at
the NMJ and inactivate C3 and C5 convertases, whereas
CD59 inhibits C9 polymerisation and hence the formation
of the MAC complex. From a clinical point of view, the
complement regulators are expressed less abundantly at
the extraocular muscle NM.Js, possibly suggesting the
predilection of these muscles in myasthenia.[10]

The binding of AChR to ACh activates C1 leading to the
formation of C3 convertase (C1C4b2Ca) which cleaves C3
to form C3b. The C3b binds to the C4b2a complex forming
the C5 convertase (C1C4bC2aC3b), which cleaves C5 to
C5a and C5b. C5b initiates the lytic pathway leading to
the formation of membrane attack complex (MAC). The
intrinsic complementregulators which prevent spontanecous
activation of the pathway and the targets of some of the
main anti-complement therapies in MG are shown (IVIG —
Intravenous immunoglobulin). Factor D is a serine protease
which cleaves Factor B to Bb and helps in the formation of
the alternate pathway C3 convertase, which is a potential
signal amplification pathway of the complement pathway.

Evidence for the role of complement in Myasthenia

Experimental autoimmune myasthenia gravis (FAMG)
models have been established in rodents to investigate the
pathogenesis of MG. The animal models mirror human MG
in that the rodents develop fatigable muscle weakness and
show decremental response on repetitive nerve stimulation.
EAMG models can be made either by immunising with
purified AChR or its sub-unit (active) or by transferring
antibodies from patients with MG (passive). In addition to a
clinical response similar to human MG, the EAMG models
show deposition of immunoglobulins and complement
components (C3 and MAC) at the neuromuscular junction
of affected animals, with destruction of the end-plate and
also reduction in the miniature endplate potential (MEPP)
amplitude.[11,12]

EAMG induction can be inhibited cither by depleting
the complement by giving cobra venom factor or by
knocking out complement components C3, C5 or C6.[13-
16] Animals show serum AChR antibodies and also
deposition of IgG but not the corresponding complement
components at the end-plates. Similarly, animals lacking the
complement regulators (e.g.: DAF1 and CD59) are known
to be susceptible for EAMG, with severe end-plate damage,
loss of AChR and significant complement deposition seen
in the double knock-out models.[17-19]

The role of complement in human myasthenia has been
established since the 1970s by the demonstration of C3 and
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MAC depositionatthe NM.J, causing degenerated junctional
folds.[11, 20, 21] Patients are shown to have depleted serum
complement components and the neurophysiology often
correlates with the serum complement-fixing capacity
demonstrated in-vitro.[19, 22] More recently, by measuring
the serum levels of complement proteins and regulators, it
has been shown that the inflammatory pathogenesis in MG
is associated with activation of the complement pathway,
especially in AChR antibody positive MG patients [23, 24].
Techniques are being developed to identify complement
activity in individual patients using modified cell lines [25]
or CH50 hemolysis assays [26], so that appropriate patients
can be selected for complement therapies.

Complement inhibition as therapy for MG
Experimental models

Initial experiments confirmed that the administration
of anti-complement therapies reduces clinical weakness in
EAMG models and minimises complement deposition at
the neuromuscular endplates. This can be achieved either
by using inhibitors of the classical pathway (anti-Clq) or
the terminal lytic pathway (anti-C6, anti-C5) or by using
siRNA which causes prolonged suppression of the liver C5
expression.[27-30]

Clinical trials
Eculizumab

The first anti-complement therapy studied in MG is an
[gG2/4monoclonal antibody directed againstthe C5protein.
Binding of Eculizumab to C5 prevents its breakdown to C5a
and C5b, thereby reducing chemotaxis by inflammatory
cells and formation of MAC, respectively. Eculizumab has
already been in clinical use for other complement-mediated
conditions like paroxysmal nocturnal haemoglobinuria
(PNH) and atypical haemolytic uremic syndrome (aHUS).
The initial phase 11 study in MG (NCT00727194) was done
using 14 patients for 16 weeks followed by a cross-over, with
significant improvement in the Quantitative Myasthenia
Gravis (QMG) scores in the Eculizumab patients, which
was rapid and clinically meaningful. [31]

The encouraging Phase 11 results led to the phase
IIT study in a multi-centre, randomised double-blind,
placebo-controlled fashion (REGAIN, Safety and Efficacy
of Eculizumab in AChR positive Refractory Generalised
Myasthenia Gravis; NCT01997229) followed by an open
label extension (OLE).[32, 33] REGAIN enrolled 125
AChR antibody positive refractory MG patients to either
Eculizumab or placebo for 26 weeks. The induction dose
of Eculizumab was 900 mg on day 1, weeks 1, 2 and 3 and
1200 mg in week 4, and thereafter maintenance dose of
1200 mg every 2 weeks. The primary endpoint assigned was
the change in Myasthenia Gravis Activity of Daily Living
(MG-ADL) score from baseline to week 26 using worst-
rank ANCOVA and the secondary endpoints assessed
were the change from baseline in the total scores of QMG,
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Myasthenia Gravis Composite (MGC) and Myasthenia
Gravis Quality of Life 15 (MG-QOL-15), and the proportion
of responders.[32]

REGAIN failed to attain significance for the primary
endpoint (mean rank of 56.6 vs 68.3, p=0.0698). However,
the intervention group showed significantly better
secondary outcomes including changes in QMG (p~0.0129)
and MGQoL-15 (p~0.0281) scores but without significant
change in MGC. In the pre-specified sensitivity analysis,
significant difference in all scores was noted between the
two groups in favour of Eculizumab starting as carly as
week 1 and sustained through week 26. A major drawback
detected in the trial design and possibly the reason for the
negative result in primary endpoint was the use of the worst
rank analysis. This relegated all patients who discontinued
therapy to the lowest rank irrespective of the reason for such
discontinuation. This was notable in the eculizumab group
where 3 patients who had a good therapeutic response
discontinued due to side effects other than myasthenic
worsening, namely prostatic  carcinoma, Moraxella
bacteremia and bowel perforation. The side effects were
mild to moderate, with headache, upper respiratory
infection and nasopharyngitis being the most common and
reported equally in both the groups. No patients developed
Meningococcal infection. Fewer patients in the eculizumab
group needed rescue therapy for MG exacerbations.[32]

117 patients from the double-blind phase of REGAIN
(56 in Eculizumab/ Eculizumab group and 61 in the
placebo/ Eculizumab group) entered the OLE phase for
up to 4 years. After a blinded induction phase (active
drug provided as 1200 mg every 2 weeks for Eculizumab
group and 900 mg on day 1 and weekly for 3 weeks for the
previous placebo group), all patients were continued on
1200 mg once in 2 weeks. The primary endpoint was the
change in mean MG-ADL score over time. Interim analysis
showed a reduction of 75% in the episodes of myasthenic
worsening compared to the baseline. Infections of specific
interest occurred in less than one-fifth of the study group
and none had meningococcal meningitis. Improvements in
myasthenia scores and quality of life scores were sustained
with rapid improvements in the patients who switched over
from placebo to Eculizumab after the double-blind phase
(called the placebo/ Eculizumab group above).[33]

Various post hoc analysis of the REGAIN trial and OLE
have underlined the efficacy and broad-spectrum responses
with Eculizumab. In the REGAIN trial, Eculizumab-
treated patients were two times more likely to have
achieved minimal manifestation post intervention status
compared to placebo at week 261In the OLE at 130 weeks, a
substantial majority (88%) patients had attained improved
status and 57.3% had reached minimal manifestation status.
[34] Minimal symptom expression defined as MG-ADL
score of 0-1 or MG-QOL-15 score of 0-3 was attained by
a significantly higher proportion of Eculizumab-treated
patients at week 26 of REGAIN.[35]
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By week 12 of the randomised control trial (RCT),
67.3% and 50.1% Eculizumab-treated patients were
classified as responders based on clinically meaningful
improvements in MG-ADL (23 points) or QMG scores
(25 points), respectively. While the majority were early
responders (i.c. response within 12 weeks), new responders
continued to emerge with longer term therapy. At the end
of the OLE, the corresponding numbers were 84.7% and
714%, showing sustained response to treatment.[36]

Eculizumab was shown to be beneficial in subgroups
of subjects in REGAIN and OLE who presumably had
the worst spectrum of refractory MG as defined by failed
use of chronic IVIg therapy and Rituximab. Eculizumab
was administered in both these subsets after a sufficient
washout period. The 17 patients on chronic IVIg who
completed OLE (8 in Eculizumab/Eculizumab and 9 in
placebo/Eculizumab groups respectively) had a higher
exacerbation rate in the year preceding randomization
compared to the total REGAIN cohort. Eculizumab in
the REGAIN and OLE produced rapid and sustained
improvement in the majority and reduced the exacerbation
rate by more than two-thirds between pre-treatment
years and during treatment (i.e. reduced from 150 to 47
exacerbation per 100 patient-years).[37] In addition, 14
patients who were previously exposed to Rituximab did
not show any difference from the unexposed group in
terms of efficacy or safety of Eculizumab.[38] There are
also reports of successful transitioning from thrice-weekly
plasmapheresis (PLEX) to Eculizumab.[39]In one study,
three ventilator-dependent AChR-MG patients who were
previously resistant to other immunotherapies, IVIg and
PLEX were given Eculizumab. While two achieved minimal
manifestations status in 4 to 6 weeks of therapy, the third
had partial amelioration of symptoms allowing transition
to non-invasive ventilation.[40] Eculizumab has also been
found to be useful in refractory myasthenic crisis.[41]

More recent real-world evidence has  shown
improvementin MG-ADLscores (44vs 6.33) and reduction
in exacerbations (7 vs 42) at 12 months (vs baseline) in 15
treatment-refractory AChR-MG patients. The average
exacerbations per patient/year reduced from 2.8 to 0406,
with a mean reduction of Prednisolone dose of 23.33 mg/
day. In addition, the mean single breath count improved
from 28.13 to 50.26 seconds with IVIG being discontinued
in all 6 patients receiving them and 9/15 patients could also
come off the Pyridostigmine.[42]

Inaretrospective 24-month observational study, 57 MG
patients treated with Rituximab and 20 with Eculizumab
were compared. The primary end point of change in QMG
scores as well as more frequent minimal manifestation state
were achieved by the Eculizumab cohort, although the risk
of myasthenic crisis remained the same in both groups.[43]

The role of Eculizumab as rescue therapy in refractory
MG has been firmly established via the RCT and OLE,
various subgroup analysis and case reports, but its role as
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a first-line agent and duration of therapy are still unclear.
Itis currently licensed to be used in generalised AChR-MG
(USA, FDA approval — Oct 2017), refractory AChR-MG
(EU) and AChR-MG unresponsive to IVIG/PLEX (Japan).
Eventhough all the current approvals are for AChR antibody
positive patients, Eculizumab has also been successfully
used in some seronegative patients.[44]| Paediatric and
thymoma-associated MG patients may need to be studied
further although early anecdotal reports are promising.[45,
46] The annual cost of therapy, which exceeds half a million
US dollars, has been a major deterrent to the wider use of
this drug around the world.[47, 48]

Ravulizumab

Ravulizumab, a recombinant human monoclonal
antibody, is a long-acting C5 complement inhibitor with
a similar mechanism of action to Eculizumab. The long
half-life of this molecule necessitates fewer intravenous
infusions for maintenance (once every 8 weeks, as opposed
to every 2 weeks for Eculizumab). This drug was previously
approved for treatment of PNH and is under investigation
for atypical HUS and IgA nephropathy.[49]

175 adults with symptomatic AChR antibody positive
gMG were recruited to receive Ravulizumab infusion versus
placebo (1:1) in the phase 3 randomized placebo-controlled
CHAMPION-MG study (NCT03920293). The dosage of
Ravulizumab was weight-based given as 2400 — 3000 mg
single loading dose on day one followed by maintenance
doses of 3000 - 3600 mg every 8 weeks starting from day 15.
The primary efficacy endpoint of significant improvement
in MG-ADL and the secondary outcomes were achieved
in the treatment group at 26 weeks. No marked difference
in adverse effects was noted between the two groups.[50]
The open label extension phase of the study is ongoing.
Ravulizumab is currently approved for use in MG by the
FDA (Apr 2022) and potentially can be used for a wider
range of patients.

Zilucoplan

Zilucoplan prevents the terminal activation of the
complement cascade by two mechanisms. It binds to the C5
complement component to prevents its cleavage and binds
to the existing C5b to prevent its attachment to Co. It is a
small macrocyclic peptide given as a subcutaneous (SC)
injection. The advantages of this molecule are its ability to
be self-administered, good NMJ penetration because of its
small size, and the ability to concomitantly administer IVIg
therapy or neonatal Fe receptor (FcRN) inhibitors as this is
not an antibody, unlike Eculizumab and Ravulizumab.[51]

In the phase 2 clinical study over 12 weeks in
symptomatic adult AChR-MG patients, 44 patients were
randomized and received one of the three interventions:
once daily SC injection of Zilucoplan at 0.3 mg/kg, once
daily Zilucoplan at 0.1 mg/kg or placebo. The main
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efficacy endpoints were changes in MG-ADL and QMG
scores and the high dose Zilucoplan group showed a rapid
and statistically significant improvement in the scores
compared to placebo (MG-ADL 34 vs 1.1; QMG 6.0 vs 3.2).
They also had reduced need for rescue therapies. No serious
treatment emergent adverse reactions were reported with
Zilucoplan.[52] The phase 3 study to study the efficacy and
tolerability of 0.3 mg/kg Zilucoplan (n=86) versus placebo
(n=88) (RAISE; NCT04115293) has been completed, with
significant benefits shown in the primary outcome (MG-
ADL, p<0.001) and also the secondary outcomes (QMG,
p<0.001; MGC, p-00023; MG-QoLl5r, p-0.0128).
Clinically meaningful improvement in the MG-ADL score
(=3 points) was achieved in 73.1% of Zilucoplan patients
versus 40.1% of those receiving placebo. The corresponding
QMG improvement (=5 points) was seen in 58% patients
receiving the active drug (vs 33%). [53]

Pozelimab

Pozelimab is a fully humanized IgG4 monoclonal
antibody which blocks C5 and can be used alone or in
combination with Cemdisiran, a small siRNA which
interfere with the hepatic production of C5. Cemdisiran
reduces the circulating C5 protein levels and Pozelimab
blocks any remaining C5, thus preventing the MAC
deposition at NMJ. Loading dose of Pozelimab at 15 mg/
kg 1V followed by four repeat doses of Pozelimab at 400
mg SC administered once weekly was found to inhibit
complement activation in healthy volunteers.[54] In
animal studies, combination of Pozelimab with Cemdisiran
allowed lower doses and decreased dosing frequency
compared to use of the individual agents separately.[55]
The phase 3 randomized controlled trial of the combination
(intravenous Pozelimab loading followed by 4 weekly SC
injections along with Cemdisiran subcutancous 4 weekly)
versus placebo in gMG is ongoing (NCT05070858).

Other anti-complement therapies

The main complement therapiesin MG are summarised
in Table 1. Of the existing immunomodulatory therapies
for MG, IVIG has multiple actions along the complement
cascade. These include binding of Clq, neutralisation of
C3a and C5a leading to uptake, inhibition of C3b and C4b
and prevention of MAC deposition.[56]

The newer therapies which are under various stages
of clinical trials (although not necessarily in MG) include
Tesidolumab, Crovalimab, Zimura, Gefurulimab and
Nomacopan (all anti-C5), SKY59 (anti-C5 and also inhibits
FeRn), Compstatin (family of cyclic peptides which inhibits
C3), ANXO005 (anti-Clq), Cinryze, Berinert and Ruconest
(all anti-Clr/s), and Sutimlimab (anti-Cls). Danicopan
(anti-Factor D) and Avacopan (anti-C5aR1), are orally
administered complement blockers.[57, 58]
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Table 1
Complement therapies currently used or being studied in Myasthenia Gravis
Molecule Mechanism of action Target group Wc:.mm m:a Qwﬁm of Current evidence
administration
Recombinant humanised QMG: Eculizumab Vs Placebo = 54.7 Vs 70.7
16G2,/4 Ec:co_c:mn_ ’ IV induction of 900 mg weekly (P=0.0129);
Eculizumab mﬂ tibody against C5 AChR+MG for 4 weeks followed by 1200 mg | MG-Qol.15: Eculizumab Vs Placebo = 55.5 Vs 69.7
com _Gwncw t St maintenance every 2 weeks (P-0.0281) (REGAIN)
P Approved for treatment of adults with AChR+ gMG
Long-acting recombinant IV weight-based dose. Single QMG total scores improved by 5 points or more —
. humanised monoclonal y . loading dose of 2400 — 3000 mg | 30% in treated group Vs 11.3% in placebo group
Ravulizumab antibody against C5 AChR: MG and maintenance doses of 3000 | (CHAMPION MG)
complement - 3600 mg every 8 weeks Approved for treatment of adults with AChR+ gMG
Phase 3 study showed positive results
Macrocyclic peptide (NCT04115293, RAISE)
Zilucoplan binding C5 and C5b AChR+MG SC, once daily dose of 0.3 mg/kg | Primary outcome (MG-ADL, p<0.001)
complement components Secondary outcomes (QMG, p<0.001; MGC,
p-0.0023; MG-QolL15r, p~0.0128)
Pozelimab W::o_“woﬁ_“wﬁﬂo%h%%\% AChR+ or SC alone or in combination with | Phase 3 study is ongoing
inhibiting Wm oog_u_méo: ; LRP4+ MG Cemdisiran (NCT05070858)
Cemdisiran siRNA suppressing AChR+ or SC alone or in combination with | Phase 3 study is ongoing
hepatic C5 synthesis LRP4+ MG Pozelimab (NCT05070858)
- N
Gefurulimab W_Mﬂuw\nu/wmﬂm“”w%m_ ) AChR: MG SC weight-based dose once Phase 3 study is underway
(ALXN1720) %m;?@ ‘ Y weekly (NCT05556096)
Danicopan Small molecule Phase 2 study ongoing
complement pathway AChR + MG Oral, multiple dosages in trial -
(ALXN2050) factor D inhibitor (NCT05218096)
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Gravis Composite score, MG-QolL15 — Myasthenia Gravis Quality of Life Score, gMG - generalised Myasthenia Gravis, LRP-4 — Low-density Lipoprotein receptor
related protein 4)



Safety

Anti-C5 complement therapies have been in use for
over a decade for PNH and more than five years in MG.
No major safety markers have been identified, even in
patients receiving other immunosuppressive therapies like
Rituximab. The main risk is the development of Gram-
negative infections, especially meningococcal sepsis since
MAC formation is the primary defence against these
organisms. Subsequently, meningococcal vaccinations are
mandatory prior to initiation of complement therapies,
and many countries stipulate the use of prophylactic
antibiotics to prevent any serotypes which may not be
covered by the vaccine. No safety concerns have been raised
in pregnancy and lactation.[59] When using antibiotics,
fluoroquinolones and macrolides are best avoided to
minimise MG exacerbations. If complement therapy is
used in children in the future, additional vaccinations (e.g.:
against Streptococcus pneumoniae and Haemophilus
Infleunzae type B) may be required. So far, clinically
significant neutralising antibodies have not been identified.

Biomarkers for complement therapy

Currently, there is a dearth of biomarkers which will
predict the sub-group of patients who may respond better
to complement inhibitory therapies. Serological studies
assessing circulating C3 levels, C5 functional activity
and total complement activity estimated by CH50, or a
combination of these assays (e.g: C3:CH50 ratio) are
currently being studied. A CRISPR/Cas9 genome modified
HEK293T cell line with reduced complement regulator
expression has been used to develop a novel assay that may
be helpful to assess complement activity in AChR-antibody
positive patients, thereby helping to identify patients who
may benefit from anti-complement therapies. [25] Rare
missense C5 heterozygous variants (¢.20654 G —A; ¢.2053
C —'T") have been shown to replace Arginine with Histidine
or Cysteine on C5, preventing its ability to bind Eculizumab
making the drug ineffective. Similarly, complement related
gene panels may help identify the ideal “complotype”
which will help develop personalised medicine.[60]
A new bioassay is currently being developed enabling
functional characterisation and complement-mediated
neuromuscular synaptic damage.[61] It has to be noted that
the complement activity as measured using the available
assays do not correlate well with disease severity or AChR
antibody levels [26], even though older papers suggested a
link between C3 levels and disease severity. [62]

Summary

The existingmodel for treatment in myastheniarevolves
around three main actions — inhibiting ACh breakdown
by cholinesterase inhibitors, suppressing the immune
system by steroids and immunomodulatory therapies
and thymectomy to modify specific autoimmune activity,
especially in AChR antibody-positive patients. Current
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steroid-sparing immunotherapies in MG are limited by
their slow onset of action (often taking several months to
be effective) and rescue therapies like plasma exchange/
IVIG are unlikely to be useful for long term management.
The newer complement-mediated therapies are useful
for selective blocking of one of the main mechanisms of
antibody-mediated myasthenic syndromes. These have had
extensive experimental and pre-clinical evidence and more
recently have had consistently positive results in Phase 11
and Phase 111 studies. Even though there is a theoretical risk
of infections with Gram-negative organisms like Neisseria,
this has not been shown to be a major concern in studies
so far. Future studies may be able to identify biomarkers
predicting which patients might be better suited for these
targeted therapies.
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