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Abstract: Myasthenia gravis (MG) is an autoimmune ion channel disorder in which antibodies to different end-plate antigens impair
neuromuscular transmission, ultimately leading to muscle weakness and fatigability. In about 85% of patients with MG, autoantibodies
against the acetylcholine receptor (AChR) activate the complement cascade, causing damage to the neuromuscular junction. MG is
a chronic disorder for which standard therapies with corticosteroids, immunosuppressive drugs, and immunomodulation with plasma
exchange or intravenous immunoglobulins modify the course of the disease, but the residual burden of physical, psychological, and
social disability highlights several unmet needs, among these the need for specific, targeted, and well tolerated therapies able to
improve the patients’ quality of life. Complement inhibition paved the way to precision medicine in MG since, for the first time,
a specific therapy targeting a crucial pathogenetic step has been designed, tested, and proven to be effective in a controlled fashion.
Ravulizumab represents the first long-acting complement inhibitor approved for treatment of patients with generalized MG, able to
provide rapid, complete, and sustained complement inhibition. Ravulizumab improved the MG Activity of Daily Living scale and
other clinical parameters up to 26 weeks as shown by the CHAMPION MG trial, and by its open label extension, with the added value
of being administered every 8 weeks. The schedule of administration is likely to improve patients’ adherence and hence their quality of
life. The introduction of complement inhibition will considerably change the traditional therapeutic strategy for MG.
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Introduction

Myasthenia gravis (MQG) is an autoimmune ion channel disorder affecting the neuromuscular junction characterized
clinically by fluctuating muscle weakness and fatigability, worsened by exercise and improved by rest. Most patients
present with impairment of extraocular muscles at onset, but usually within two to three years develop muscle weakness
involving the limbs and bulbar and respiratory muscles in various combinations and degrees of disability.! MG is
a chronic disorder for which current therapies are able to improve the natural history of the disease, but the residual
burden of physical, psychological, and social disability highlights several unmet needs.

The Immunopathogenesis of MG
The molecular immunopathology of MG has evolved considerably since the initial identification of the acetylcholine receptor
(AChR) as the main target of autoimmunity in about 85% of MG patients.* Anti-AChR antibodies (Abs), belonging to the
IgG1 and IgG3 subclasses, have several functions contributing to impairing neuromuscular transmission: they activate
complement ultimately leading to tissue damage, increase internalization of the AChR by antigenic modulation, and interfere
with ACh binding. The role of complement remains a crucial step in the pathogenesis of MG mediated by anti-AChR
antibodies, a step suitable for specific immunointervention. Other autoantibodies have been later identified such as antibodies
against the muscle-specific tyrosine kinase (MuSK), the low-density lipoprotein receptor-related protein 4 (LRP4), and agrin.*
The sequential identification of different autoantibodies has led to the immunological classification of the disease as
anti-AChR-, anti-MuSK-, and anti-LRP4-associated MG. Despite the advances in the immunological techniques available
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for the accurate detection of autoantibodies with the recent introduction of cell-based assays engineered to display the AchR
to improve the diagnostic yield,” a small subgroup of patients is defined as seronegative MG (ie, patients without anti-
AChR, MuSK, and LRP4 antibodies detected with conventional techniques) in which the pathogenetic mechanisms are still
not understood. The possibility that antibodies against the AChR may be present but below the detection threshold may still
be viable.*

The immunological classification of MG on the basis of the antibody specificity detected in each patient is now
mandatory, not only for the sake of diagnosis but mainly as a guide to therapeutic decisions, even more so after the
introduction of new targeted therapies. Indeed, the identification of anti-AChR antibodies represents the rational basis for
considering complement inhibition in the therapeutic approach in the candidate patient.

MG and Disability

Several factors, including symptoms of MG, the low chance of complete remission, the uncertainty regarding the clinical
outcome, residual disability, and side effects of medications, have a great impact on the quality of life (QoL) of MG patients. It
is not only the severity of the individual symptom that counts but also the context in which it occurs, and even symptoms
mistakenly considered as minor such as ptosis and diplopia can be particularly disabling, especially in some social and work
contexts. The scenario is even easier to understand considering deficits such as those affecting the limbs and the bulbar and
respiratory districts which can compromise the patient’s autonomy and require admission to the intensive care. The response to
standard treatments is highly variable in terms of degree of improvement and time to achieve it. Consequently, the patient may
be left with considerable physical limitations for a variable period of time. Moreover, about 10% of MG patients are
considered refractory to standard treatments,® making the above considerations even more obvious since refractoriness can
be long-lasting, is associated with increased frequency of clinical exacerbations or myasthenic crises, and with prolonged use
of glucocorticosteroids, the main source of poorly tolerated side effects.’ Finally, the proportion of employed people with MG
is lower compared with the healthy population as emerged from a recent meta-analysis.® Moreover, the interference of MG on
physical performance often leads to a reduction in work activity or a change in the type of work.

How Do We Measure Disability and QoL in MG?

The International Classification of Functioning (ICF), Disability and Health identified three main areas in which a disease
affects an individual: a) impairment of body functions (ie, signs and symptoms), b) activity limitations (ie, the effects of the
disease on daily life activities), and 3) participation limitations (ie, the effects of the disease on social interactions).’ Disability
is therefore defined as the interaction between symptoms, activities and participation limitations, and the environment. In this
context, the health-related quality of life represents a multidimensional concept that goes beyond disability itself and explains
the need and complexity of its measurement. MG, due to its clinical features, is a challenge since typical signs and symptoms
fluctuate within the same day and from day to day. Therefore, the assessment of a single time point cannot cover and represent
correctly the wide range of manifestations of MG as well as its subjective implications over time. Several outcome measures
have been developed to measure signs and symptoms of MG, most of which are used in clinical trials, and provide information
on impairment of body functions: the most widely used are the QMG (Quantitative MG score), the MG-ADL (MG Activity of
Daily Living), and the MGC (MG Composite).'” These scores have been validated and the minimal important difference
identified; their description is beyond the scope of this review (for details see ref).!' '3

However, the importance of measuring the QoL, that is directly linked to and influenced by disability, is increasingly
recognized, and some effort has been made to give space to the voice and experience of patients in the complex array of
assessment tools. Besides the MG-ADL, available instruments are the MG-DIS (MG Disability scale),'® the MGQoL15r
(MG Quality of Life 15r),'” and the recently described MG Symptoms PRO (Patient Reported Outcome), designed to
capture symptoms as they are perceived by MG patients over a period of 7 days.'®

The MGQoL15t, derived from the MGQoL60 and its shorter version MGQoL15, was found to have a good internal
consistency and construct validity with correlation with QMG and MG-ADL scores.'” The MGQoL15r is now widely
used in clinical trials, but the information available from patients enrolled in clinical studies cannot be considered as
a comprehensive picture of the whole population of MG patients, since they are strictly related to the RCT setting and the
compound under investigation.
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The Impact of MG on Qol

The physical limitations imposed by the disease itself represent only one of the factors involved in reducing the QoL in

myasthenic patients.'® They are easily measured by rating scales at specific times, but the continuum of fluctuating
impairment and disability is much more difficult to be reported and quantified. The humanistic burden including anxiety,
depression, and sleep disorders adds to the physical limitations, particularly in patients with more severe symptoms.
Comorbidities and side effects from standard treatments, particularly from corticosteroids, should not be underestimated,
even though patients acknowledge that treatment is necessary to obtain improvement.”**>* The burden of MG from the
patient perspective has been recently reported by the observational survey-based study MyRealWorld MG, providing
preliminary information on QoL and disease management of MG in patients from different countries.” Indeed, the use of
corticosteroids was reported by 65.4% and immunosuppressive drugs by 48.1% of patients; 64.6% reported at least one
additional medical condition. The mean total MG-ADL score was 5.7, and 19% of patients had a score equal to or greater
than 10. The mean total MG-QoL15r score was 11.9. Anxiety and depression were reported in a considerable proportion
of subjects, as well as a considerable impact on work or study.

The extent of the disease burden has emerged from a case-control study recently reported in 1660 German patients
compared to the general population.'® As far as QoL is concerned, the domains of physical functioning, vitality, social
functioning, and emotional well-being were significantly impaired in MG patients. The burden was higher in female
patients, particularly in those with high disease severity, low income, middle-aged or older. MG was also a limitation
from the working point of view, such as incapacity of work or recurrent occupational disability.

Standard Treatments and Unmet Needs in MG
Given the role of the thymus in the pathogenesis of the disease, thymectomy has been proposed with the aim to remove
the site of possible initiation or perpetuation of the autoimmune attack in AchR-associated MG to promote improvement
or remission. Conflicting results from observational studies have been reported by the Thymectomy Trial in Non-
Thymomatous Myasthenia Gravis Patients Receiving Prednisone Therapy (MGTX) study and its extension.’®*” The
main result was that thymectomy reduced the severity of MG and corticosteroid dosage, with the best results observed in
patients younger than 40 years of age and with thymic hyperplasia. Therefore, the International Consensus recommends
thymectomy in non-thymoma AChR+ MG patients, aged 18 to 50 years.?®

MG is a chronic disorder requiring long-term immunosuppression in the majority of patients. Most of them, after initial
symptomatic treatment with anticholinesterase inhibitors, are treated with corticosteroids (oral prednisone or prednisolone) at
high doses which provide a rapid effect, usually within one month. Corticosteroids are progressively tapered up to the minimal
effective dose, and are frequently associated with steroid-sparing immunosuppressive drugs such as azathioprine and mycophe-
nolate mofetil (less frequently methotrexate, cyclosporin, or tacrolimus). The effect of immunosuppressive drugs is very slow, up
to 69 months to exert their effect. Immunomodulatory treatments (plasma exchange and intravenous immunoglobulins) are used
as rescue therapies in patients with clinical deterioration or MG crisis. IVIG are also used as maintenance therapy in selected
patients, even though their long-term efficacy has not been demonstrated in a controlled fashion.?®

Considerable progress has been made with standard treatment regarding survival rate, management of respiratory
insufficiency and MG crisis, and global reduction of disability. Nevertheless, improvement can be achieved but at the price
of potentially serious side effects that further reduce the QoL of MG patients. Despite the results obtained, the rate of complete
stable remission of MG is still low, and refractory patients remain a therapeutic challenge.®**** Moreover, the diagnosis of
MG in the elderly has increased in recent years, making the treatment of the disease even more difficult due to the frequency of

comorbidities.>'?

From Immunopathogenesis of MG to Innovative Treatments

The clinical experience over several decades has highlighted the urgent need for effective, targeted, and well tolerated
therapies for MG. In this regard, the pathogenesis of MG, a prototypic IgG antibody-mediated disease, offers the
extraordinary opportunity to investigate new therapies. Targeted immunotherapies in MG have focused on three main
areas of intervention: a) B cells, as the source of autoantibodies; b) the neonatal Fc receptor for IgG, the inhibition of

which increases IgG catabolism; and c) the complement system.*’
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The complement pathway represents the final step by which the anti-AChR Abs cause the junctional damage underlying
the symptoms presented by patients, the first specific target involved in the pathogenesis of the disease to be exploited for
therapeutic purposes. The complement system includes an enzymatic cascade leading to the production of factors that start the
lytic pathway, and a lytic pathway itself leading to formation of the C5b-9 membrane attack complex (MAC). The enzymatic
cascade includes three pathways, ie the classical, the lectin, and the alternative pathway. The classical pathway is activated
when IgG1-3 (not IgG4) bind to Clq and alter its conformation with subsequent activation of Clr that leads, after several
steps, to the formation of the C5 convertase complex that produces C5a and C5b. C5b promotes the lytic pathway and
formation of the MAC, responsible for the formation of pores in the target membrane.**

Anti-AChR Abs, belonging to the IgG1 subtype, are able to activate the complement cascade, ultimately leading to
damage of the postsynaptic membrane after MAC formation. Several lines of evidence supported the role of complement
in MG. Deposition of complement has been demonstrated in damaged post-junctional folds in the animal model of MG
as well as in humans.**-°

Complement-deficient animals develop a less severe disease, and the experimental disease is improved by complement-
inhibition. In contrast, MuSK antibodies, belonging to the Ig4 subclass, do not bind complement and do not cause damage to
the post-synaptic membrane, and therefore MuSK-associated MG is not a candidate for complement inhibition.**

New Targeted Therapies: Complement Inhibition

Targeting C5, and hence inhibiting the formation and deposition of MAC, is a specific therapeutic strategy. C5 represents
an optimal target since its blockade stops the complement cascade regardless of the activation pathway, and does not alter
the upstream C3b-mediated opsonization function.

The first compound with this activity to be investigated is eculizumab, approved for generalized MG in the USA and
for refractory MG in Europe after the phase III randomized trial REGAIN (NCT01997229).*” A total of 125 AChR-
positive MG patients were randomized to receive eculizumab (900 mg on day 1 and at weeks 1, 2, and 3; 1200 mg at
week 4; and then 1200 mg every 2 weeks as maintenance treatment). MG-ADL, QMG, and MGQol15 scores improved
from baseline to week 26 in patients assigned to eculizumab compared to controls; MG exacerbations were less frequent
as well as the use of rescue therapy in treated patients. Interestingly, the benefit from eculizumab administration was
evident since the first weeks of treatment. Results from the REGAIN trial were further confirmed by its open label
extension study with sustained improvement, and reduced rate of exacerbations and hospitalization (NCT02301624).%
By week 130 of the open label extension, 51% of patients in the eculizumab/eculizumab group and 63% of the placebo/
eculizumab group reached the minimal manifestations post-intervention status. Improvement of MGQoL15 total score
observed during the REGAIN study was also maintained along the open label extension.

Post-hoc analyses of patients enrolled in the REGAIN study and its extention provided further information on the
impact of complement inhibition on other parameters contributing to impaired quality of life in MG. Indeed, a significant
proportion of patients achieved the minimal manifestation post-intevention status*® and “minimal symptoms expression”
defined as MG-ADL of 0-1 and MG-QoL15 of 0-3.* Eculizumab was associated with a better clinical outcome
compared to rituximab in a subset of patients (however, the risk of myasthenic crisis was not modified); fatigue assessed
by means of the NeuroQoL Fatigue score was improved, and 49% of patients were able to reduce the dose and 11% to
discontinue corticosteroids.*'** It is worth noting that the REGAIN study (and its extension) was designed to investigate
the efficacy of eculizumab in patients with refractory AChR-associated MG, making the results thus obtained even more
encouraging considering the real-life management of MG patients. Eculizumab thefore represents the benchmark for
complement inhibition in MG.

From Eculizumab to Ravulizumab

Ravulizumab is a humanized long-acting monoclonal antibody inhibiting C5 developed from eculizumab to increase the
half-life of the molecule and reduce the frequency of infusion of eculizumab that must be chronically administered every
two weeks. The aminoacid substitution made to the eculizumab molecule resulted in improved dissociation of ravulizumab
from C5 and increased recycling by FcRn with considerable extension of the molecule half-life and duration of action.*
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The efficacy of ravulizumab has been investigated in the phase III CHAMPION MG study (NCT03920293).*
Weight-based dosing of ravulizumab was found to achieve target serum concentrations within 30 minutes from the end of
the first infusion, and concentrations were sustained independently from body weight up to 26 weeks of the maintenance
treatment with ravulizumab administered every 8 weeks. Ravulizumab half-life was 56.6 days (8.1 weeks), considerably
longer than that of eculizumab (18.2 days) in patients with AChR-associated MG. The pharmacokinetics and
pharmacodynamics of ravulizumab are the basis for the results obtained by the CHAMPION MG study in which 175
patients were randomized to receive ravulizumab IV or placebo for 26 weeks. Ravulizumab dose was based on the
patients’s body weight, starting with a loading dose (2400, 2700, or 3000 mg) at baseline followed by maintenance doses
(3000, 3300, or 3600 mg) given every 8 weeks. The primary efficacy endpoint was the change of the MG-ADL score
from baseline to week 26. Ravulizumab was more effective than placebo in improving MG-ADL (=3.1 vs 1.4) and QMG
(—2.8 vs 0.8) scores. Improvement occurred as early as week 1 from initiation and was sustained through week 26.
A total of 35.5% of patients treated with ravulizumab reached 5 points improvement of the QMG score compared to
12.8% in the placebo group. Similarly, 9% of patients in the ravulizumab group and 17% in the placebo group met the
criteria for clinical deterioration; 9% treated with ravulizumab compared to 16% in the placebo group needed rescue
therapy. Improvement of MG-ADL was correlated with the time from diagnosis, since the reduction of the score was
greater in patients diagnosed less than 2 years (—4.6 compared to —2.9 in patients diagnosed since >2 years).

The CHAMPION MG study was followed by the open label extension (OLE) to assess long-term effects of
treatment.*> A total of 162 MG patients completed the CHAMPION MG study, 161 of whom entered the OLE, 78
from the ravulizumab/ravulizumab group and 83 from the placebo/ravulizumab group. The primary end-point was the
change of the MG-ADL recorded at week 60; further outcome measures were the QMG, MGQoL15r, and the NeuroQoL
Fatigue scales. Improvement provided by ravulizumab was sustained up to week 60 in all efficacy endpoints; moreover,
MG-ADL improved >3 points in 76% of patients, and QMG >5 points in 49% of patients. Improvement was observed
within 2 to 4 weeks in the placebo/ravulizumab group. The clinical deterioration event rate per 100 patient-years was
reduced by 59.8% for ravulizumab compared to pre-study values and by 71% for ravulizumab versus placebo. The safety
profile of ravulizumab during the OLE was similar to that of the CHAMPION study; upper respiratory tract infections
and diarrhea were more frequently recorded in patients treated with ravulizumab. Four deaths occurred (three related to
Covid, and one due cerebral hemorrhage in a patient with several comorbidities). Meningococcal infections were not
reported in CHAMPION MG and its extension.

The overall results from REGAIN and CHAMPION MG studies definitively demonstrate that complement inhibition is an
effective therapy able to modify the course of the disease and improve the QoL of MG patients. The positive clinical results
obtained allowed the FDA approval of ravulizumab for the treatment of generalized MG on April 2022, followed by approval
in Japan in August 2022 for the treatment of patients with MG poorly responsive to intravenous immunoglobulins or plasma
exchange. Finally, ravulizumab has been approved in Europe as add-on treatment on September 2022.

Perspectives
The experience with ravulizumab leads to several considerations on the treatment of myasthenia gravis and on how the
traditional therapeutic approach is going to change progressively.

Thanks to the molecular modifications of eculizumab, ravulizumab provides complete and prolonged inhibition of
complement, the biological basis of the sustained clinical improvement, with the added benefit of considerably reducing the
infusion frequency (8 weeks versus 14 days), a feature that can further improve the patient’s quality of life and adherence to
treatment. The reduced frequency of administration also leads to lower disease management costs per patient.

From a clinical standpoint, patients enrolled in the REGAIN study had to fulfill the criteria for refractory MG, a feature not
required by the CHAMPION MG study for which the MG-ADL total score of 6 or more was required for enrollment. This
aspect is particularly important since the condition of refractory MG, still debated, requires a very long follow-up before being
declared as such. Therefore, the clinical improvement obtained by the CHAMPION protocol and its OLE was recorded in
a population of patients with a range of disease severity more close to real life without the limitations of refractory issues,
a condition that is thought to occur in about 10% of MG patients. In practice, ravulizumab offers the added value of rapid
improvement, while standard immunosuppressive drugs require several months to exert their effect, and biomarkers of
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response to these treatments are not yet available. Therefore, it will no longer be necessary to try sequentially slow-acting
immunosuppressive drugs over several months to obtain improvement.

Moreover, the rapid improvement provided by ravulizumab, together with the ease of administration, suggests the
possibility of starting to treat patients directly, avoiding (or limiting as much as possible) the use of corticosteroids,
a major source of poorly tolerated side effects for MG patients. No less important can be the role of ravulizumab for MG
in the elderly, burdened by multiple comorbidities, a condition diagnosed more and more frequently in recent years
thanks to greater attention and improved diagnostic techniques.

The impact of eculizumab and ravulizumab has been investigated in the context of clinical trials and their open label
extension in patients with mild to moderately severe MG; given the fast action of these complement inhibitors, the question
arises about the need to investigate their administration as rescue therapy, an issue to be addressed with a dedicated protocol.
Clinical evaluation tools have shown that clinical efficacy is already evident in the first weeks of therapy with complement
inhibitors in the great majority of MG patients; nevertheless, the chance of late clinical response or lack of improvement still
exists. Because of the specific and selective mechanism of action of these compounds, the investigation of biomarker of
response to complement inhibitors will be very important in the future to better address treatment prescription.

Concluding Remarks
Complement inhibition has opened the long-awaited path to “precision medicine” in MG, since for the first time
a specific therapy directed against a crucial pathogenetic step (ie, the complement-mediated damage of the neuromus-
cular junction) has been designed, tested, and proven to be effective in a controlled fashion, with a further support from
open label extension studies. The success of complement inhibition in MG associated with anti-AChR antibodies is
a dramatic achievement for a rare disease for which treatment protocols had remained unchanged for many years.
Indeed, the availability of new specific molecules has stimulated the design of clinical studies and the use of evaluation tools,
making clinicians more aware of the importance not only of the objective assessments but also of the patients’ reported outcomes,
in evaluating the effect of new therapies. In this regard, since MG and its standard therapies are a source of considerable disability
for the patient, much more attention should be paid in the future to addressing the humanistic burdens of the disease as well as the
impact of innovative therapies on them. The way to improvement has just begun since complement inhibitors, as well as other
innovative therapies under investigation, are likely to change the therapeutic algorithm of MG in the years to come.
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