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Introduction

Stuart Viegas MBBS (Hons)

DPhil FRCP, is editor of ACNR's myasthenia gravis
(MG) series. He is a Consultant Neurologist who leads
the Imperial MG and muscle service, UK. He qualified
from UCL medical school before training in Wessex and
London. He did his research in MG in Oxford under the
supervision of Professor Angela Vincent. He is involved in
clinical research projects and continues to support MG
patients through the Myaware charity.

was delighted to be asked by ACNR’S editorial team to help bring a

series of articles on myasthenia gravis (MG) to the wider neuroscience

community. [ hope that the experienced authors in the field will help
cover a range of topics that its readers will find stimulating and educa-
tional, but most importantly clinically relevant.

Compared with many neurological conditions, MG is a relatively rare
but important antibody mediated disease. It is one that all neurologists
need to be familiar with. Prompt recognition of the cardinal symptoms
- the characteristic pattern of fluctuation and variability should trigger
urgent assessment and investigation in all suspected cases. Successful
treatment with pyridostigmine, often with good symptomatic improve-
ment, is something most patients will remember for many years.

Early identification of patients who will have a challenging or
refractory disease course and the need for further treatment remains a
challenge. MG is heterogenous - with pure ocular and generalised cases;
the latter ranging from minimal manifestations to life-threating complica-
tions. Myasthenic crises are a neurological emergency requiring multi-
disciplinary input and early involvement of our intensive care colleagues.
Timely recognition, good supportive care and effective treatment with
plasma exchange and/or intravenous immunoglobulin has led to a
significant reduction in mortality across all age groups. Seeing patients
responding to such treatment is incredibly rewarding for the treating
physician and helps consolidate the doctor-patient relationship.

Our increased understanding of the physiological disturbances and
immune mediated mechanisms underlying MG has led to the develop-
ments of improved antibody assays, neurophysiology techniques and
chest imaging that is critical for ensuring accurate diagnosis. Treatment
regimes based around pyridostigmine, corticosteroids, steroid sparing
drugs, thymectomy and the emergency treatments outlined above have
been used for many years.

The ABN guidelines published in 2015 aimed to disseminate the know-
ledge and experience of specialists in the field to the wider neurology
community and were well received. Reflecting the clinical heterogeneity,
the response to standard treatment is also highly variable. The antibody
subtypes may respond to different therapies and this information,
together with age and comorbidities, influences treatment selection.

In contrast with other neuroimmunological disorders such as multiple
sclerosis, there has been a paucity of new treatments until the last few
years. Novel biological therapies targeting B cells, T cells and comple-
ment pathways have since been developed, trialled and now introduced
into clinical practice which makes it an exciting time to be working in
the field.

Given the changing landscape with respect to MG treatments, we
will start the series with Dr Jennifer Spillane and her overview of the
new drugs that have arrived, those on the horizon and those still in the
research arena. MG, like many autoimmune disorders, often affects young
women and its management in pregnancy warrants special attention. In
the second article Dr Georgina Burke will discuss pre-conception plan-
ning,antenatal and postnatal care which requires close multidisciplinary
liaison with our obstetric medicine and anaesthetic colleagues.

Whilst the incidence of MG in young women has remained static for
many years, there is an increasing number of older onset cases, often with
a male predominance. Older onset patients with their co-morbidities and
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polypharmacy require a different management approach. Furthermore,
the younger onset patients get older and may also have been exposed
to long term immunosuppression and corticosteroid use. Associate
Professor Isabel Leite will outline the management of this important
patient cohort further in the third article.

Finally, all neurologists looking after MG patients should be aware of
some important cardiothoracic and oncological issues relating to the
thymus and thymic malignancy which will be described further by Mr Dio
Stavroulias and Dr Joanne Evans in the concluding article.
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MYASTHENIA GRAVIS SERIES

Myasthenia Gravis — a new era of
treatment options

Abstract

Myasthenia Gravis (MG) is an autoimmune
disease of the neuromuscular junction that
causes fluctuating fatigable neuromuscular
weakness. The spectrum of severity ranges
from mild intermittent ptosis to respiratory
failure requiring ventilatory support.

There are various treatment options.
Pyridostigmine is the first line treatment but
provides symptomatic relief only. The main-
stay of treatment rests on immunosuppression
using corticosteroids and non-specific immu-
nosuppressant agents such as azathioprine,
mycophenolate mofetil and methotrexate.
Intravenous immunoglobulin and plasma
exchange are generally reserved for acute
severe exacerbations. Thymectomy is also an
option for some patients.

Although a large proportion of patients with
MG achieve disease control with these treat-
ments, others have refractory disease with
ongoing symptoms, frequent exacerbations
and dependence on rescue therapies. Other
patients are exposed to long term high dose
steroids.

Increased understanding of the pathogenesis
of MG has led to the development of newer
agents with a more specific mechanism of
action and a rapid onset of effect. These
novel targets include B cells, the complement
cascade and the neonatal Fc receptor. Other
potential targets include cell surface receptors,
chemokines and cytokines.

In this paper we review the evidence for
these newer therapies and discuss where they
may fit into the treatment paradigm for patients
with MG.

Introduction

yasthenia Gravis (MG) is the archetyp-
M ical neurological autoimmune disease,

characterised by fluctuating fatigable
weakness. Although 80% of patients present
with ocular symptoms, most will go on to
develop generalised disease with a 10-15%
lifetime risk of Myasthenic Crisis. The epidemi-
ology of MG is interesting with a bimodal peak-
one peak in early adulthood and a second
peak in older age.

80% of patients with MG have antibodies
to the acetylcholine receptor (AChR). These
antibodies are divalent and are of the IgGl
and IgG3 subtypes. They exert their effect by
three different mechanisms: cross-linking and
internalisation of AChRs, activation of comple-
ment leading to formation of the membrane
attack complex and subsequent damage to the
neuromuscular junction, and functional block
of AChRs.

Whilst 15-20% of patients with AChR MG have
a thymoma, the thymus in younger patients
with AChR antibody positive MG tends to be
hyperplastic and infiltrated with inflammatory
cells.

Approximately 5-10% of patients with MG
have antibodies to Muscle Specific Tyrosine
Kinase (MuSK), an important post-synaptic
clustering protein. In contrast to AChR anti-
body positive MG, MuSK antibodies are of the
1gG4 subtype, are not divalent and do not acti-
vate complement. Antibodies against LRP-4,
another post-synaptic protein, are detected in a
small number of patients with MG.

The remaining 10% of patients do not have
antibodies detectable by conventional assays
and are termed seronegative. However about
30% of this cohort will have antibodies to AChRs
detected using a more specific cell-based assay
[1]. If an antibody is present, it's important to
detect it - not only to confirm the diagnosis
but also to guide treatment as we enter an
era of more targeted specific management.

Current Treatment

The treatment of MG can be thought of as
symptomatic, immunosuppressant or immuno-
modulatory.

Pyridostigmine, an acetylcholinesterase
inhibitor is still the first line treatment for most
patients with MG. It provides symptomatic relief
in a proportion of patients but has no disease
modifying effect.

Thymectomy has been used for the manage-
ment of MG since the 1930s. It is almost always
indicated for patients with thymoma, and
a randomised controlled trial showed that
patients with non-thymomatous MG under the
age of 65 had better MG control with lower
steroid dose following thymectomy [2]. It is
not thought to benefit patients with MuSK anti-
body-positive MG.

IVIg and plasma exchange are generally
reserved for patients with acute deteriorations
though a minority of patients remain dependent
on these treatments in the longer term.

The management of MG however largely
rests on non-specific broad-spectrum immu-
nosuppression using steroids and a range of
non-steroidal immunosuppressant agents such
as azathioprine, mycophenolate and metho-
trexate with others, such as ciclosporin and
tacrolimus used less frequently. Non-steroidal
therapies often have a slow onset of action, and
patients can therefore be exposed to high dose
steroids for many months before symptoms
come under control.

Although symptoms in most MG patients
are eventually adequately controlled on the
current available therapies, over 10% of patients

are refractory [3] and real world studies show
that over 40% of patients have unacceptable
disease control as measured by a Myasthenia
Gravis Activities of Daily Living (MG ADL) score
greater than three [4].

There has therefore been a longstanding
need for specific, targeted treatments that
are more efficacious, with a faster onset of
action. Advances in the understanding
of the pathogenesis of MG have unveiled
a number of new treatment targets which
have the potential to herald a new era for
the management of patients with MG.

Alternative Approaches

MG is a T cell dependent, B cell mediated
auto-immune disease and there are various
targets that could be explored to develop treat-
ments for MG.

For the purposes of this review we will
focus on the treatments that are either in
regular clinical use or are close to clinical
use — namely B cell depleting therapy, comple-
ment inhibition, and inhibition of IgG recy-
cling by targeting the neonatal Fc receptor.

Anti B cell therapy
Inhibiting the antibody producing B cells
is a rational approach to treating antibody
mediated autoimmune disease. Rituximab is
humanised anti-CD20 monoclonal antibody
that depletes memory B cells but not long-
lived plasma cells. There have been retrospec-
tive observational and single armed reports
regarding the use of Rituximab in MG for
many years, as well as systematic reviews and
meta-analyses that have suggested a positive
effect in MG [5]. It was therefore disappointing
that a randomised placebo-controlled Phase II
trial investigating the steroid-sparing effect of
Rituximab was negative in 2021 [6]. Analysing
this trial, a number of features stand out: there
was a high placebo effect, the steroid dose was
low at 20mg, meaning that a change could not
be easily detected and a significant proportion
of the patients had relatively mild disease. The
efficacy of Rituximab in generalised AChR MG
therefore remains uncertain. One possibility is
that Rituximab is more effective in recent onset
MG as was suggested in the recent RINOMAX
trial. This blinded placebo-controlled study
examined the use of low dose Rituximab in a
cohort of patients with newly diagnosed MG
and found that Rituximab treatment resulted
in a higher proportion reaching minimal mani-
festations at 16 weeks with less requirement
for rescue treatment [7]. Further follow up is
required to see the longerterm outcome in
this cohort.

Given the disappointing results of Rituximab
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particularly in refractory AChR MG, there
has been a search for other B Cell depleting
agents that may act against long lived plasma
cells. A Phase 3 trial is currently underway
into Inebilizumab, a humanised monoclonal
antibody against CD19 which in contrast to
Rituximab depletes a wide range of B cells
including plasma cells and plasmablasts
(NCT04524273).

In contrast to AChR MG, Rituximab has
been shown to be very effective in MuSK MG
with a blinded multi centre prospective review
showing a statistically significant impact
on steroid usage and MG symptoms [8].

Complement inhibition

The classical complement pathway is impli-
cated in the pathogenesis of AChR MG: forma-
tion of the membrane attack complex leads to
destruction of the neuromuscular end-plate.
Targeting complement is therefore a potential
treatment to mitigate the pathogenic effects of
AChR antibodies in MG.

Eculizumab, a humanised anti-C5 mono-
clonal antibody was the first complement
inhibitor trialled in MG and examined its
efficacy in patients with refractory generalised
MG - the primary endpoint of improvement
in ADL compared to placebo was not met but
secondary endpoints of significant improve-
ments in ADL and QMG were and open label
extension data were encouraging [9].

Having shown that complement inhibition
might be effective in MG — investigators subse-
quently sought to develop more convenient
routes of administration as the requirement
for fortnightly IV infusions of Eculizumb have
limited its more widespread use.

Ravulizumab is a C5-inhibitor that hasbeen
engineered to have an extended halflife and
is given as an IV infusion every 8 weeks. The
CHAMPION trial met its primary endpoint;
Ravulizumab treated patients had improve-
ment in their MG ADL score at 26 weeks
compared to standard care [10].

A further complement inhibitor is
Zilucoplan, a 15 amino acid cyclic peptide
that inhibits the complement cascade by
binding to C5a and C5B with high affinity — it
is given as a daily subcutaneous injection and
its efficacy was established in the RAISE trial
which showed a significant improvement MG
ADL score at 12 weeks [11].

Both Eculizumab and Ravulizumab
are approved by the FDA and the EMA.

Eculizumab is approved but not reimbursed
in the UK.

Other complement inhibitors are under
investigation in Phase 2 or 3 trials including
Pozelimab (usually given in combination
with Cemdisiran which acts through RNA
interference), Gefurlimab and Vemircopan
(NCT05070858, NCT05556096, NCT05218096).

The onset of action in all complement
inhibitor trials studied so far seems to be rapid.
Overall, complement inhibition seems to be
well tolerated though the route of adminis-
tration — either IV or subcutaneous injection
- may be a limiting factor for some patients.
Complement inhibition is associated with a
risk of Neisseria meningitides septicaemia, so
all patients must be vaccinated accordingly.

Complement inhibition will be reserved
for patients with AChR antibody posi-
tive disease — as previously discussed,
the complement cascade is not impli-
cated in the pathogenesis of MuSK MG.

Anti FcRN therapies

The neonatal FC receptor (FcRN) is widely
distributed in many cells and has an important
role in the recycling of IgG, thus prolonging
its halflife.

Blocking of the FC receptor interferes with
this recycling and reduces the plasma concen-
tration of IgG. By reducing the level of IgG, the
effect of the pathogenic AChR antibodies in
MG can be reduced, and thus FcRN blocking
can be thought of as similar to ‘medical
plasma exchange’. The serum levels of other
immunoglobulins do not seem to be affected
by FcRN inhibition,

Various FcRN blocking agents have been
investigated or are currently undergoing Phase
3 trials for the treatment of generalised MG.

Efgartigimod is an engineered Fc fragment
of human IgG1 that binds to FC receptors with
greater affinity than human IgG, thus inhib-
iting its recycling.

The Phase 3 ADAPT study showed that
Efgartigimod was effective in improving MG
ADL scores compared to placebo [12]. It was
given as a cyclical treatment — a weekly IV
infusion for 4 weeks followed by a variable
treatment schedule depending on symptom
re-emergence.

Efgartigimod is licensed by the MHRA, EMA
and FDA and has been available in the UK
under an Early Access to Medicine Scheme
since May 2022.

A subcutaneous version has just been
licensed by the US and different dosing sched-
ules are currently being investigated.

Rozanolixizumab is a high affinity human-
ised IgG4 monoclonal antibody against FcRn
and is administered by weekly subcutaneous
injection. The Phase 3 MyCarin study showed
a significant improvement in Mg ADL scores,
and in contrast to other FCRN treatments is
currently approved in the UK and Europe for
the treatment of both AChR and MuSK MG
[13].

Other FcRN therapies — Batoclimab and
Nicolimab are currently undergoing Phase III
trials (NCT05403541, NCT04951622).

Anti-FcRN treatments tend to be well toler-
ated with minor infections and headache
being the most reported side effects. In contrast
to complement treatment, there is scientific
rationale for FcRN use in MuSK positive MG.
The onset of action of FcRN treatment is fast.
Repeated dosing is necessary with an average
inter-treatment interval of 7 weeks though
some patients require more frequent treatment.

Other therapeutic targets

Cell-surface receptors, Cytokines & Chemokines
The signalling molecules that help in coordi-
nation of the immune response and upreg-
ulation of B and T cells are potential targets
in MG.

CD40 is a molecule expressed on B cells
and is important for differentiation and acti-
vation of memory B cells and through its
interaction with CD154, is essential for T cell
dependent antibody responses. Isacalimab is
a monoclonal antibody that targets CD40 and
is undergoing a phase Il trial in MG currently
(NCT0256576).

IL6 has a role in T and B cell signal-
ling pathways and in the differentiation of
B cells. Satralizumab has been successful in
phase 3 trials for treatment of Neuromyelitis
Optica Spectrum Disorder and currently is
undergoing investigation for the treatment of
MG (NCT04963270). Tocilizumab, which also
inhibits IL6 signalling has been found to be
beneficial in MG in case reports and a single
arm open label study of six patients [14,15].

Bruton’s Tyrosine Kinase (BTK) has a role
in B cell proliferation and differentiation and
is a potential target in MG. Tolebrutinib is an
oral BTK inhibitor and has been studied in
MS. However, a phase IlI study was suspended
earlier this year because of hepatotoxicity.

Table 1. Newer therapies for MG that are currently available or have been through Phase Il trials

Mode of action Mode of administration Frequency
Complement inhibition Eculizumab v 2 weekly (following weekly induction
dose for 4 weeks)

Ravulizumab \% 8 weekly following induction dose
Zilucoplan Subcutaneous Daily

Anti FcRN Efgartigimod IV (subcutaneous version recently 4 weekly cycles depending on clinical

approved) response

Rozanolixizumab Subcutaneous 6 weekly cycles

B cell Rituximab \Y 6 monthly
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B cell activating factor (BAFF) is upreg-
ulated in MG - Belimumab, an anti BAFF
agent has been studied in Systemic Lupus
Erythematosus but a phase 2 trial did not
show any clear benefit for its use in MG [16 ].

Other potential targets include plasma
cells with anti CD38 agents such as
Daratumumab which is used in Myeloma,
and cytokines that target T cell activation
such as IL17, IL12 and IL23 but these have
not been studied in MG in detail to date.

Alternative strategies
CAR-T cell therapy
Chimeric antigen receptor (CAR) T cell
therapy has shown remarkable efficacy in
haematological malignancy in recent years.
CAR-T cell therapy could in principle be
adapted for autoimmune diseases by using
an engineered T cell which could bind to a
pathogenic B cell, thus specifically targeting
pathogenic cells —so called chimeric autoan-
tibody receptor T Cell therapy.

Haematopoietic Stem cell transplant

‘Resetting” of the immune system with
haematopoietic stem transplantation has
been investigated in several refractory auto-
immune diseases. The process involves
stimulation of haematopoietic stem cell
production, cell harvesting followed by
bone marrow ablation and reinfusion of the

Novel targets

in MG
I T T T T 1
B cell Cytokine,
EET CAAR-T 4 yrokine/ Complement FeRN
Plasma cell chemokine
Anti CD20 -
— antiIL 6 H  Eculizumab M Efgartigimob
Rituximab
(@D = - anti IL17 I Ravulizumab | | Rozanolixizumab
Inebelizumab
b L{ anti BAFF Zilucoplan I Batoclimab
proteasome
Anti CD38
n H Pozelimab L] Nipocalimab
(plasma cell)
H  Cemdisiran
Figure 1. Potential targeted therapy in MG
H Gefurlimab
—| Vemircopan

harvested cells. A retrospective case series
reported remarkable benefit with patients
having remission of their MG [17]. However,
the potential for adverse events means that few
patients have undergone this treatment.

Questions and future directions
The landscape of MG treatment is clearly

changing. Rather than slow acting non- specific
treatments we now have more defined targets
for treatments with a faster onset of action. The
agents described were mostly not trialled on
selected refractory patients, so where these
newer therapies should fit into the treatment
paradigm amongst the familiar agents remains

uncertain. Thus far they have been generally
licensed as add on treatments, but how early
they should be used and in what severity of MG
is unknown. The considerable benefits in terms
of efficacy, speed of onset, and reduction in
steroid use must be balanced against their cost
and the lack of long-term safety data.

Figure 2. Schematic diagram depicting the site of action of
novel Myasthenia Gravis treatments.

Top left - Antigen presenting cells interact with CD4 positive
T cells which, under the influence of certain cytokines and
other activating factors leads to B cell proliferation. B cells
differentiate into antibody producing memory B cells and long
lived plasma cells. This pathway can be targeted at different
levels. Rituximab (anti CD20) and Inebilizumab (anti CD19)
target B cells directly, Isacalimab blocks the CD40 signalling
pathway which is important for differentiation and activation
of memory B cells. Cytokines such as IL6 are important for

B cell differentiation and T cell regulation. Tocilizumab and
Satralizumab are anti IL6 monoclonal antibodies. Other targets
such as B Cell activating factor (BAFF) or Bruton's Tyrosine
Kinase (BK) with agents such as Belimumab and Tolebrutinib
affect the B cell pathway indirectly. Bortezomib inhibits long
lived plasma cells.

Bottom left - the neuromuscular junction (NM)) and the
clustering pathway of Acetylcholine receptors (AchRs). Agrin

is secreted at the nerve terminal into the synaptic cleft. This
interacts with the Muscle Specific Kinase (MuSK) — low density
lipoprotein receptor-related protein 4 (LRP4) complex which is
located on the post synaptic membrane which in turn activated
Rapsyn.
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Complement activation is an important pathogenic mechanism for IgG1 and IgG3 AChR antibodies. The conversion of C5 to C5a and C5b results in the formation of the membrane attack complex.
Complement inhibitors such as Eculizumab, Ravulizumab and Zilcoplan interrupt this pathway.

Bottom left - IgG is recycled in the endosomal-lysosomal system. Binding of 1gG to the FcrN protects it from lysosomal degradation. Anti FcRN therapies such as Efgartigimod, Rozanolixizumab,
Nipocalimab and Batoclimab bind competitively to the FCRN thus preventing IG recycling.
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