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Abstract The humanized monoclonal antibody eculizumab
(Soliris®) is a complement inhibitor indicated for use in anti-
acetylcholine receptor (AChR) antibody-positive adults
with generalized myasthenia gravis (gMG) in the USA,
refractory gMG in the EU, or gMG with symptoms that are
difficult to control with high-dose IVIg therapy or PLEX in
Japan. It is the first complement inhibitor to be approved for
use in these patients. In the well-designed, 26-week
REGAIN study in patients with anti-AChR-positive
refractory gMG, although a statistically significant benefit of
eculizumab over placebo in the prespecified primary end-
point analysis (change from baseline in MG-activities of
daily living (ADL) score assessed by worst-rank ANCOVA)
was not formally demonstrated, preplanned and post hoc
sensitivity analyses of this outcome, as well as other sec-
ondary outcomes supported the efficacy of eculizumab.
Overall, patients receiving eculizumab experienced signifi-
cant improvements in the ADL, muscle strength and health-
related quality of life (HR-QOL) parameters relative to
patients receiving placebo. Moreover, an ongoing extension
of REGAIN showed that treatment benefits with eculizumab
were sustained during continued therapy for at least
52 weeks. Eculizumab was generally well tolerated in these
studies, with a tolerability profile similar to that reported
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previously in other indications. Although several questions
remain, such as duration of treatment, cost effectiveness and
long-term efficacy and tolerability, current evidence indi-
cates that eculizumab is a valuable emerging therapy for
patients with refractory gMG.

Eculizumab: clinical considerations in anti-AChR

antibody-positive gMG

Binds to C5 complement protein and inhibits the
activation of terminal complement, thereby
protecting the neuromuscular junction from the
destructive effects of antibody-mediated complement
activation

Significantly improved the ADL, muscle strength and
HR-QOL relative to placebo in secondary analyses of
the pivotal REGAIN study in patients with refractory
disease, but did not achieve statistical significance in

the prespecified primary endpoint analysis

Treatment benefits maintained for up to at least

52 weeks in an ongoing extension study

Generally well tolerated, with most adverse events of
mild or moderate severity; headache is the most
frequently reported adverse event

1 Introduction

Myasthenia gravis (MQG), is an antibody-mediated, chronic
autoimmune disease of neuromuscular synaptic transmis-
sion [1, 2], occurring at an incidence of 1.7-21.3 cases per
million person-years during 1950-2007 [3]. It is
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characterized by fluctuating muscle weakness and fatigue,
caused by antibodies directed against skeletal muscle
receptors and proteins at the neuromuscular junction (NMJ)
[4, 5]. Symptoms of MG may include impaired speech,
difficulty swallowing or chewing, shortness of breath,
drooping of one or both eyelids, blurred vision and weak-
ness in limbs, which have considerable impact on health-
related quality of life (HR-QOL) [6].

MG can be classified based on: pathogenic antibody
specificity [anti-acetylcholine receptor (AChR) antibody-
positive, anti-muscle-specific tyrosine kinase (MuSK)
antibody-positive, anti-low-density lipoprotein receptor-
related protein 4 (LRP4)-positive or seronegative]; thymus
histology (thymitis, thymoma or atrophy), age of onset
(before puberty,<50 or>50 years) and extent of
involvement (ocular or generalized) [7]. The majority
(=~ 85%) of patients with MG have circulating antibodies
against AChRs [5]. Binding of these anti-AChR antibodies
to complement factors induces the formation of membrane
attack complexes (MAC), which damage the muscle
membrane and reduce the number of functional AChRs,
leading to impaired neurotransmission [5, 8].

Treatment strategies for MG include: (1) improving
neuromuscular transmission with the use of acetyl-
cholinesterase inhibitors (e.g. pyridostigmine), (2) treat-
ment of acute exacerbations [e.g. plasma exchange
(PLEX), intravenous immunoglobulin (IVIg)], (3)
immunosuppressive therapy (IST; e.g. corticosteroids,
azathioprine, cyclosporine) and (4) thymectomy [7].
However, of these, only acetylcholinesterase inhibitors
(e.g. pyridostigmine) are specifically indicated for use in
patients with MG. Patients with MG are often treated
successfully with these therapies and live productive lives;
however, despite improved life-expectancy with advances
in medical therapy, quality of life remains reduced, par-
ticularly in patients with generalized symptoms or active
disease [9]. Moreover, a small subgroup of patients have
treatment-refractory disease and require more aggressive
therapy to prevent life-threatening crises [10]. Although its
exact prevalence is unknown, treatment-refractory MG is
estimated to affect &~ 10-15% of patients with generalized
MG (gMG) [10, 11]. Treatment options for these patients
include chronic PLEX, chronic IVIg, rituximab and
cyclophosphamide [12]. However, until recently, there
were no options for patients who were refractory to cur-
rently available therapies, indicating an unmet need for
additional therapies.

Complement plays a key role in the pathogenesis of
disease. In clinical studies in patients with MG, IgG and C3
colocalized on the segments of the postsynaptic membrane
and on fragments of degenerating junctional folds in the
synaptic space [13] and MACs were detected at the muscle
end-plates [14]. Moreover, in experimental autoimmune
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MG (EMAG) studies, inhibition of complement pathways
reduced MAC deposits at the NMJ, thereby diminishing the
destruction of the NMJ by anti-AChR antibodies [1, 15].
Based on these observations, it was hypothesized that
inhibition of complement activation in patients who have
anti-AChR antibodies could prevent damage at the post-
synaptic membrane of the NMJ, providing a rationale for
the development of complement inhibitors.

Eculizumab (Soliris®) is a recombinant humanized
monoclonal IgG2/4x antibody that binds to human C5
complement protein and inhibits the activation of terminal
complement [16, 17]. It is the first targeted complement
inhibitor approved worldwide for the treatment of com-
plement-mediated diseases, including paroxysmal noctur-
nal haemoglobinuria (PNH) and atypical haemolytic
uremic syndrome (aHUS). Recently, eculizumab was also
approved for the treatment of adults with anti-AChR
antibody-positive gMG in the USA [16], anti-AChR
antibody-positive refractory gMG in the EU [17] or
patients with anti-AChR antibody-positive gMG whose
symptoms are difficult to control with high-dose IVIg
therapy or PLEX in Japan [18] (Sect. 5). This narrative
review focuses on the therapeutic efficacy and tolerability
of eculizumab in these patients and summarizes relevant
pharmacological data.

2 Pharmacological Properties of Eculizumab

The pharmacological properties of eculizumab have been
reviewed in detail previously [19, 20]; a brief summary of
data relevant to gMG are discussed here.

2.1 Mechanism of Action

Eculizumab is a terminal complement inhibitor comprising
human constant regions from human IgG2 and IgG4
sequences and murine complementarity-determining
regions grafted onto the human framework light- and
heavy-chain variable regions [16, 17]. It binds with high
affinity and specificity to the complement protein C5 [21]
and is thought to sterically hinder the C5 convertases from
associating with C5 [22], which inhibits C5 cleavage to the
proinflammatory complement component C5a and C5b
[21]. Although the exact mechanism is unknown, it is
believed that eculizumab exerts its therapeutic effects in
patients with gMG by reducing the formation and deposi-
tion of the MAC C5b-9 at the NMJ and destruction of the
post-synaptic structure (Fig. 1) [16]. Immediate, complete
and sustained inhibition of terminal complement activity is
seen with chronic administration of eculizumab [17].
Eculizumab blocks the complement cascade at the level of
C5, but preserves the generation of C3b, which is essential
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Fig. 1 Mechanism of action of eculizumab. ACh acetylcholine, AChR acetylcholine receptor

for the clearance of circulating immune complexes and the
normal phagocytosis of bacterial and fungal pathogens
[21]. The clinical efficacy of eculizumab in the pivotal,
phase 3 REGAIN trial in patients with refractory gMG is
discussed in Sect. 3.

2.2 Pharmacokinetic Properties

The pharmacokinetic properties of intravenous eculizumab
in patients with refractory gMG were consistent with those
in patients with PNH or aHUS [17]. According to a pop-
ulation pharmacokinetic analysis in patients with gMG,
eculizumab 900 mg every week for 4 weeks, 1200 mg at
week 5 and 1200 mg every 2 weeks thereafter (approved
dosage; Sect. 5) was expected to result in eculizumab
concentrations above the minimum target (> 50 pg/mL) for
complete complement blockade in 95% of patients, thereby
reducing the risk of clinical deterioration [23]. With this
regimen, the exposure to eculizumab (mean area under the
concentration-time curve) was higher than the exposure
associated with 50% of maximal effect [assessed by the
quantitative myasthenia gravis (QMG) total score] and
close to the plateau of effect [23]. After maintenance doses
of 1200 mg every 2 weeks in patients with gMG, the
observed mean peak plasma concentration (C,,,x) of ecu-
lizumab at week 26 was 783 pg/mL and the mean trough
concentration was 341 pg/mL [16]. In all indications,
steady state was reached in 4 weeks and the accumulation
ratio was & 2-fold. For a typical 70 kg patient, the eculi-
zumab volume of distribution was 5-8 L [16].

Human antibodies, like eculizumab, are largely catabo-
lized by lysosomal enzymes to small peptides and amino
acids [17]. The elimination half-life of eculizumab
was &~ 270-375 h [16]. In patients receiving PLEX or
fresh frozen plasma infusion, the clearance of eculizumab
was increased by ~ 250-fold and the elimination half-life

was reduced to 1.26 h [16]; therefore supplemental eculi-
zumab dosing is recommended in these patients [16, 17].
Age (2 months to 85 years), sex, race and renal impairment
did not affect the pharmacokinetics of eculizumab [16]; no
studies have assessed the effect of hepatic impairment on
the pharmacokinetics of eculizumab [17]. No interaction
studies of eculizumab with other medicinal products have
been undertaken [17].

3 Therapeutic Efficacy of Eculizumab

This section focuses on the efficacy of intravenous eculi-
zumab in patients with anti-AChR antibody-positive
refractory gMG, based on results from the randomized,
double-blind, multicentre, phase 3 REGAIN study (ECU-
MG-301) [24] and its ongoing open-label extension (ECU-
MG-302; abstract and poster) [25]. These studies followed
a pilot, phase 2 study in patients with severe, refractory,
anti-AChR-positive gMG, which showed that eculizumab
was associated with clinically meaningful improvements in
muscle strength relative to placebo, suggesting its potential
for the treatment of gMG [26].

The REGAIN study included patients aged > 18 years
with confirmed gMG, a positive serological test for anti-
AChR antibodies, impaired activities of daily living [i.e.
myasthenia gravis-activities of daily living (MG-ADL)
score of > 6] and class II-IV disease according to the
Myasthenia Gravis Foundation of America (MGFA) [24].
Patients were also required to have received:

e >2 ISTs for 12 months without symptom control or
e > 1 IST with IVIg or PLEX, at least four times per year
for 12 months, without symptom control.

Key exclusion criteria included a history of thymomas
or other thymic neoplasms, thymectomy within 12 months
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Table 1 Efficacy of intravenous eculizumab in patients with anti-acetylcholine receptor antibody-positive refractory generalized myasthenia
gravis in the randomized, double-blind, multicentre, phase 3 REGAIN study [27]

Analyses Treatment  LSM rank® or LSM change from BL" in total scores at week 26°
MG-ADL QMG MGC MG-QOL15
Worst-rank ANCOVA
Prespecified ECU 56.6° 54.7% 57.3 55.5%
PL 68.3¢ 70.7 67.7 69.7
BGD —11.7 BGD —16.0 BGD —10.5 BGD — 143
Post hoc sensitivity ECU 54.8% 53.9%%* 56.1% 54.6%*
PL 70.2 71.6 69.0 70.6
BGD — 154 BGD —17.7 BGD - 129 BGD —16.0
Repeated-measures model
Prespecified sensitivity analysis with IST as covariate ECU —4.1%* — 4.6%%* —7.9% — 13.8%%*
PL —-23 - 1.7 —4.6 —-6.7
BGD — 1.8 BGD - 29 BGD —3.3 BGD —7.1
Prespecified sensitivity analysis without IST as covariate =~ ECU — 4.2%% — 4.6%** —8.1%* — 12.6%**
PL —-23 —-1.6 —4.38 —-54
BGD - 1.9 BGD —3.0 BGD —3.3 BGD —7.2

Results are for the full analysis set comprising 62 patients receiving ECU and 63 patients receiving PL. With the exception of prespecified worst-
rank ANCOVA for MG-ADL, p values reported are nominal

BL baseline, BGD between-group difference, ECU eculizumab (900 mg on day 1 and weeks 1, 2, and 3, 1200 mg at week 4, and 1200 mg every
second week thereafter), ST immunosuppressive therapy, LSM least-squares mean, MG-ADL myasthenia gravis-activities of daily living, MGC

myasthenia gravis composite, MG-QOLI5 15-item myasthenia gravis quality of life, PL placebo, QMG quantitative myasthenia gravis

*p <0.05, ** p < 0.01, *** p <0.001 vs. PL

dChange from BL to week 26 in total scores given as LSM rank using a worst-rank ANCOVA

bAt BL, the mean MG-ADL scores in ECU and PL recipients were 10.5 and 9.9; the mean QMG scores were 17.3 and 16.6; the mean MGC
scores were 20.4 and 18.9; and the mean MG-QOLI15 scores were 33.6 and 30.7, respectively

“Lower rank or a decrease in total score indicates improvement

9Primary endpoint

of screening, MGFA class I, myasthenic crisis (MGFA
class V), treatment with IVIg or PLEX within 4 weeks of
randomization or rituximab therapy within 6 months of
screening [24].

Patients were randomized to eculizumab at the approved
dosage (see Table 1 for dosage details) or placebo for
26 weeks [24]. Those receiving prior therapy with a choli-
nesterase inhibitor, oral corticosteroid or other ISTs were to
continue treatment at the same dose and schedule throughout
the study, unless an adjustment was needed due to a com-
pelling medical reason. Owing to the severity of disease,
rescue medication (e.g. high-dose corticosteroids, IVIg or
PLEX) was permitted at the physician’s discretion. All
randomized patients were required to have been vaccinated
against Neisseria meningitides [24]. Patients who completed
REGALIN could continue into the open-label extension study,
in which all patients received eculizumab maintenance
therapy (1200 mg every 2 weeks) [25]. During the extension,
the dose of background immunosuppressants could be
modified at the investigator’s discretion [27].

At baseline, the majority (66%) of patients were female,
98% of patients had previously received > 2 ISTs and 52%
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of patients had received > 3 ISTs [24]. Patients had a mean
age of 47.2 years at first study dose; during the study, 78%
of patients received concomitant corticosteroids and > 80%
of patients received>1 other IST (e.g. azathioprine,
mycophenolate mofetil, cyclosporine) [24]. The mean
disease duration was 9.6 years and approximately 54% of
patients had MGFA class IV or V as their worst classifi-
cation since diagnosis of MG. Patients in the two treatment
groups were generally well balanced in terms of demo-
graphics, disease characteristics and medical history [24].

The primary endpoint was the change in MG-ADL total
score (validated, patient-reported outcome) from baseline to
week 26 measured by worst-rank ANCOVA [24]. In this
analysis, patients were ranked from 1 (best outcome) to 125
(worst outcome), with all patients who died, had MG crisis,
received rescue medication or discontinued therapy (re-
gardless of the reason for discontinuation) assigned to the
lowest ranks [24]. Prespecified secondary endpoints (vali-
dated measures) were: (1) change from baseline in the QMG
total score (physician-evaluated) as assessed by worst-rank
ANCOVA, (2) responder analysis of the MG-ADL score
(= 3-point improvement from baseline), (3) responder
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analysis of the QMG score (> 5-point improvement from
baseline), (4) change from baseline in the Myasthenia Gravis
Composite (MGC) total score (patient- and physician-re-
ported) as assessed by worst-rank ANCOVA and (5) change
from baseline in the Myasthenia Gravis Quality of Life
questionnaire (MG-QOL15) total score (patient-reported) as
assessed by worst-rank ANCOVA. The primary and pre-
specified secondary endpoints were assessed hierarchically
(in the abovementioned sequence) at week 26; responder
analyses assessed the proportion of patients who did not
require rescue medication and met the criteria for improve-
ment in total score [24].

In addition, prespecified sensitivity analyses (including
repeated-measures analyses) and post hoc sensitivity worst-
rank ANCOVA of MG-ADL, QMG, MGC and MG-
QOL15 were undertaken. In the post hoc worst-rank
ANCOVA, patients who discontinued therapy but were
improving on the MG-ADL scale were not assigned to the
lowest ranks; in this analysis, patients who died, patients
who experienced MG crisis, patients who required rescue
therapy for MG exacerbation or experienced MG exacer-
bation without requiring rescue therapy were ranked by
time to event [24]. A 2-point reduction from baseline in the
MG-ADL score [28], 3-point reductions from baseline in
the QMG [29] and MGC [30] scores and a 7- to 8-point
reduction from baseline in the MG-QOLI15 score [31] are
established clinically meaningful improvements [24].

3.1 REGAIN Study

In the REGAIN study, although there was no significant
difference between eculizumab and placebo recipients for
the primary endpoint according to the prespecified primary
endpoint analysis, prespecified and post hoc sensitivity
analyses indicated that eculizumab was effective in
improving symptoms of disease [24]. At week 26, eculi-
zumab and placebo recipients did not differ significantly
for the least-squares (LS) mean-ranked change from
baseline in the MG-ADL score (primary endpoint;
p = 0.0698; Table 1), as measured by the worst-rank
ANCOVA. However, in prespecified sensitivity repeated-
measures analyses (with or without ISTs as covariate), the
LS mean change from baseline to week 26 in the MG-ADL
score was significantly greater with eculizumab than pla-
cebo (Table 1). Moreover, a post hoc worst-rank
ANCOVA of the primary endpoint showed a significant
benefit with eculizumab over placebo (p = 0.0160;
Table 1). In this analysis, three eculizumab recipients who
discontinued treatment because of adverse events (Mo-
raxella lacunata bacteraemia, bowel perforation and ade-
nocarcinoma of prostate gland) that did not reflect
worsening of MG and did not require rescue therapy, had a
clinically meaningful response to therapy (3-, 7-, and

7-point improvement, respectively, in MG-ADL score) and
were not assigned to the lowest ranks [24].

Eculizumab also significantly improved muscle strength,
as indicated by a greater LS mean change from baseline to
week 26 in the QMG total score relative to placebo, as
measured by the prespecified worst-rank ANCOVA
(nominal p = 0.0129; Table 1). Similar findings were seen
in prespecified sensitivity analyses and post hoc worst-rank
ANCOVA of this outcome (Table 1) [24].

In responder analyses based on thresholds above the
established clinically important differences, significantly
greater proportions of eculizumab than placebo recipients
achieved clinically meaningful responses in the MG-ADL
total score (>3-point improvement; 60 vs. 40%;
p = 0.0229) and the QMG total score (> S5-point
improvement; 45 vs. 19%; p = 0.0018). Greater benefit
with eculizumab relative to placebo was also seen for
higher thresholds of the MG-ADL total score (> 4- to > 8-
point improvement) and QMG total score (> 6- to> 10-
point improvement) (all nominal p <0.05) [24]. In addi-
tion, an ad hoc dual responder analysis at week 26 (ab-
stract) showed that three times as many eculizumab as
placebo recipients had clinically meaningful improvements
in both muscle strength (> 5-point improvement in QMG
total score) and the ADL (> 3-point improvement in MG-
ADL total score) (40 vs. 13%; nominal p = 0.0004) [32].

As with the prespecified primary endpoint analysis, the
change from baseline in the MGC total score (assessing signs
and symptoms of disease) using prespecified worst-rank
ANCOVA did not differ significantly between eculizumab
and placebo recipients; however, prespecified sensitivity
analyses and post hoc worst-rank ANCOVA indicated a
significant benefit of eculizumab over placebo for this out-
come (Table 1) [24]. HR-QOL, as assessed by the MG-
QOL15 total score, was significantly improved with eculi-
zumab relative to placebo based on prespecified worst-rank
ANCOVA, as well as in prespecified sensitivity analyses and
post hoc worst-rank ANCOVA (Table 1) [24].

The repeated-measures sensitivity analyses without IST
as a covariate showed that in eculizumab relative to pla-
cebo recipients, significant improvements in the MG-ADL
and MGC total scores were seen by week 1, the QMG total
score by week 2 and the MG-QOLI1S5 total score when
assessed at week 4 of treatment (all p <0.05) [24]. The
maximum treatment effect was generally evident by week
12, with the benefits sustained over 26 weeks’ therapy [24].

REGAIN also assessed the effect of eculizumab on
fatigue, using the patient-reported Neuro-QOL Fatigue
scale, which is validated in other neurological disorders
(abstract) [33]. At week 26, eculizumab recipients had
greater improvement in fatigue than placebo recipients,
based on the repeated-measures sensitivity analysis (mean
change from baseline — 16.8 vs. —7.9; p = 0.0061) [33].
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In addition, an analysis of correlation between efficacy
outcomes showed that Neuro-QOL Fatigue had a strong
positive correlation with MG-ADL and MG-QOL15 (cor-
relation coefficient r = 0.63 and 0.75, respectively; both
p<0.0001) and a moderate positive correlation with QMG
(r = 0.57; p<0.0001) (abstract) [34].

3.2 Extension Study

The ongoing extension of REGAIN (n = 116) showed that
the treatment effect of eculizumab is sustained during at
least 52 weeks’ of continued therapy (abstract) [25]. In
patients who received eculizumab therapy throughout (i.e.
in REGAIN and its extension; n = 56), the MG-ADL score
(primary efficacy endpoint) remained largely unchanged at
each assessment from baseline (i.e. start of the extension
study) to week 52. In patients who switched from placebo
in REGAIN to eculizumab in the extension (n = 60), a
significant improvement from baseline in the MG-ADL
score was seen as early as week 1 of therapy (— 1.6;
p<0.0001). Most of the treatment effect in these patients
was seen by week 8 (—2.6; p<0.0001), with benefit
maintained up to at least 52 weeks (—2.7; p<0.0001).
Generally similar response patterns were seen on the res-
piratory, bulbar, limb and ocular domains of MG-ADL
[25], and for the QMG, MGC and MG-QOL15 total scores
(abstract) [35]. During the extension, the daily dose of one
background IST was reduced in 47% of patients overall
(the most common reason being improvement in MG
symptoms with eculizumab) and 16.2% of patients stopped
IST, suggesting a steroid-sparing effect of eculizumab [27].
The daily dose of one IST was increased in 24.8% of
patients overall and 4.3% of patients started new IST [27].

4 Tolerability of Eculizumab

Intravenous eculizumab was generally well tolerated in
patients with refractory gMG, with a tolerability profile
generally similar to that seen previously in other indica-
tions [24]. Across 10 disease populations (total n = 1407
patients), including PNH, aHUS and refractory gMG, the
most common adverse reaction associated with eculizumab
was headache (incidence > 1/10), which occurred largely
during the initial phase of treatment [17]; like gMG, PNH
and aHUS are also treated with immunosuppressants. In
terms of serious adverse reactions, of all meningococcal
infections with eculizumab, meningococcal sepsis was
reported most commonly [17]. Owing to its mechanism of
action (Sect. 2), eculizumab may increase patients’ sus-
ceptibility to meningococcal infections, and life-threaten-
ing and fatal meningococcal infections have been reported
in patients receiving eculizumab therapy [16, 17].
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Consequently, patients should be monitored for early signs
of meningococcal infection and evaluated immediately if
infection is suspected [16, 17]; if necessary, patients should
be treated with appropriate antibiotics [17]. The risk of
other systemic infections (particularly with encapsulated
bacteria) may also be increased with eculizumab treatment;
therefore, eculizumab should be administered with caution
in patients with active systemic infections [16, 17].

In the 26-week REGAIN study in patients with refrac-
tory gMG, the overall incidence of treatment-emergent
adverse events (AEs) in eculizumab and placebo recipients
were generally similar (86 vs. 89.0%), with most AEs
being of mild or moderate severity; 48 and 40% of AEs,
respectively, were considered related to the drug [27]. The
most common (> 10% in either group) treatment-emergent
AEs in the eculizumab and placebo groups were headache
(16 vs. 19%), upper respiratory tract infection (URTI; 16
vs. 19%), nasopharyngitis (15 vs. 16%), nausea (13 vs.
14%), diarrhoea (13 vs. 13%) and MG (10 vs. 17%) [24].
Treatment-emergent AEs led to discontinuation of therapy
in four eculizumab recipients (including one patient who
had MG crisis and died 90 days after the last eculizumab
dose because of crisis-related complications) compared
with no placebo recipient [24].

Serious treatment-emergent AEs occurred in 15% of
eculizumab and 29% of placebo recipients, with infections
reported most frequently [four events in two patients (3%)
and seven events in six patients (10%), respectively] [24].
Approximately half as many eculizumab as placebo recipi-
ents required rescue therapy (10 vs. 19%) or reported MG
exacerbations (10 vs. 24%); three patients (all in the placebo
group) who had exacerbations did not require rescue therapy.
There were no deaths or cases of meningococcal infections
during the study [24]. As with all proteins, there is a potential
for immunogenicity with eculizumab, and antibody
responses have been detected infrequently across all clinical
studies; no eculizumab recipient in REGAIN showed an
antidrug antibody response [16, 17]. No patient in REGAIN
experienced an infusion reaction that required discontinua-
tion of eculizumab treatment [16, 17].

The tolerability profile of eculizumab during longer-
term treatment (> 52 weeks) in the extension study was
generally similar to that during short-term therapy, with the
most common (incidence >10%) AEs being headache
(26.5%), nasopharyngitis (23.9%), diarrhoea (14.5%), MG
(14.5%), arthralgia (12.0%) and URTI (11.1%) [25].

5 Dosage and Administration of Eculizumab
Intravenous eculizumab is indicated for the treatment of

gMG in the USA [16] and refractory gMG in the EU [17]
in adults who are anti-AChR antibody-positive. It is also
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approved in Japan for use in patients with gMG who are
anti-AChR antibody-positive and whose symptoms are
difficult to control with high-dose IVIg or PLEX [18]. The
recommended dosage of eculizumab is 900 mg every week
for 4 weeks (initial phase) followed by 1200 mg for the
fiftth week and 1200 mg every 2 weeks thereafter (main-
tenance phase). Eculizumab should be administered as a
35 min (in the USA) or a 25-45 min (in the EU) intra-
venous infusion; one single-dose vial of 30 mL contains
300 mg of eculizumab [16, 17]. Supplemental dosing of
eculizumab is required in patients receiving concomitant
plasmapheresis or PLEX, or fresh frozen plasma infusion
(see local prescribing information for further details).
There is a risk of serious meningococcal infections with
eculizumab therapy [16, 17] (Sect. 4) and the US pre-
scribing information carries a boxed warning regarding the
same [16]. Eculizumab is contraindicated in patients with
unresolved serious N. meningitides infection [16, 17] and in
patients who are not currently vaccinated against N
meningitides, unless the risks of delaying treatment out-
weigh the risks of developing a meningococcal infection
(USA) [16] or patients receive prophylactic treatment with
appropriate antibiotics until 2 weeks after vaccination (EU)
[17]. Local prescribing information should be consulted for
further information, including dosage and administration
details, contraindications, warnings and precautions.

6 Current Status of Eculizumab in Generalized
Myasthenia Gravis

According to the international consensus guidelines, the
aim of treatment in MG is to achieve at least Minimal
Manifestation Status (i.e. no symptoms or functional lim-
itations from MG but have some weakness on examination
of some muscles) with no more than grade 1 AEs [12]. The
acetylcholineesterase inhibitor pyridostigmine is recom-
mended as part of initial treatment in most patients with
MG. Patients who do not achieve treatment goals with
pyridostigmine should receive corticosteroids or IST, and
when corticosteroids are contraindicated or refused, a
nonsteroidal immunosuppressant should be used. For
patients with refractory MG, in addition to the above-
mentioned treatment options, chronic PLEX, chronic IVIg,
cyclophosphamide and rituximab are recommended by the
international consensus guidelines. Chronic PLEX and
chronic IVIg are also recommended for the management of
myasthenic crises [12]. The Association of British Neu-
rologists [36] and German Neurological Society [2] treat-
ment guidelines have generally similar recommendations
for the management of MG.

Research in recent years has focused on identifying new
targets and developing novel therapies, particularly for

patients with MG who are refractory to conventional
therapies. These patients have unchanged or worse status
after treatment with corticosteroids and at least two other
immunosuppressive agents (used in adequate doses for an
adequate duration) with persistent symptoms or side effects
that limit functioning, as defined by patient and physician
[12]. Patients with refractory disease continue to have
symptoms, which adversely affect the ADL, and may
experience frequent exacerbations, which can be life-
threatening and require hospital care [24]. Eculizumab is
one such novel therapy; it is the first targeted complement
inhibitor approved for use in anti-AChR antibody-positive
adults with gMG (USA) [16], refractory gMG (EU) [17] or
gMG with symptoms that are difficult to control with high-
dose IVIg or PLEX (Japan) [18]. Although treatment
guidelines for MG were updated prior to the approval of
eculizumab, current German Neurological Society guide-
lines include eculizumab as an option for use in patients
with severe, refractory gMG [2].

Eculizumab is a recombinant humanized monoclonal
antibody that binds to human C5 complement protein and
inhibits the activation of terminal complement, thereby
protecting the NMJ from the destructive effects of anti-
body-mediated complement activation (Sect. 2). The clin-
ical benefit of treatment with eculizumab was demonstrated
in the well-designed, 26-week REGAIN study in patients
with anti-AChR-positive refractory gMG [24], with treat-
ment benefits sustained during the 52-week extension study
[25] (Sect. 3). Although the prespecified primary endpoint
analysis for the change from baseline to week 26 in the
MG-ADL score as measured by worst-rank ANCOVA did
not show statistically significant difference between eculi-
zumab and placebo recipients, prespecified and post hoc
sensitivity analyses showed significant improvements in
the ADL with eculizumab relative to placebo, regardless of
background IST (Sect. 3.1). Prespecified sensitivity and
secondary analyses were included in the analysis plan to
assess the treatment effect comprehensively (reflecting
both the patients’ and physicians’ perspective), as the use
of the worst-rank analysis would have made it difficult to
generalize the results to clinical practice [24].

Failure to meet the primary endpoint appears to be
related to the worst-rank analytical approach used for
assessment, according to which all patients who discon-
tinued therapy were assigned to the poor outcome group,
regardless of the reason for discontinuation [24, 27]. Sig-
nificant treatment benefit seen in the post hoc analysis of
the primary outcome illustrated the importance of differ-
entiating between patients with poor outcomes related to
MG and those with poor outcomes unrelated to MG at the
time of treatment discontinuation [24]. In addition, the
sample size of the study may have been inadequate for the
use of the worst-rank analytical approach [24].
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Other outcomes, including muscle strength (QMG
score) and HR-QOL measures (MG-QOL15 and Neuro-
QOL Fatigue scores) improved significantly with eculi-
zumab relative to placebo, supporting the efficacy of
eculizumab in patients with anti-AChR-positive refractory
egMG (Sect. 3.1). Responder analyses (a particularly
important outcome in rare diseases [24]) from REGAIN
showed that significantly more eculizumab than placebo
recipients had clinically meaningful improvements (based
on thresholds above the established criteria) in MG-ADL
and QMG scores (Sect. 3.1). Up to 40% of placebo
recipients also had clinically meaningful improvement in
these outcomes (Sect. 3.1), which, according to the study
authors, may reflect the known effect of responsiveness
with placebo in patients with neurological symptoms,
variability of myasthenic symptoms in the short term or
greater potential for variability in patients with refractory
disease [24].

Immunomodulatory therapies, such as IVIg and PLEX,
act rapidly, while ISTs targeting autoantibody production
(including commonly used agents that are considered
steroid-sparing) may require several months to provide
clinical benefit [37]. Eculizumab also acts rapidly, with
treatment benefits seen within 4 weeks of initiating treat-
ment in REGAIN, maximal effects generally seen within
12 weeks (Sect. 3.1) and clinical benefits maintained dur-
ing the ongoing 52-week extension (Sect. 3.2) [24]. How-
ever, the overall duration for which eculizumab treatment
may be required remains to be determined [38] and may
depend on the mechanism of disease. Further research is
needed to determine if the formation of MAC and
destruction of the NMJ would restart after discontinuation
of complement inhibition.

Eculizumab itself appears to have a steroid-sparing
effect, as evidenced by a greater proportion of eculizumab
recipients reducing their daily dose of IST or stopping IST
than those increasing their daily dose of IST or starting new
IST (63 vs. 29%; Sect. 3.2). However, as eculizumab does
not target the autoantibody component of the disease, it is
unlikely that patients with gMG will be able to discontinue
all other therapies.

Eculizumab was generally well tolerated in patients with
anti-AChR-positive refractory gMG during > 78 weeks’
therapy in REGAIN and its extension, with a tolerability
profile generally similar to that seen previously in other
indications and no new safety concerns identified (Sect. 4).
The tolerability and efficacy of eculizumab during long-
term therapy remains to be established, and final results
from the extension of REGAIN are awaited with interest.

Although the REGAIN study did not include patients
with thymoma, treatment with eculizumab is expected to
be beneficial in these patients, as their autoantibody-
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profile is similar to that of the REGAIN study population
[38]; confirmatory studies in this subgroup of MG patients
would be helpful, although patient numbers could be
limiting. By contrast, eculizumab is not expected to be
effective in patients with anti-MuSK IgG4 antibody-pos-
itive MG, as this IgG subclass inhibits complement acti-
vation [38].

In addition to the efficacy and tolerability, cost-effec-
tiveness is an important consideration when choosing a
therapy. Currently there are no pharmacoeconomic analy-
ses of eculizumab in patients with gMG; well-designed
studies assessing the cost-effectiveness of eculizumab are
needed, especially considering the high acquisition cost
[39] of eculizumab.

To conclude, eculizumab is the first targeted comple-
ment inhibitor to be approved for use in anti-AChR
antibody-positive adults with gMG or refractory gMG. In
the well-designed REGAIN study, although a statistically
significant benefit of eculizumab over placebo in the
prespecified primary endpoint analysis was not formally
demonstrated, preplanned and post hoc sensitivity analy-
ses of this outcome and other secondary outcomes, as
well as data from an extension study supported the effi-
cacy of eculizumab in this indication. Eculizumab was
generally well tolerated, with a tolerability profile gen-
erally similar to that reported previously in other indica-
tions. Although several questions remain, such as duration
of treatment, cost effectiveness and long-term efficacy
and tolerability, current evidence indicates that eculizu-
mab is a valuable emerging therapy for patients with
refractory gMG.

Data Selection Eculizumab: 287 records identified

Duplicates removed 12

Excluded during initial screening (e.g. press releases; 215
news reports; not relevant drug/indication; preclinical
study; reviews; case reports; not randomized trial)

Excluded during writing (e.g. reviews; duplicate data; 21
small patient number; nonrandomized/phase I/II trials)

Cited efficacy/tolerability articles 14
Cited articles not efficacy/tolerability 25

Search Strategy: EMBASE, MEDLINE and PubMed from 1946 to
present. Clinical trial registries/databases and websites were also
searched for relevant data. Key words were Eculizumab, Soliris,
5G1.1, myasthenia gravis, gMG. Records were limited to those in
English language. Searches last updated 26 January 2018
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