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Abstract
Introduction  The terminal complement C5 inhibitor ravulizumab has a long elimination half-life, allowing maintenance 
dosing every 8 weeks. In the 26-week, double-blind, randomized, placebo-controlled period (RCP) of the CHAMPION MG 
study, ravulizumab provided rapid and sustained efficacy and was well tolerated in adults with anti-acetylcholine receptor 
antibody-positive (AChR Ab+) generalized myasthenia gravis (gMG). This analysis evaluated the pharmacokinetics (PK), 
pharmacodynamics (PD), and potential immunogenicity of ravulizumab in adults with AChR Ab+ gMG.
Methods  Data were analyzed from 86 patients who received ravulizumab in the CHAMPION MG RCP. Ravulizumab dosing 
was weight-based: initial loading dose of 2400/2700/3000 mg on Day 1 and maintenance doses of 3000/3300/3600 mg on 
Day 15 and then every 8 weeks. PK parameters were estimated from serum ravulizumab concentrations determined pre- and 
post-dose; PD effects of ravulizumab on serum free C5 concentrations were measured; and immunogenicity was assessed 
using anti-drug antibody and neutralizing-antibody assays.
Results  Target serum ravulizumab concentrations (> 175 µg/mL) were achieved immediately after the first ravulizumab dose 
(within 30 min of infusion completion) and maintained throughout the 26-week treatment period irrespective of patient body 
weight. Following the final maintenance dose, mean Cmax was 1548 µg/mL and Ctrough 587 µg/mL; no meaningful differ-
ences were noted among body-weight categories. Inhibition of serum free C5 was immediate, complete (< 0.5 μg/mL), and 
sustained throughout treatment in all patients. No treatment-emergent anti-drug antibodies were observed.
Conclusions  PK/PD evidence supports the use of ravulizumab every 8 weeks for immediate, complete, and sustained inhibi-
tion of terminal complement C5 in adults with AChR Ab+ gMG.
Trial registration  ClinicalTrials.gov ID: NCT03920293 (April 18, 2019).
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Introduction

Myasthenia gravis (MG) is a rare, chronic, debilitating 
autoimmune disease arising from impaired neuromuscu-
lar transmission [1–4]. MG is characterized by fluctuating 
muscle weakness and by exertional and potentially disabling 
fatigability [1, 5]. It is a heterogeneous condition that may 
cause localized (most commonly ocular) muscle weakness, 
but is more frequently generalized (gMG), presenting with 
differing levels of weakness in muscle groups of the head, 
neck, trunk, and/or limbs [1, 4]. The symptoms of gMG 
can substantially impact a patient’s daily personal and social 
functioning, work activities, economic well-being, and qual-
ity of life [1, 6–14].
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The majority of patients (~ 85%) with gMG have autoanti-
bodies directed against the postsynaptic acetylcholine recep-
tor (AChR); binding of these autoantibodies has been shown 
to activate the classical complement cascade [2, 3, 15–18]. 
This leads to the formation of terminal complement protein 
C5, which is cleaved into C5a and C5b [2, 15]. C5b com-
bines with other complement proteins (C6, C7, C8, and mul-
tiple C9 molecules) to form the terminal membrane attack 
complex (MAC; also known as the terminal complement 
complex), which causes architectural destruction of the neu-
romuscular junction (NMJ) and hence impaired neuromus-
cular transmission, leading to muscle weakness [1, 2, 4, 15]. 
Inhibition of terminal complement activation is, therefore, 
a rational approach to prevent formation of the MAC—and, 
presumably, destruction of the NMJ—in patients with anti-
AChR antibody-positive (AChR Ab+) gMG [19].

Ravulizumab is a humanized monoclonal antibody that 
specifically binds with high affinity to the human terminal 
complement protein C5 [20], inhibiting its activation by 
blocking its cleavage and thus preventing the cascade of 
events that leads to MAC-mediated destruction of the NMJ 
and consequent muscle weakness. Ravulizumab was engi-
neered from the C5 complement inhibitor eculizumab by 
incorporating specific amino acid substitutions that result in 
more efficient dissociation from C5 following endocytosis 
of the bound antibody, and enhanced neonatal Fc receptor-
mediated recycling of the unbound antibody, thus extend-
ing the molecule’s elimination half-life and its duration of 
action [20, 21]. Due to this prolonged half-life, ravulizumab 
is associated with a low burden of administration (dosing 
every 8 weeks) and delivers sustained therapeutic serum con-
centrations suited to addressing fluctuations in muscle weak-
ness and limiting the risk of exacerbations and crises [22].

Phase 3 studies in patients with complement-associated 
disorders (paroxysmal nocturnal hemoglobinuria [23, 24] 
and atypical hemolytic uremic syndrome [25]) showed that 
ravulizumab administered every 8 weeks provided immedi-
ate, complete, and sustained terminal complement C5 inhi-
bition, and was well tolerated. Over 26 weeks of treatment, 
ravulizumab administered every 8 weeks was non-inferior 
to eculizumab administered every 2 weeks in patients with 
paroxysmal nocturnal hemoglobinuria who were clinically 
stable on previous eculizumab therapy [24]. Results from 
a further 26 weeks of treatment with ravulizumab in the 
same study showed that patients experienced durable effi-
cacy [26]. Efficacy was consistent in those who switched 
from eculizumab to ravulizumab after the first 26 weeks 
and, importantly, all patients, including those with serum 
free C5 levels ≥ 0.5 μg/mL while receiving eculizumab, 
showed complete terminal complement inhibition (serum 
free C5 < 0.5 μg/mL) after switching to ravulizumab, indi-
cating improved serum free C5 control [26].

Most recently, ravulizumab has demonstrated rapid, sus-
tained efficacy and good tolerability in patients with AChR 
Ab+ gMG in the randomized, placebo-controlled period 
(RCP) of the phase 3 CHAMPION MG study [27], and was 
approved by the US Food and Drug Administration in April 
2022 for the treatment of adults with AChR Ab+ gMG [22]. 
Ravulizumab was approved in Japan in August 2022 for the 
treatment of adults with AChR Ab+ gMG whose symptoms 
are difficult to control with high-dose intravenous immuno-
globulin therapy (IVIg) or plasmapheresis, and in the Euro-
pean Union in September 2022 as an add-on to standard 
therapy for the treatment of adults with AChR Ab+ gMG. 
The present investigation used data and samples from the 
CHAMPION MG study to evaluate the pharmacokinetics, 
pharmacodynamics, and potential immunogenicity of ravuli-
zumab (maintenance dosing every 8 weeks) in adults with 
AChR Ab+ gMG.

Methods

Study population and study design

This analysis was based on pharmacokinetic, pharmaco-
dynamic, and immunogenicity data from the double-blind 
RCP of the phase 3, multinational CHAMPION MG study 
of ravulizumab in adults with AChR Ab+ gMG (Clinical-
Trials.gov ID: NCT03920293). Details of the study design 
and clinical efficacy and safety results have been reported 
elsewhere [27].

In brief, the CHAMPION MG study enrolled 175 
patients aged ≥ 18  years who had a diagnosis of AChR 
Ab+ MG ≥ 6  months before screening, a Myasthenia 
Gravis–Activities of Daily Living (MG-ADL) total score of ≥ 6 
at screening and randomization, and no previous treatment 
with a complement inhibitor. A total of 86 patients received 
ravulizumab for 26 weeks and 89 patients received placebo. 
Intravenous dosing of ravulizumab was based on the patient’s 
body weight [23, 25], with an initial loading dose of 2400 mg 
(body weight ≥ 40 to < 60 kg), 2700 mg (body weight ≥ 60 
to < 100 kg), or 3000 mg (body weight ≥ 100 kg) at baseline 
(Day 1), and maintenance doses of 3000, 3300, or 3600 mg, 
respectively, on Day 15 (Week 2) and then every 8 weeks. Use 
of plasma exchange/plasmapheresis (PLEX/PP) or IVIg was 
permitted for patients who required rescue treatment follow-
ing clinical deterioration. For patients who received PLEX/
PP, a supplemental body weight-based dose of ravulizumab 
was administered within 4 h after completing each PLEX/PP 
intervention. For a PLEX/PP intervention during the loading 
phase (from the administration of the loading dose until the 
first maintenance dose), patients were administered supple-
mental doses of either 1200 mg (body weight ≥ 40 to < 60 kg) 
or 1500 mg (≥ 60 kg) ravulizumab; for an intervention in the 
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maintenance dose phase (from the first maintenance dose 
onwards), patients were prescribed supplemental doses of 
either 1500 mg (≥ 40 to < 100 kg) or 1800 mg (≥ 100 kg) 
ravulizumab. For patients who received IVIg, for all body 
weight groups, a supplemental ravulizumab dose of 600 mg 
was administered within 4 h after completing the last continu-
ous IVIg session. Stable doses of immunosuppressant thera-
pies (including oral corticosteroids) and cholinesterase inhibi-
tors were permitted throughout the RCP. All participants gave 
their informed consent prior to their inclusion in the study.

The current analysis of pharmacokinetic/pharmacody-
namic data was performed on the 86 patients who received 
ravulizumab in the RCP of the CHAMPION MG study.

Sample collection and analyses

Blood samples to measure baseline and trough levels of 
serum ravulizumab, serum free C5 (pharmacodynamics), 
and anti-drug antibody (ADA) evaluation were collected 
pre-dose (within 30 min before the start of infusion of 
study drug). Blood samples for peak post-treatment serum 
pharmacokinetic and pharmacodynamic assessments were 
taken within 30 min after completion of study drug infusion. 
Blood samples were obtained at baseline and at Weeks 2, 10, 
18, and 26. Samples were refrigerated (2–8 °C [36–46 °F]) 
after processing and shipped on ice to the analysis site.

Ravulizumab pharmacokinetics

Total (bound plus free) serum concentrations of ravulizumab 
were quantified using validated liquid chromatography with 
tandem mass spectrometry, with sensitivity (lower limit of 
quantification) of 1.00 µg/mL and precision (coefficient of 
variation) of ≤ 13.8% (Alexion, AstraZeneca Rare Disease, 
data on file).

Free C5 concentration

Concentrations of free C5 in serum (as a measure of target 
engagement) were measured using a validated microfluidics 
assay with fluorescence detection. The assay has sensitivity 
(lower limit of quantification) of 0.0183 µg/mL and preci-
sion (coefficient of variation) of ≤ 15.6% (Alexion, Astra-
Zeneca Rare Disease, data on file).

Immunogenicity

Serum concentrations of ADAs against the drug were meas-
ured using a validated electrochemiluminescence ligand bind-
ing assay with sensitivity of 80.7 ng/mL and precision (coef-
ficient of variation) of ≤ 16.1%. Samples proving positive in 
the ADA assay were further characterized for assessments of 
ADA titer and the presence of neutralizing antibodies.

Pharmacokinetic, pharmacodynamic, 
and immunogenicity endpoints

Pre-specified pharmacokinetic endpoints were the change in 
serum ravulizumab concentration over time, including the 
maximum/peak observed serum concentration (Cmax) and 
the serum concentration at the end of the dosing interval 
(Ctrough).

The pharmacodynamic effects of ravulizumab were meas-
ured as absolute values and changes and percentage changes 
from baseline in serum free C5 concentration over time. In 
these analyses, complete terminal complement inhibition 
was defined as a serum free C5 concentration of < 0.5 μg/
mL (Alexion, AstraZeneca Rare Disease, data on file).

Immunogenicity was assessed as the incidence of treat-
ment-emergent ADAs throughout the duration of the study. 
Patients with treatment-emergent ADA responses would be 
further assessed for the impact of immunogenicity on phar-
macokinetics and pharmacodynamics.

Statistical analyses

Pharmacodynamic and immunogenicity (ADA) outcomes 
were assessed in the full analysis set and the safety analy-
sis set, respectively, both of which included all randomized 
patients who received at least one dose of ravulizumab. The 
pharmacokinetics analysis set included all treated patients 
with at least one post-baseline pharmacokinetic concentra-
tion available.

Pharmacokinetic parameters (estimated using non-com-
partmental analyses) and absolute values and changes from 
baseline in free C5 serum concentrations are summarized 
using descriptive statistics (Phoenix™ Pharmacokinetic and 
Pharmacodynamic Platform Version 8.3; Certara, Princeton, 
NJ, USA). The incidence of ADAs and neutralizing antibod-
ies was analyzed by summarizing the number and percentage 
of patients who developed detectable ADAs or neutralizing 
antibodies in the ravulizumab-treated population.

Results

Patients

All 86 patients randomized to receive ravulizumab were 
eligible for inclusion in the safety analysis (immunogenic-
ity), full analysis (pharmacodynamics), and pharmacoki-
netics analysis sets. Patient baseline characteristics have 
been described previously [27]. In summary, approxi-
mately half of the patients were female (44 patients; 
51%); 67 patients (78%) were White, 15 (17%) were Asian 
(six from Japan), two (2%) were Black/African American, 
and race was unreported for two patients. Mean (standard 
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deviation [SD]) characteristics at baseline were: age at 
first study dose of ravulizumab 58.0 (13.8) years; body 
weight 91.6 (23.4) kg (range 40.0–165.8 kg). Patients 
had a mean (SD) MG-ADL total score of 9.1 (2.6) and a 
mean Quantitative Myasthenia Gravis total score of 14.8 
(5.2) at baseline. During the RCP of the study, 85 patients 
(99%) who were administered ravulizumab received con-
comitant MG medications: 72 (84%) received acetyl-
cholinesterase inhibitors, 57 (66%) received systemic 
corticosteroids, and 56 (65%) received non-steroidal 
immunosuppressants.

Pharmacokinetics

Target serum concentrations of ravulizumab (> 175 µg/mL) 
[28] were achieved immediately after the first dose (within 

30 min of completion of infusion) and sustained in all 
patients at all time points assessed throughout the 26-week 
treatment period (Fig. 1). Subsequent to the first (loading) 
dose, mean (SD) ravulizumab Cmax and Ctrough were 874 
(184) µg/mL and 418 (116) µg/mL, respectively. Following 
the final maintenance dose, mean Cmax and Ctrough were 1548 
(359) µg/mL and 587 (174) µg/mL, respectively. No notable 
differences were observed among weight categories with this 
weight-based ravulizumab dosing regimen (Fig. 2).

Supplemental dosing

Two patients received PLEX/PP interventions during the 
maintenance treatment phase of the study (one patient 
received four PLEX/PP interventions, and the other received 
two); both received subsequent weight-based supplemental 
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ravulizumab doses of 1800 mg within 4 h after the end of 
each PLEX/PP intervention. For each instance of PLEX/
PP, the prescribed supplemental dose successfully offset 
the marked decline in serum ravulizumab concentration, 
while not exceeding the maximum observed ravulizumab 
concentrations observed for these patients at other points 
in the study. Five patients received IVIg interventions dur-
ing the maintenance treatment phase (one patient received 
three courses of IVIg on separate occasions, and the other 
four patients each received one course of IVIg). All five 
patients were administered supplemental ravulizumab doses 
of 600 mg within 4 h after completing the last IVIg infusion 
of the course, which offset the increased clearance of ravuli-
zumab following IVIg rescue treatment and maintained 
ravulizumab concentrations above the target threshold of 
175 μg/mL.

The impact of PLEX/PP and IVIg interventions and 
supplemental ravulizumab dosing on the serum concentra-
tion–time profile of ravulizumab is shown in representative 
examples in Supplementary Figs. S1 and S2, respectively.

Pharmacodynamics

At baseline (before the first dose), the mean (SD) serum 
free C5 concentration was 153.6 (37.0) µg/mL, with a 
range of 50.4–286.0 µg/mL. Administration of ravuli-
zumab achieved immediate and complete terminal com-
plement inhibition (defined as serum free C5 < 0.5 μg/mL), 

as observed by the end of the first ravulizumab infusion. 
Complete inhibition was sustained throughout 26 weeks of 
treatment in all patients at all time points assessed (Fig. 3). 
A combined plot showing the serum C5 concentration and 
mean MG-ADL total scores over time is shown in Sup-
plementary Fig. S3.

Supplemental dosing

Serum-free C5 concentrations in samples that were col-
lected before or after supplemental ravulizumab dosing 
following PLEX/PP or IVIg interventions were maintained 
below 0.5 µg/mL.

Immunogenicity

No treatment-emergent ADAs were observed in any of the 
patients receiving ravulizumab during 26 weeks of treat-
ment. Eight (9.3%) patients were ADA-positive at baseline 
(pre-treatment) but were ADA-negative at all times fol-
lowing the first dose of ravulizumab. The ADA titers were 
low and transient, no apparent impact of immunogenicity 
on ravulizumab pharmacokinetics/pharmacodynamics was 
observed, and all assay results for anti-drug neutralizing 
antibodies in ADA-positive samples were negative.
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3134	 Journal of Neurology (2023) 270:3129–3137

1 3

Discussion

The RCP of the CHAMPION MG phase 3 trial demon-
strated the efficacy and well-tolerated profile of ravuli-
zumab administered every 8 weeks in adult patients with 
AChR Ab+ gMG [27]. The current analysis of pharma-
cokinetic, pharmacodynamic, and immunogenicity data 
provides evidence to confirm the dosing regimen for 
intravenous ravulizumab in adult patients with AChR 
Ab+ gMG.

For many of the treatments used in patients with AChR 
Ab+ gMG, there are limited data on the speed of onset of 
effect. The present analysis of data from the CHAMPION 
MG study shows that ravulizumab weight-based dosing 
in patients with AChR Ab+ gMG achieves target serum 
concentrations immediately after the first dose (within 
30 min of the end of infusion). Furthermore, these con-
centrations were sustained, irrespective of patient body 
weight (ranging from 40 to 166 kg), through 26 weeks of 
treatment (maintenance dose administered every 8 weeks). 
The weight-based dosing regimen reduced exposure dif-
ferences across the adult body weight range. The phar-
macokinetic findings are consistent with ravulizumab’s 
mean elimination half-life of 56.6 days (8.1 weeks) [22], 
which is substantially longer than that of the terminal C5 
inhibitor eculizumab (18.2 days) in patients with AChR 
Ab+ gMG [29]. Ravulizumab’s longer half-life, allowing 
dosing every 8 weeks, has the potential for easing patient 
burden with less frequent administration in comparison 
to eculizumab.

The pharmacodynamic analyses presented here support 
ravulizumab’s mechanism of action, demonstrating that it 
rapidly blocks serum free C5, achieving complete inhi-
bition of terminal complement (serum free C5 < 0.5 μg/
mL) by the end of the initial infusion and sustaining this 
inhibition through the 26-week treatment period. In a pre-
vious pharmacodynamic analysis, eculizumab achieved 
complete inhibition of terminal complement at all time 
points in 92% of patients with gMG treated with the drug 
in a clinical study [29]; in the CHAMPION MG study, 
however, ravulizumab completely inhibited terminal 
complement in all patients at all time points. The con-
sistent long-term suppression of complement activation 
by ravulizumab is particularly beneficial in gMG as it is 
a chronic, fluctuating disease that is prone to unpredict-
able exacerbations and crises if inadequately controlled. 
No treatment-emergent ADAs were observed in any of 
the patients treated with ravulizumab during 26 weeks of 
treatment. The baseline ADA positivity observed in a few 
complement-naive patients is most likely due to the pres-
ence of antibodies in response to environmental exposure 
to non-human proteins, glycans, or structurally similar 

products [30, 31]. This is consistent with findings across 
the approved indications for ravulizumab: in 449 patients 
treated with ravulizumab in clinical trials in paroxysmal 
nocturnal hemoglobinuria, atypical hemolytic uremic 
syndrome, and gMG, only two cases (0.45% of patients) 
of treatment-emergent ADAs have been reported (in one 
adult with paroxysmal nocturnal hemoglobinuria and one 
adult with atypical hemolytic uremic syndrome) [32]. In 
both cases, the ADAs were of low titer, transient, and did 
not correlate with clinical response or adverse events.

PLEX/PP and IVIg have been shown to reduce serum 
ravulizumab concentrations and a supplemental dose of 
ravulizumab is required to compensate for these interven-
tions [22]. Although data in the current study are limited, 
there was no accumulation of ravulizumab with the use of 
the supplemental dose indicated in the prescribing infor-
mation, and ravulizumab concentrations were maintained 
above the therapeutic threshold for the duration of the dosing 
interval. Although no interaction with commonly adminis-
tered MG medications was anticipated, it was notable that 
despite a high proportion of patients receiving concomitant 
medications for MG, there were no unexpected findings 
with respect to either serum ravulizumab or serum free C5 
concentrations and all patients achieved serum free C5 con-
centrations below the target threshold. As ravulizumab is a 
therapeutic monoclonal antibody and, therefore, a relatively 
large molecule, there is a low likelihood of drug–drug inter-
action via mechanisms such as CYP450, or P-glycoprotein 
or other transporters.

These pharmacokinetic and pharmacodynamic findings—
rapid achievement of therapeutic ravulizumab concentrations 
and rapid inhibition of serum free C5 concentrations that 
were sustained through the 26-week treatment period—sup-
port the clinical results of the CHAMPION MG study, which 
showed the treatment effect of ravulizumab appeared within 
the first week following infusion and was sustained through-
out 26 weeks [27]. Clinical improvements were observed in 
measures of activities of daily living (MG-ADL) and disease 
severity (Quantitative Myasthenia Gravis score), and ravuli-
zumab was well tolerated with a side-effect profile generally 
comparable with that of placebo [27]. There were no cases of 
meningococcal infection during the RCP of CHAMPION MG. 
One case of meningitis has been reported during the ongoing 
open-label extension; however, the causative organism was not 
identified as Neisseria meningitidis [33]. The risk of menin-
gococcal infection that arises from ravulizumab’s mechanism 
of action is mitigated by the requirement for patients to be 
vaccinated against meningococcal infections at least 2 weeks 
before initiating ravulizumab treatment [22].

It is interesting to speculate why the clinical response 
to complement inhibition is so rapid, given that comple-
ment activation putatively destroys the NMJ postsynaptic 
AChR and/or membrane [2, 15]. One possible explanation 
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is the dynamic nature of the postsynaptic AChR: it is being 
continually degraded and replaced in the course of nor-
mal physiology, as shown by in vivo imaging studies in 
mice [34, 35]. Similar studies also indicate the half-life of 
membrane AChRs is approximately 9–14 days [35–37]; 
thus, if the ongoing destruction of the NMJ via the MAC 
is prevented by inhibiting complement activation, the post-
synaptic AChR density can theoretically recover within 
the timeframe of the observed clinical response. This is 
also consistent with the observation that a rapid clinical 
response follows the removal of pathogenic antibodies via 
PLEX or Fc receptor inhibition [1].

Overall, ravulizumab appears well placed to offer a 
sustained treatment effect, without the burdensome side 
effects associated with long-term immunosuppressive 
therapies [38, 39]. In addition, the rapid effect of ravuli-
zumab in directly targeting the terminal complement sys-
tem favorably contrasts with the slower onset of action of 
non-steroidal immunosuppressant therapies, most of which 
generally take several months to become effective [40]. In 
practice, this predictable, rapid effect enables patients to 
regain function quickly following ravulizumab infusion 
[27]. As gMG is a chronic disease with an ongoing treat-
ment burden, the relative convenience and predictability 
of ravulizumab dosing every 8 weeks may additionally 
benefit patients’ daily lives, potentially easing the treat-
ment burden and improving treatment accessibility.

Conclusions

The results of this study provide pharmacokinetic and phar-
macodynamic evidence to support the use of ravulizumab 
every 8 weeks for immediate (within 30 min of the end of 
the first infusion), complete, and sustained inhibition of ter-
minal complement in patients with AChR Ab+ gMG.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00415-​023-​11617-1.

Acknowledgements  This study was funded by Alexion, AstraZen-
eca Rare Disease. The authors thank Sivani Paskaradevan and Manoj 
Rajadhyaksha (Alexion, AstraZeneca Rare Disease) for critical review 
of the manuscript. Editorial support was provided by Duncan Porter 
of Piper Medical Communications, funded by Alexion, AstraZeneca 
Rare Disease.

Author contributions  SO was responsible for the clinical pharmacol-
ogy strategy and protocol design, and for data analysis. TV, MK, DA, 
RM, and JFH contributed to study data acquisition. KNB provided 
clinical study oversight. RA provided statistical analyses. All authors 
contributed to data interpretation and to the critical revision of the 
manuscript.

Funding  This study was funded by Alexion, AstraZeneca Rare Disease.

Data availability  Alexion, AstraZeneca Rare Disease will consider 
requests for disclosure of clinical study participant-level data pro-
vided that participant privacy is assured through methods like data 
de-identification, pseudonymization, or anonymization (as required by 
applicable law), and if such disclosure was included in the relevant 
study informed consent form or similar documentation. Qualified 
academic investigators may request participant-level clinical data and 
supporting documents (statistical analysis plan and protocol) pertain-
ing to Alexion-sponsored studies. Further details regarding data avail-
ability and instructions for requesting information are available in the 
Alexion Clinical Trials Disclosure and Transparency Policy at https://​
alexi​oncli​nical​trials.​com/​Discl​osure-​and-​Trans​paren​cy-​Policy. Link to 
Data Request Form: https://​alexi​on.​com/​conta​ct-​alexi​on/​medic​al-​infor​
mation.

Declarations 

Conflicts of interest  Tuan Vu is the USF Site Principal Investigator for 
MG clinical trials sponsored by Alexion, AstraZeneca Rare Disease, 
argenx, Ra/UCB Pharma, Horizon/Viela Bio, Janssen/Momenta, Sa-
nofi, Regeneron, and Cartesian Therapeutics; he receives speaker and 
consultant honoraria from Alexion, AstraZeneca Rare Disease, UCB, 
and argenx. Stephan Ortiz, Kathleen N Beasley, and Rasha Aguzzi are 
employees of Alexion, AstraZeneca Rare Disease and own stock in 
AstraZeneca. Masahisa Katsuno has received speaker honoraria from 
Biogen Japan, Chugai, and Eisai, and financial research support from 
Alexion, AstraZeneca Rare Disease, argenx, Eisai, and Mitsubishi-
Tanabe. Djillali Annane has received consultancy fees from Alexion, 
AstraZeneca Rare Disease. Renato Mantegazza serves on advisory 
boards for Alexion, AstraZeneca Rare Disease, UCB, argenx, Catalyst, 
and Sanofi. He has received speaker’s honoraria from Alexion, Astra-
Zeneca Rare Disease, UCB, and argenx, and consultancy fees from 
Catalyst. James F Howard Jr has received research support (paid to 
his institution) from argenx, Cartesian Therapeutics, the Centers for 
Disease Control and Prevention (Atlanta, GA, USA), the Myasthenia 
Gravis Foundation of America, the Muscular Dystrophy Association, 
the National Institutes of Health (including the National Institute of 
Neurological Disorders and Stroke and the National Institute of Ar-
thritis and Musculoskeletal and Skin Diseases), PCORI, Ra Pharma-
ceuticals (now UCB), and Takeda Pharmaceuticals; honoraria from 
Alexion, AstraZeneca Rare Disease, argenx, Immunovant Inc., Ra 
Pharmaceuticals (now UCB), Regeneron Pharmaceuticals, Sanofi US, 
and Viela Bio Inc. (now Horizon Therapeutics); and non-financial sup-
port from Alexion, AstraZeneca Rare Disease, argenx, Ra Pharmaceu-
ticals (now UCB), and Toleranzia AB.

Ethical approval  The trial protocol was approved by the independent 
ethics committee or institutional review board at each participating 
institution. The trial was conducted in accordance with the provisions 
of the World Medical Association Declaration of Helsinki, the Interna-
tional Conference on Harmonisation E6 Guidelines for Good Clinical 
Practice, and all applicable regulatory requirements.

Consent to participate  Informed consent was obtained from all indi-
vidual participants included in the study.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 

https://doi.org/10.1007/s00415-023-11617-1
https://alexionclinicaltrials.com/Disclosure-and-Transparency-Policy
https://alexionclinicaltrials.com/Disclosure-and-Transparency-Policy
https://alexion.com/contact-alexion/medical-information
https://alexion.com/contact-alexion/medical-information


3136	 Journal of Neurology (2023) 270:3129–3137

1 3

permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Gilhus NE, Tzartos S, Evoli A, Palace J, Burns TM, Verschu-
uren JJGM (2019) Myasthenia gravis. Nat Rev Dis Primers 
5:30. https://​doi.​org/​10.​1038/​s41572-​019-​0079-y

	 2.	 Howard JF Jr (2018) Myasthenia gravis: the role of complement 
at the neuromuscular junction. Ann N Y Acad Sci 1412:113–
128. https://​doi.​org/​10.​1111/​nyas.​13522

	 3.	 Melzer N, Ruck T, Fuhr P et al (2016) Clinical features, patho-
genesis, and treatment of myasthenia gravis: a supplement to 
the Guidelines of the German Neurological Society. J Neurol 
263:1473–1494. https://​doi.​org/​10.​1007/​s00415-​016-​8045-z

	 4.	 Dresser L, Wlodarski R, Rezania K, Soliven B (2021) Myasthe-
nia gravis: epidemiology, pathophysiology and clinical mani-
festations. J Clin Med 10:2235. https://​doi.​org/​10.​3390/​jcm10​
112235

	 5.	 Ha JC, Richman DP (2015) Myasthenia gravis and related disor-
ders: pathology and molecular pathogenesis. Biochim Biophys 
Acta 1852:651–657. https://​doi.​org/​10.​1016/j.​bbadis.​2014.​11.​
022

	 6.	 Kang S, Sweeney M, Govindarajan R (2022) Academic and 
employment status in patients with generalized myasthenia gravis 
treated with eculizumab: a case series. J Clin Neuromuscul Dis 
23:210–218. https://​doi.​org/​10.​1097/​cnd.​00000​00000​000391

	 7.	 Vinge L, Jakobsen J, Andersen H (2019) Muscle weakness and 
functional disability in patients with myasthenia gravis. Muscle 
Nerve 59:218–223. https://​doi.​org/​10.​1002/​mus.​26356

	 8.	 Boldingh MI, Dekker L, Maniaol AH et al (2015) An up-date on 
health-related quality of life in myasthenia gravis—results from 
population based cohorts. Health Qual Life Outcomes 13:115. 
https://​doi.​org/​10.​1186/​s12955-​015-​0298-1

	 9.	 Twork S, Wiesmeth S, Klewer J, Pöhlau D, Kugler J (2010) Qual-
ity of life and life circumstances in German myasthenia gravis 
patients. Health Qual Life Outcomes 8:129. https://​doi.​org/​10.​
1186/​1477-​7525-8-​129

	10.	 Lehnerer S, Jacobi J, Schilling R et al (2022) Burden of disease 
in myasthenia gravis: taking the patient’s perspective. J Neurol 
269:3050–3063. https://​doi.​org/​10.​1007/​s00415-​021-​10891-1

	11.	 Nagane Y, Murai H, Imai T et al (2017) Social disadvantages 
associated with myasthenia gravis and its treatment: a multicentre 
cross-sectional study. BMJ Open 7:e013278. https://​doi.​org/​10.​
1136/​bmjop​en-​2016-​013278

	12.	 Harris L, Aban IB, Xin H, Cutter G (2019) Employment in refrac-
tory myasthenia gravis: a Myasthenia Gravis Foundation of Amer-
ica Registry analysis. Muscle Nerve 60:700–706. https://​doi.​org/​
10.​1002/​mus.​26694

	13.	 Frost A, Svendsen ML, Rahbek J, Stapelfeldt CM, Nielsen CV, 
Lund T (2016) Labour market participation and sick leave among 
patients diagnosed with myasthenia gravis in Denmark 1997–
2011: a Danish nationwide cohort study. BMC Neurol 16:224. 
https://​doi.​org/​10.​1186/​s12883-​016-​0757-2

	14.	 Kulkantrakorn K, Sawanyawisuth K, Tiamkao S (2010) Factors 
correlating quality of life in patients with myasthenia gravis. Neu-
rol Sci 31:571–573. https://​doi.​org/​10.​1007/​s10072-​010-​0285-6

	15.	 Mantegazza R, Vanoli F, Frangiamore R, Cavalcante P (2020) 
Complement inhibition for the treatment of myasthenia gravis. 
Immunotargets Ther 9:317–331. https://​doi.​org/​10.​2147/​itt.​s2614​
14

	16.	 Phillips WD, Vincent A (2016) Pathogenesis of myasthenia gravis: 
update on disease types, models, and mechanisms. F1000Res 
5:1513. https://​doi.​org/​10.​12688/​f1000​resea​rch.​8206.1

	17.	 Obaid AH, Zografou C, Vadysirisack DD et al (2022) Heterogene-
ity of acetylcholine receptor autoantibody-mediated complement 
activity in patients with myasthenia gravis. Neurol Neuroimmunol 
Neuroinflamm 9:e1169. https://​doi.​org/​10.​1212/​nxi.​00000​00000​
001169

	18.	 Rose N, Holdermann S, Callegari I et al (2022) Receptor cluster-
ing and pathogenic complement activation in myasthenia gravis 
depend on synergy between antibodies with multiple subunit spe-
cificities. Acta Neuropathol 144:1005–1025. https://​doi.​org/​10.​
1007/​s00401-​022-​02493-6

	19.	 Albazli K, Kaminski HJ, Howard JF Jr (2020) Complement inhibi-
tor therapy for myasthenia gravis. Front Immunol 11:917. https://​
doi.​org/​10.​3389/​fimmu.​2020.​00917

	20.	 Sheridan D, Yu ZX, Zhang Y et al (2018) Design and preclinical 
characterization of ALXN1210: a novel anti-C5 antibody with 
extended duration of action. PLoS ONE 13:e0195909. https://​doi.​
org/​10.​1371/​journ​al.​pone.​01959​09

	21.	 Zalevsky J, Chamberlain AK, Horton HM et al (2010) Enhanced 
antibody half-life improves in  vivo activity. Nat Biotechnol 
28:157–159. https://​doi.​org/​10.​1038/​nbt.​1601

	22.	 Alexion Pharmaceuticals Inc. (2022) ULTOMIRIS® (ravuli-
zumab-cwvz) injection, for intravenous use: prescribing informa-
tion. https://​alexi​on.​com/​docum​ents/​ultom​iris_​uspi. Accessed Jul 
2022

	23.	 Lee JW, Sicre de Fontbrune F, Wong Lee Lee L et al (2019) 
Ravulizumab (ALXN1210) vs eculizumab in adult patients 
with PNH naive to complement inhibitors: the 301 study. Blood 
133:530–539. https://​doi.​org/​10.​1182/​blood-​2018-​09-​876136

	24.	 Kulasekararaj AG, Hill A, Rottinghaus ST et al (2019) Ravuli-
zumab (ALXN1210) vs eculizumab in C5-inhibitor-experienced 
adult patients with PNH: the 302 study. Blood 133:540–549. 
https://​doi.​org/​10.​1182/​blood-​2018-​09-​876805

	25.	 Rondeau E, Scully M, Ariceta G et al (2020) The long-acting C5 
inhibitor, ravulizumab, is effective and safe in adult patients with 
atypical hemolytic uremic syndrome naïve to complement inhibi-
tor treatment. Kidney Int 97:1287–1296. https://​doi.​org/​10.​1016/j.​
kint.​2020.​01.​035

	26.	 Kulasekararaj AG, Hill A, Langemeijer S et al (2021) One-year 
outcomes from a phase 3 randomized trial of ravulizumab in 
adults with paroxysmal nocturnal hemoglobinuria who received 
prior eculizumab. Eur J Haematol 106:389–397. https://​doi.​org/​
10.​1111/​ejh.​13564

	27.	 Vu T, Meisel A, Mantegazza R et al (2022) The terminal com-
plement inhibitor ravulizumab in anti-acetylcholine receptor 
antibody-positive generalized myasthenia gravis. NEJM Evid 
1:EVIDoa2100066. https://​doi.​org/​10.​1056/​EVIDo​a2100​066

	28.	 Alexion Pharmaceuticals Inc. (2018) NDA/BLA multi-disci-
plinary review and evaluation BLA 761108: Ultomiris (ravuli-
zumab). https://​www.​acces​sdata.​fda.​gov/​drugs​atfda_​docs/​nda/​
2018/​76110​8Orig​1s000​Multi​disci​plineR.​pdf. Accessed Dec 2021

	29.	 Monteleone JPR, Gao X, Kleijn HJ, Bellanti F, Pelto R (2021) 
Eculizumab pharmacokinetics and pharmacodynamics in patients 
with generalized myasthenia gravis. Front Neurol 12:696385. 
https://​doi.​org/​10.​3389/​fneur.​2021.​696385

	30.	 Gorovits B, Clements-Egan A, Birchler M et  al (2016) Pre-
existing antibody: biotherapeutic modality-based review. AAPS 
J 18:311–320. https://​doi.​org/​10.​1208/​s12248-​016-​9878-1

	31.	 Xue L, Clements-Egan A, Amaravadi L et al (2017) Recommen-
dations for the assessment and management of pre-existing drug-
reactive antibodies during biotherapeutic development. AAPS J 
19:1576–1586. https://​doi.​org/​10.​1208/​s12248-​017-​0153-x

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41572-019-0079-y
https://doi.org/10.1111/nyas.13522
https://doi.org/10.1007/s00415-016-8045-z
https://doi.org/10.3390/jcm10112235
https://doi.org/10.3390/jcm10112235
https://doi.org/10.1016/j.bbadis.2014.11.022
https://doi.org/10.1016/j.bbadis.2014.11.022
https://doi.org/10.1097/cnd.0000000000000391
https://doi.org/10.1002/mus.26356
https://doi.org/10.1186/s12955-015-0298-1
https://doi.org/10.1186/1477-7525-8-129
https://doi.org/10.1186/1477-7525-8-129
https://doi.org/10.1007/s00415-021-10891-1
https://doi.org/10.1136/bmjopen-2016-013278
https://doi.org/10.1136/bmjopen-2016-013278
https://doi.org/10.1002/mus.26694
https://doi.org/10.1002/mus.26694
https://doi.org/10.1186/s12883-016-0757-2
https://doi.org/10.1007/s10072-010-0285-6
https://doi.org/10.2147/itt.s261414
https://doi.org/10.2147/itt.s261414
https://doi.org/10.12688/f1000research.8206.1
https://doi.org/10.1212/nxi.0000000000001169
https://doi.org/10.1212/nxi.0000000000001169
https://doi.org/10.1007/s00401-022-02493-6
https://doi.org/10.1007/s00401-022-02493-6
https://doi.org/10.3389/fimmu.2020.00917
https://doi.org/10.3389/fimmu.2020.00917
https://doi.org/10.1371/journal.pone.0195909
https://doi.org/10.1371/journal.pone.0195909
https://doi.org/10.1038/nbt.1601
https://alexion.com/documents/ultomiris_uspi
https://doi.org/10.1182/blood-2018-09-876136
https://doi.org/10.1182/blood-2018-09-876805
https://doi.org/10.1016/j.kint.2020.01.035
https://doi.org/10.1016/j.kint.2020.01.035
https://doi.org/10.1111/ejh.13564
https://doi.org/10.1111/ejh.13564
https://doi.org/10.1056/EVIDoa2100066
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2018/761108Orig1s000MultidisciplineR.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2018/761108Orig1s000MultidisciplineR.pdf
https://doi.org/10.3389/fneur.2021.696385
https://doi.org/10.1208/s12248-016-9878-1
https://doi.org/10.1208/s12248-017-0153-x


3137Journal of Neurology (2023) 270:3129–3137	

1 3

	32.	 Alexion Pharma UK Ltd (2022) Ultomiris 1,100 mg/11 mL con-
centrate for solution for infusion. Summary of product character-
istics. https://​www.​medic​ines.​org.​uk/​emc/​produ​ct/​11945/​smpc. 
Accessed Nov 2022

	33.	 Howard JF Jr, Vu T, Mantegazza R et al (2022) Long-term efficacy 
and safety of ravulizumab, a long-acting terminal complement 
inhibitor, in adults with anti-acetylcholine receptor antibody-
positive generalized myasthenia gravis: results from the phase 
3 CHAMPION MG open-label extension [Oral presentation 
S25.005]. American Academy of Neurology 74th Annual Meet-
ing, Seattle, WA, USA. Neurology 22:853. https://​index.​miras​
mart.​com/​aan20​22/​PDFfi​les/​AAN20​22-​000853.​html

	34.	 Bruneau E, Sutter D, Hume RI, Akaaboune M (2005) Identifi-
cation of nicotinic acetylcholine receptor recycling and its role 
in maintaining receptor density at the neuromuscular junction 
in vivo. J Neurosci 25:9949–9959. https://​doi.​org/​10.​1523/​jneur​
osci.​3169-​05.​2005

	35.	 Martinez-Pena y Valenzuela I, Akaaboune M (2021) The meta-
bolic stability of the nicotinic acetylcholine receptor at the neu-
romuscular junction. Cells 10:358. https://​doi.​org/​10.​3390/​cells​
10020​358

	36.	 Akaaboune M, Culican SM, Turney SG, Lichtman JW (1999) 
Rapid and reversible effects of activity on acetylcholine receptor 
density at the neuromuscular junction in vivo. Science 286:503–
507. https://​doi.​org/​10.​1126/​scien​ce.​286.​5439.​503

	37.	 Akaaboune M, Grady RM, Turney S, Sanes JR, Lichtman JW 
(2002) Neurotransmitter receptor dynamics studied in  vivo 
by reversible photo-unbinding of fluorescent ligands. Neuron 
34:865–876. https://​doi.​org/​10.​1016/​s0896-​6273(02)​00739-0

	38.	 Lascano AM, Lalive PH (2021) Update in immunosuppressive 
therapy of myasthenia gravis. Autoimmun Rev 20:102712. https://​
doi.​org/​10.​1016/j.​autrev.​2020.​102712

	39.	 Schneider-Gold C, Hagenacker T, Melzer N, Ruck T (2019) 
Understanding the burden of refractory myasthenia gravis. Ther 
Adv Neurol Disord 12:1756286419832242. https://​doi.​org/​10.​
1177/​17562​86419​832242

	40.	 Menon D, Barnett C, Bril V (2020) Novel treatments in myas-
thenia gravis. Front Neurol 11:538. https://​doi.​org/​10.​3389/​fneur.​
2020.​00538

https://www.medicines.org.uk/emc/product/11945/smpc
https://index.mirasmart.com/aan2022/PDFfiles/AAN2022-000853.html
https://index.mirasmart.com/aan2022/PDFfiles/AAN2022-000853.html
https://doi.org/10.1523/jneurosci.3169-05.2005
https://doi.org/10.1523/jneurosci.3169-05.2005
https://doi.org/10.3390/cells10020358
https://doi.org/10.3390/cells10020358
https://doi.org/10.1126/science.286.5439.503
https://doi.org/10.1016/s0896-6273(02)00739-0
https://doi.org/10.1016/j.autrev.2020.102712
https://doi.org/10.1016/j.autrev.2020.102712
https://doi.org/10.1177/1756286419832242
https://doi.org/10.1177/1756286419832242
https://doi.org/10.3389/fneur.2020.00538
https://doi.org/10.3389/fneur.2020.00538

	Ravulizumab pharmacokinetics and pharmacodynamics in patients with generalized myasthenia gravis
	Abstract
	Introduction 
	Methods 
	Results 
	Conclusions 
	Trial registration 

	Introduction
	Methods
	Study population and study design
	Sample collection and analyses
	Ravulizumab pharmacokinetics
	Free C5 concentration
	Immunogenicity

	Pharmacokinetic, pharmacodynamic, and immunogenicity endpoints
	Statistical analyses

	Results
	Patients
	Pharmacokinetics
	Supplemental dosing

	Pharmacodynamics
	Supplemental dosing

	Immunogenicity

	Discussion
	Conclusions
	Anchor 26
	Acknowledgements 
	References




