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Abstract

Background and Objectives

Biologics that target pathogenic antibodies (Abs) and their effector functions such as the
complement inhibitor ravulizumab and the neonatal Fc receptor agonist efgartigimod have
recently been approved for the treatment of acetylcholine receptor (AChR)-Ab-positive my-
asthenia gravis (MG), but comparative studies are lacking.

Methods

In a prospective, exploratory real-world study, we assessed clinical efficacy, safety, and biological
effects of ravulizumab and efgartigimod treatment initiation. Myasthenia Gravis-Activities of
Daily Living and Quantitative Myasthenia Gravis scores were used as clinical endpoints. Ab
effector functions were determined by AChR-Ab-dependent complement activation and
phagocytosis assays and systemic complement activation profiling.

Results

We observed similar moderate short-term efficacy of ravulizumab and efgartigimod in achieving
clinical improvement. Ravulizumab reduced systemic terminal complement activation, but
neither treatment showed significant effects on complement pathways proximal to CS or
functional capacities of AChR-Abs. Both treatment modalities were well tolerated with no
serious adverse events reported.

Discussion

Clinical benefits obtained with ravulizumab and efgartigimod can be remarkably heterogeneous
in daily clinical practice. Neither treatment relevantly changed effector functions of pathogenic
AChR-Abs, supporting the concept that durable disease control in MG requires continuous
administration of both fast-acting agents.

Classification of Evidence

This study provides Class III evidence that in AChR-Ab-positive patients with generalized MG,
ravulizumab and efgartigimod provide comparable modest improvement in MG functional
scales.
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Glossary

Abs = antibodies; AChR = acetylcholine receptor; gMG = generalized MG; IgG = immunoglobulin G; IQR = interquartile
range; MG-ADL = Myasthenia Gravis-Activities of Daily Living; MG = myasthenia gravis; MGFA = Myasthenia Gravis

Foundation of America classification; QMG = quantitative MG.

Introduction

Myasthenia gravis (MG) is an autoimmune disease char-
acterized by localized or general muscle weakness, which is
caused by immunoglobulin G (IgG) antibodies (Abs)
binding to acetylcholine receptors or functionally related
molecules in the postsynaptic membrane at the neuro-
muscular junction.' Recently approved treatment options
specifically targeting Ab-mediated disease mechanisms in-
clude ravulizumab, targeting the terminal complement
component C5,* and the neonatal Fc receptor (FcRn)
modulator efgartigimod, which enhances degradation of
endogenous IgG including AChR-specific Abs.* Both
therapies led to sustained meaningful improvement in the
MG-specific Activities of Daily Living scale (Myasthenia
Gravis-Activities of Daily Living [MG-ADL]), the primary
end point in pivotal placebo-controlled phase III clinical
trials.>*

Although diagnosis in patients with typical symptoms and
a positive Ab test is usually unambiguous, patients present
remarkably heterogeneous in terms of disease phenotype,
clinical course, and response to immunotherapy. This study
aimed to estimate clinical efficacy of ravulizumab and efgar-
tigimod and to profile their biological effects on auto-Ab
features in a real-world cohort of patients with AChR-Ab"
generalized MG (gMG).

Methods

Patients and Study Design

Patients with AChR-Ab-positive gMG were recruited at
the Departments of Neurology at the Charité- Uni-
versititsmedizin Berlin and the Universititsklinikum
Miinster. Both are certified German “Integrated MG Centers
of Excellence”, accredited by the German MG Society. Di-
agnosis of MG was based on international guidelines.>® All
patients were treatment-naive for either ravulizumab or
efgartigimod at study entry. Both sites used identical proto-
cols for the collection of demographic and clinical data and for
sample processing and storing at —20°C. MG-related clinical
scores were prospectively assessed at baseline and at follow-up
using the MG-ADL scale’ and quantitative MG (QMG)
score® for disease severity. Patients receiving ravulizumab
were followed up at weeks 2 and 10, and patients receiving
efgartigimod were followed up at weeks 4 and 8 after treat-
ment initiation to assess immediate treatment benefits of
these fast-acting therapies.
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Standard Protocol Approvals, Registrations,
and Patient Consents

The study was conducted according to the Declaration of
Helsinki and approved by the Ethics Committees of the
University of Miinster (registration nos. 2010-262-f-S, 2011-
665-£:S, 2013-350-£S, 2014-068-£-S and 2016-053-£-S) and
Charité— Universititsmedizin Berlin (EA1/281/10); written
informed consent was given by all participants.

Complement Factor Profiling

We used a previously described, established multiplex ELISA
based on chemiluminescence according to the manufacturer’s
recommendations Quidel, San Diego, cat. Number: A910.7%°
Data were obtained with Imager L from Quansys, using
Q-View Software 3.11 for analysis.

AChR-specific Ab-dependent Complement
Deposition and Ab-Dependent

Cellular Phagocytosis

Both functional assays were performed as reported pre-
visouly'" (please, see supplemental material for details) using

purified recombinant human AChR extracellular domain
a-subunit (thAChRF“P).!?

Determination of Total IgG Levels

Quantitative detection of total IgG was measured by ELISA
according to the manufacturer’s recommendations (Fisher
Scientific—Invitrogen, Schwerte, Germany, cat. Number: 88-

50550).

Statistics

Continuous data are presented as median and interquartile range
(IQR) and categorical variables as absolute frequencies and per-
centages. Differences regarding patient-reported clinical im-
provement measured with MG-ADL and QMG are displayed as
median and median change with IQR and as mean along with
95% CI. Adjusted effect estimates are derived from linear re-
gression adjusted for sex and age. Analyses of antibody features’
changes over time were performed with the Wilcoxon signed-rank
test. Owing to the exploratory nature of this study, p values were
not corrected for multiple testing. Safety was assessed through
incidence of adverse events in a descriptive manner. All statistical
analyses were performed using R" and additional R packages.'*"*
The study followed the Strengthening the Reporting of Obser-
vational Studies in Epidemiology reporting guidelines.

Data Availability
The data that support the findings of this study are available
from the corresponding author, on reasonable request.
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Results

A total of 41 patients with AChR-Ab-positive gMG starting
with ravulizumab and 21 patients starting with efgartigimod
were prospectively included between January 2023 and De-
cember 2023 (Table 1). At study entry, all patients were
treatment-naive for either ravulizumab or efgartigimod.
Clinical severity as assessed by MG-ADL and QMG scores and
Myasthenia Gravis Foundation of America (MGFA) status at
baseline was comparable between both groups. Most had
moderate disease severity (MGFA II 29% [n = 18], MGFA III
63% [n=39], MGFAIV 8% [n = 5]) and most patients received
steroids and/or standard immunosuppressive therapy at base-
line. Most patients (63% [n = 38]) met the criteria for treatment
refractory status according to the randomized controlled trial of
eculizumab in refractory, AChR-Ab-positive, generalized my-
asthenia gravis (REGAIN)'®: MG-ADL score at baseline of >6
and a history of 2 or more immunosuppressive therapies or MG-
ADL score at baseline of >6 and at least one immunosuppressive
therapy with IVIg or plasma exchange given at least 4 times per
year, for 12 months without symptom control.

Treatment initiation was associated with moderate, although
for all patients not clinically meaningful, improvement in
MG-ADL scores assessed at the follow-up visits (week 10 for
ravulizumab, mean difference —1.35 [95% CI -2.15 to —0.55];
weeks 4 and 8 for efgartigimod, mean difference —1.10 [95%
CI —2.48 to 0.28] and —1.65 [95% CI -3.28 to —0.02], re-
spectively; Figure 1A). QMG scores obtained at the follow-up
visits slightly decreased from baseline levels for ravulizumab,
but not for efgartigimod (ravulizumab: mean difference —1.06
[95% CI -2.86 to 0.75]; efgartigimod: mean difference 0.45
[95% CI -1.39 to 2.29] at weeks 4 and 0.05 [95% CI —2.28 to
2.38] at week 8) (Figure 1B). Effect estimates adjustment for
age and sex did not provide any evidence for a superior effi-
cacy of one of the 2 treatments (eTable 1). A clinically
meaningful improvement, defined as a reduction of at least 2
points on the MG-ADL scale or at least 3 points on the QMG
scale, was observed in 44% (MG-ADL) and 29% (QMG) of
ravulizumab-treated patients compared with 35% (MG-ADL)
and 20% (QMG) of efgartigimod-treated patients (Figure 1,
C and D). Minimal manifestation status as defined by
MG-ADL <2 was achieved in 14% in ravulizumab and 15% in
efgartigimod patients. Both treatment modalities were well
tolerated with no serious adverse events reported.

We next assessed the biological efficacy of both treatment
modalities in restraining pathogenic Ab functions such as
complement activation. Follow-up samples have been avail-
able for 24 ravulizumab-treated and 15 efgartigimod-treated
patients. Quantification of serum complement factors C3a,
C5a, and sCSb9, indicating general activation of the com-
plement system, whether via the classical and lectin pathways
(C4a) or the alternative pathway (factors Ba and Bb),
revealed a significant decrease in CSa (median change: —4.4,
p = 0.0002) (Figure 2A) and sC5b9 (median change: —189,
p =0.009) on treatment initiation with ravulizumab but not in
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patients receiving efgartigimod (CSa: -0.7, p = 0.762; sC5b9:
+162, p = 0.762; eFigure 1). In patients treated with efgarti-
gimod, total serum IgG concentrations were significantly re-
duced by a median of 41% (mean 22%) at week 8 compared
with baseline levels (Figure 2B). The extent of IgG reduction
at week 8 corresponds to what was previously observed in the
randomized controlled phase 3 clinical trial on efgartigimod in
MG.* IgG levels in ravulizumab-treated patients only de-
creased to a minor extent by a median of 7% (Figure 2B).
Treatment initiation with either ravulizumab or efgartigimod
was not associated with statistically significant changes in
functional capacities of isolated AChR-specific Abs to induce
Ab-dependent complement deposition (ADCD) (Figure 2C)
and Ab-dependent and cellular Fc receptor-mediated
phagocytosis (ADCP) (Figure 2D). Thus, this study pro-
vides Class III evidence that in AChR-Ab-positive with gMG,
ravulizumab and efgartigimod provide comparable modest
improvement in MG functional scales.

Discussion

Our study indicates similar moderate short-term efficacy
of ravulizumab and efgartigimod in achieving clinical im-
provement in a real-world cohort of patients with AChR-
Ab-positive MG. Ravulizumab treatment substantially
reduced circulating levels of activated terminal complement
components, i.e., C5a and sC5b9, with no statistically signif-
icant effects on complement activation proximal to CS and
the functional capacity of AChR-Abs to activate complement.
Efgartigimod significantly reduced total serum IgG concen-
trations, in line with previous observations,” but did not rel-
evantly affect circulating complement protein levels and was
not associated with relevant changes in AChR-Ab effector
functions.

Clinically meaningful improvement as defined by a decrease
of at least 2 on the MG-ADL scale was achieved for more than
60% of patients in pivotal phase 3 studies after 26 responses in
8 weeks that led to the approval of ravulizamab'” and efgar-
tigimod.* MG-ADL-based response rates in our real-world
cohorts were considerably lower, and clinical efficacy assessed
by the physician-reported QMG scale did not reach statistical
significance in either treatment group after 4, 8, and 10 weeks.
Compared with aforementioned randomized controlled
clinical trials, cohort sizes in our exploratory study were
smaller, particularly in the efgartigimod-treated cohort, and
follow-up time points were different. Moreover, most of the
patients included in our study had difficult-to-treat MG, ful-
filling the REGAIN criteria for being immunotherapy re-
fractory.'® In the REGAIN study and its open-label extension,
although most patients with refractory MG showed a re-
sponse within the first 12 weeks of treatment, some took
longer to respond and the response rate gradually increased
from week 12 to after week 26."® Thus, enrichment for
patients with difficult-to-treat MG and a relatively short ob-
servation period in our study might have contributed to the
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Table 1 Baseline Demographic and Clinical Characteristics

Efgartigimod (n = 21)

Ravulizumab (n =41)

Total (N = 62)

Age (y), median (IQR)

61.00 (43.00-73.00)

69.00 (47.00-77.00)

64.00 (44.00-75.50)

Early-onset myasthenia gravis, n (%) 7 (33.3) 16 (39.0) 23(37.1)
Sex, n (%)
Female 12(57.1) 27 (65.9) 39(62.9)
Male 9 (42.9) 14 (34.1) 23(37.1)

Weight (kg), median (IQR)

77.00 (65.00-87.00)

77.00 (60.00-88.00)

77.00 (62.00-87.75)

Disease duration (y), median (IQR)

4.00 (2.00-6.00)

7.00 (3.00-10.00)

5.00 (2.00-9.75)

MGFA class at screening, n (%)

1 8(38.1) 10 (24.4) 18 (29.0)

m 12 (57.1) 27 (65.9) 39 (62.9)

v 1(4.8) 4(9.8) 5(8.1)
Previous thymectomy, n (%) 13(61.9) 25 (61.0) 38(61.3)
Thymoma, n (%) 2(11.8) 7(19.4) 9(17.0)
n missing 4 5 9
History of myasthenic crisis, n (%) 12 (57.1) 24 (58.5) 36 (58.1)

Total MG-ADL score, median (IQR)

10.00 (8.00-11.00)

9.00 (7.00-12.00)

10.00 (7.00-12.00)

n missing

0

2

2

Total QMG score, median (IQR)

14.00 (10.00-17.00)

14.50 (11.00-19.25)

14.00 (11.00-18.00)

n missing

0

1

1

Total MG-QOL15r score, median (IQR)

37.00 (31.00-40.00)

22.50 (19.00-26.50)

25.00 (19.50-36.50)

n missing 8 1 19
At least one previous IST, n (%) 21 (100) 41 (100) 62 (100)
Myasthenia gravis therapy at baseline, n (%)
Any steroid 12(63.2) 26 (63.4) 38 (63.3)
n missing 2 0 2
Any immunosuppressive therapy 18 (85.7) 27 (65.9) 45 (72.6)
Rituximab 0(0.0) 5(12.2) 5(8.1)
Steroid and any immunosuppressive therapy 10 (52.6) 20 (48.8) 30 (50.0)
No steroid and no immunosuppressive therapy 1(4.8) 8(19.5) 9(14.5)
Refractory MG at baseline?, n (%) 15(71.4) 23(59.0) 38(63.3)
n missing 0 2

Abbreviations: AChR = acetylcholine receptor; IQR = interquartile range; IST = immunosuppressive therapy; MG-ADL = MG specific activity of daily life score;
MGFA = Myasthenia Gravis Foundation of America classification; MG-QoL15 = MG-Specific Quality of Life Score; QMG = Quantitative MG Score.

Reported are median (IQR) for continuous variables and n (%) for categorical variables. Disease duration is the time from diagnosis until baseline. The data on
the thymoma findings refer to the number of patients in the respective group, regardless of whether a thymectomy was performed. We cannot exclude the
possibility that a thymoma was present in the non-thymectomized patients, but there was no evidence of a thymoma on the CT scan of the thorax.

@ Immunotherapy refractory status was defined according to the randomized controlled phase 3 trial of eculizumab in refractory, AChR-Ab-positive, gen-
eralized MG (REGAIN): diagnosis of a generalized AChR-Ab-positive MG with a MG-ADL score at baseline of >5 and a history of either 1 2 or more
immunosuppressive therapies, or 2 at least one immunosuppressive therapy with IVIg or plasma exchange given at least 4 times per year, for 12 months
without symptom control.
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Figure 1 Clinical Response to Ravulizumab and Efgartigimod in Patients With AChR-Ab-Positive gMG
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(A) Myasthenia gravis activities of daily living (MG-ADL) score in patients treated with ravulizumab (baseline, week 2, week 10) or efgartigimod (baseline, week
4, week 8). Indicated in gray are individual patients. Indicated in red are the median at baseline, median differences for follow-up along with the interquartile
range; (B) Quantitative Myasthenia Gravis (QMG) score in individual patients treated with ravulizumab (baseline, week 2, week 10) or efgartigimod (baseline,
week 4, week 8). (C) Bar chart for the distribution of minimal improvementin MG-ADL score from baseline to second follow-up (week 8 or week 10), separately
for ravulizumab-treated and efgartigimod-treated patients. (D) Bar chart for the distribution of minimal improvement in QMG score from baseline to second
follow-up (week 8 or week 10), separately for ravulizumab-treated and efgartigimod-treated patients. AChR-Ab = acetylcholine receptors-Ab; gMG = gen-
eralized MG.

fact that the pharmacologic mechanism of actions did not
sufficiently translate into clinical efficacies, and we cannot
exclude the possibility that more patients included in our
study would have shown first responses after longer-term
treatment. Although these factors might limit the overall
significance of our findings, data obtained support the notion
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that the response to one of the 2 therapies can be remarkably
heterogeneous in daily clinical practice, highlighting the need
for treatment response-predicting biomarkers.

Complement activation by AChR-specific Abs is thought to
be an important pathomechanism in MG and circulating
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Figure 2 Profiling Activated Complement Protein and IgG Levels Along With AChR-Specific Antibody Effector Functions on
Treatment Initiation With Ravulizumab and Efgartigimod
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(A) Serum complement C5a and (B) total igG protein levels were quantified at baseline, at 10 weeks after ravulizumab therapy, and 8 weeks after initiation of
efgartigimod therapy. Only ravulizumab-treated patients presented with a significant decrease in terminal complement factors C5a (p = 0.00024). Only
efgartigimod-treated patients presented with a significant decrease in total IgG levels (p = 0.03). Mean relative difference for total IgG levels in efgartigimod-
treated patients is —22.0 and for ravulizumab-treated patients is 8.2. (C) Antibody-dependent complement deposition and (D) phagocytosis induced by
isolated AChR-specific IgG quantified at baseline, at 10 weeks after ravulizumab therapy, and 8 weeks after initiation of efgartigimod therapy. Indicated in gray
are individual patients. Indicated in red are the median at baseline and median differences for follow-up along with the interquartile range. AChR =

acetylcholine receptor; IgG = immunoglobulin G.

levels of activated complement proteins are prominently in-
creased in patients with AChR-Ab MG.” The marked down-
regulation of CSa and sCSbC9 levels on ravulizumab
initiation is in line with the immediate complete inhibition of
serum free CS observed in the pivotal CHAMPION MG
study which led to approval of ravulizumab for the treatment
of AChR-Ab-positive MG."”

Neither treatment relevantly changed effector functions of
pathogenic AChR-Abs nor exhibited relevant effects on
complement activation proximal to CS, supporting the con-
cept that both therapies require continuous administration
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and that pausing or discontinuation are likely associated with
high risk of disease worsening. Whether inhibition of the
classical or alternative pathway proximal to C5 can provide
additional benefit to what can be achieved with currently
approved biologicals requires further investigation.

Limitations of our study include the relatively small sample
size and short observation period. Although sustained
clinical benefits and discovery of treatment response-
predictive biomarkers require further investigations in
larger real-world cohorts, our observations suggest that of
both fast-acting agents might require combination with
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more deeply and sustainably intervening immunotherapies
to qualitatively affect AChR-Ab effector functions and to
improve long-term outcomes for patients with AChR-
Ab-positive MG.
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