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Abstract
Numerous clinical trials for myasthenia gravis (MG) treatment have been conducted recently, with satisfactory 
cognitive and clinical results. However, due to the limited evidence for direct comparison of the safety and 
effectiveness of various drugs, there is a need for further exploration of the advantages and disadvantages of 
different monoclonal antibodies and immunosuppressants. Thus, in the present network meta-analysis (NMA), we 
aimed to compare the efficacy and safety of immunosuppressants and monoclonal antibodies in treating MG. We 
systematically searched for randomized controlled trials published in PubMed, Embase, Web of Science, and the 
Cochrane Library between January 1, 2000 and March 6, 2024. Statistical analyses were performed using R software 
(version 4.2.3), JAGS, and STATA (version 15.0). The surface under the cumulative ranking curve (SUCRA) value was 
calculated to assess the potential efficacy of each drug and the likelihood of adverse events (AEs), with higher 
SUCRA values indicating better efficacy or a lower likelihood of AEs. This NMA included 21 randomized controlled 
trials involving 13 drugs and 1,657 patients. Based on changes in Quantitative MG and MG Composite scores, 
batoclimab was most likely to exert the best therapeutic effects, with SUCRA values of 99% and 92%, respectively. 
Rozanolixzumab performed better than the other drugs in terms of the MG Activities of Daily Living score (85%). 
Eculizumab exhibited the highest potential in reducing the 15-item revised version of the MG Quality of Life score 
(96%). Regarding safety, belimumab had the highest SUCRA value (85%), demonstrating the lowest likelihood of 
AEs. In conclusion, all immunosuppressants and monoclonal antibodies analyzed in this study were more effective 
than the placebo in treating MG, with rozanolixzumab and batoclimab potentially being the most effective. 
Regarding safety, rozanolixzumab exhibited a higher likelihood of AEs than did placebo. The conclusions guide the 
clinical selection of effective drugs and offer insights for future drug experiments.
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Introduction
Myasthenia gravis (MG) is a relatively rare autoimmune 
disease of the nervous system that is mainly mediated 
by B cells and damages the prominent posterior mem-
brane of the neuromuscular junction [1]. As an autoim-
mune disease, its primary pathogenic antibodies include 
antibodies against the nicotinic acetylcholine receptor 
(AChR; detected in 80% of patients) and muscle-specific 
kinase (MuSK) (detected in approximately 6% of patients) 
and anti-lipoprotein receptor-related protein 4 (occurs 
more rarely) [2–4]. The primary clinical symptoms of MG 
include fluctuating fatigue and weakness of the extraocu-
lar, pharyngeal, laryngeal, trunk, and limb muscles, and 
the respiratory muscles can be seriously involved. The 
incidence of GM is approximately 0.15–61.33 per million 
person-years; however, in recent years, the incidence of 
MG has increased significantly [5, 6].

Currently, treatment for MG mainly includes cholines-
terase inhibitors and conventional immunosuppressants 
(glucocorticoids and nonsteroidal immunosuppressive 
agents) [7, 8]. The condition of many patients has been 
controlled using these drugs; however, poor curative 
effects are still observed in some patients, and approxi-
mately 20% of patients with MG do not respond to con-
ventional immunosuppressive treatment [9]. In addition, 
hormones and immunosuppressive agents have signifi-
cant side effects, such as diabetes, osteoporosis, hyper-
tension, obesity, and skin lesions, making some patients 
unable to adhere to immunosuppressive treatments [10, 
11]. Therefore, new drugs with stronger targeting, higher 
safety, and better efficacy, particularly monoclonal anti-
body drugs, have been developed recently.

According to their mechanism of action, new immune 
drugs for MG can be divided into the following three cat-
egories: neonatal Fc receptor inhibitors (FcRn), complex 
inhibitors, and B-cell therapies [12, 13]. After 2017, the 
US Food and Drug Administration (FDA) successively 
approved eculizumab, ravulizumab, efgartigimod, and 
rozanolixizumab as treatments for patients with MG 
[14–17]. In October 2023, the FDA approved zilucoplan 
as a treatment for adult generalized MG. However, owing 
to the limited evidence for the direct comparison of the 
safety and effectiveness of various drugs, the advantages 
and disadvantages of different monoclonal antibodies 
and immunosuppressants need to be further explored. 
Through a Bayesian network meta-analysis (NMA), the 
effectiveness and safety of different drugs can be com-
pared, and their effects can be ranked by collecting direct 
or indirect comparison evidence [18]. Therefore, in the 
present study, we conducted an NMA of all relevant 
immunotherapy methods and comprehensively com-
pared and ranked the strategies for MG treatment.

Methods
Search strategy
The study protocol was prospectively registered in 
the International Prospective Register for Systematic 
Reviews (CRD42024519160). This NMA complies with 
the Preferred Reporting Items for Systematic Reviews 
and Meta-Analyses statement [19].

Two reviewers independently performed a compre-
hensive literature search of PubMed, Embase, Cochrane 
Library, and Web of Science. The search covered all 
studies published between January 1, 2000 and March 
6, 2024. Discrepancies between the two reviewers were 
resolved through discussion or arbitration by a third 
reviewer (Shu-Yan Cong).

All studies were double-blind, randomized, placebo-
controlled trials on the efficacy of MG treatment and 
were published in English. To accurately search for the 
required studies, we searched for a combination of terms 
in Medical Subject Headings and general terms.

The included studies were those related to immunosup-
pressants and monoclonal antibodies and reported infor-
mation about the treatment effects. Details of the search 
strategy and extraction of specific literature are presented 
in Supplementary Table S1.

Inclusion criteria
We included all MG-related immunosuppressants and 
monoclonal antibodies that underwent randomized 
controlled trials (RCTs) after 2000. Participants in the 
included studies were adult patients diagnosed with gen-
eralized MG who met the Myasthenia Gravis Founda-
tion of America (MGFA) class II–V clinical classification 
at the time of screening. The patients were treated with 
immunosuppressants or monoclonal antibodies, and dif-
ferent doses of the same drug were administered to the 
same intervention group. The control group included in 
the experiment received a placebo treatment. At least 
one of the following four scores was the most important 
outcome in the included studies: MG Activities of Daily 
Living (MG-ADL), Quantitative MG (QMG), MG Com-
posite (MGC), and 15-item revised version of the MG 
Quality of Life (MG-QoL 15r) scores. The included stud-
ies reported adverse events (AEs) and severe AEs (SAEs) 
as adverse reactions.

Data extraction and outcome measures
We collected the following data: [1] the last name of the 
first author and the year of publication; [2] study phase, 
sample size, patient sex, patient age, intervention mea-
sures, disease duration, history of thymectomy, duration 
and dose of medication, serotype (AB AChR-positive 
and anti-MuSK antibody-positive and seronegative), and 
MGFA category; [3] outcome data for efficacy: MG-ADL, 
QMG, MGC, and MG-QOL 15r scores (mean, standard 
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deviation [SD]); and [4] outcome data for safety: drug-
related AEs and SAEs during the follow-up period. Data 
were extracted by two reviewers (Yue Qiao and Jian Gu) 
using a standardized data extraction table, and another 
reviewer (Shu-Yan Cong) checked the data. Any conflict-
ing observations were discussed, and a consensus was 
reached.

Quality assessment and risk of bias
In this NMA, we strictly adhered to the predefined inclu-
sion and exclusion criteria and only incorporated RCTs. 
To assess the risk of bias in the included studies, we used 
the Cochrane Collaboration’s risk of bias assessment tool 
[20], which covers six key domains: random sequence 
generation (selection bias), allocation concealment 
(selection bias), blinding of participants and person-
nel (performance bias), blinding of outcome assessment 
(detection bias), incomplete outcome data (attrition 
bias), and selective reporting (reporting bias) and other 
biases. The risk of bias in each study was evaluated by 
two independent reviewers (Yue Qiao and Jian Gu), who 
rated each domain as having “low risk,” “high risk,” or 
“unclear risk” according to the guidelines provided by the 
Cochrane tool. Any disagreements during the assessment 
were resolved through discussion or consultation with a 
third reviewer (Shu-Yan Cong).

Statistical analysis
The Bayesian NMA was performed using R statistical 
software (Version 4.2.3) [21] and STATA software (ver-
sion 15.0). The primary measures of effect were the odds 
ratio (OR) and mean difference (MD) for dichotomous 
and continuous outcomes, respectively, both with corre-
sponding 95% credible intervals (CrIs). If there were no 
raw data (for example, no SDs, only P-values or ranges 
were reported), the SDs and 95% CIs indicated in the 
publication were calculated using established methods 
for estimation [22]. When significant heterogeneity is 
detected (I² ≥ 50%), a random-effects model is applied to 
account for variability across studies. In contrast, when 
heterogeneity is low (I² < 50%) indicating greater con-
sistency among studies, a fixed-effects model is used.
Network comparisons of various interventions are illus-
trated in network maps, where each node represents an 
intervention, and the thickness of the connecting lines 
indicates the number of trials comparing the two inter-
ventions. The size of each node indicates the number 
of cases to which the intervention was applied. Global 
inconsistency was evaluated by comparing the Deviance 
Information Criterion (DIC) between the random- and 
fixed-effects models. A DIC difference of < 11 suggests 
superior global consistency [23]. Given that all compari-
sons involved monoclonal antibodies or immunosup-
pressive agents versus placebo or varying drug dosages, 

without direct comparisons between different monoclo-
nal antibodies or immunosuppressive agents, and closed 
loops were absent in the network plots, consistency was 
not assessed using the node-splitting method [24]. The 
surface under the cumulative ranking curve (SUCRA) 
value was calculated to rank the interventions accord-
ing to their efficacy and safety, with larger SUCRA values 
indicating superior performance [25]. For the outcomes 
of each trial, potential publication bias was assessed by 
visually inspecting the symmetry of the funnel plot.

Results
Study characteristics
After searching various databases, 1395 studies were 
identified. Two reviewers read the titles and abstracts 
and excluded duplicate studies, animal experiments, 
non-RCTs, and studies with outcome times and designs 
that did not match those of the required studies. Finally, 
20 studies were included in the present NMA [26–46]. 
Three trials included three intervention groups, whereas 
the remaining included two. A flowchart of the search 
process is shown in Fig.  1. In total, 1657 patients diag-
nosed with generalized MG were enrolled. Thirteen types 
of immunosuppressants or monoclonal antibodies were 
summarized: batoclimab, efgartigimod, nipocalimab, 
rozanolixizumab, ravulizumab, eculizumab, zilucoplan, 
iscalimab, belimumab, rituximab, tacrolimus, metho-
trexate, and mycophenolate mofetil. Treatment groups 
with different doses of the same drug were summarized. 
Patients’ baseline characteristics are shown in Table  1. 
The study duration ranged between 29 and 52 weeks. The 
number of participants ranged from 14 to 200. A total of 
1216 patients provided a serum AChR antibody status, 
among which 1137 provided positive serum samples.

NMA
Figure  2 shows a network map of various immunosup-
pressants and monoclonal antibodies, focusing on their 
efficacy and safety outcomes. Each node represents a dif-
ferent intervention, with the node size indicating the par-
ticipant count. The thickness of the connecting lines or 
edges between nodes indicates the number of trials com-
paring the two strategies.

MG-ADL score network
The NMA of MG-ADL included 20 studies involving 13 
drugs, in which different dosages of the same drug were 
not considered as separate treatment methods. Bato-
climab (MD: -2, 95% CrI: -2.7 to -1.3), eculizumab (MD: 
-1.8, 95% CrI: -3.2 to -0.42), methotrexate (MD: -1.5, 95% 
CrI: -2.9 to -0.029), ravulizumab (MD: -1.7, 95% CrI: -2.7 
to -0.66), rozanolixzumab (MD: -2.2, 95% CrI: -3 to -1.4), 
tacrolimus (MD: -1.1, 95% CrI: -1.8 to -0.41), and zilu-
coplan (MD: -2.1, 95% CrI − 3.2 to -1.1) demonstrated 
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superiority to the placebo. Notably, rozanolixzumab was 
superior to belimumab, efgartigimod, and mycophenolate 
mofetil (MDs ranging between 1.52 and 1.89). Zilucoplan 
demonstrated superiority to efgartigimod and mycophe-
nolate mofetil (MDs ranging between 1.46 and 1.57). 
Batoclimab was superior to efgartigimod and mycophe-
nolate mofetil (MDs ranging between − 1.43 and − 1.32). 
According to the SUCRA values, rozanolixzumab ranked 
first (85%), followed by zilucoplan (82%) and batoclimab 
(78%) (Table  2). Belimumab (21%), efgartigimod (25%), 
and placebo (7%) were the least effective therapies. The 
detailed results are presented in Supplementary Table S2. 
Cumulative probability analysis showed that rozanolixi-
zumab was associated with the greatest benefit in terms 
of MG-ADL, as shown in Fig. 3A.

QMG score network
The NMA of QMG included 21 studies involving 13 
drugs, in which different dosages of the same drug were 
not considered as separate treatment methods.

Batoclimab (MD: -5.3, 95% CrI: -6.5 to -4.1), eculi-
zumab (MD: -2.9, 95% CrI: -4.6 to -1.2), efgartigimod 
(MD: -1.8, 95% CrI: -2.9 to -0.69), ravulizumab (MD: -2, 
95% CrI: -3.3 to -0.74), rozanolixzumab (MD: -3, 95% 
CrI: -3.9 to -2.1), tacrolimus (MD: -1.4, 95% CrI: -2.8 to 
-0.066), and zilucoplan (MD: -2.8, 95% CrI: -4.1 to -1.5) 
demonstrated superiority to the placebo. Notably, bato-
climab demonstrated significant superiority to all the 
other treatments. Batoclimab had the highest SUCRA 
value (99%), followed by rozanolixzumab (79%) and 
eculizumab (75%) (Table  2). Rozanolixzumab demon-
strated significant superiority to nipocalimab and myco-
phenolate mofetil. Zilucoplan demonstrated significant 

Fig. 1  PRISMA flow diagram of the present network meta-analysis. PRISMA, Preferred Reporting Items for Systematic review and Meta-analysis

 



Page 5 of 13Gu et al. Journal of Translational Medicine          (2024) 22:955 

St
ud

y
ph

as
e

Sa
m

pl
e 

si
ze

G
en

de
r(

M
/F

)
M

ea
n 

ag
e(

ye
ar

s)
in

te
rv

en
tio

n
Ti

m
e 

si
nc

e 
on

se
t (

y)
Th

ym
ec

to
m

y
In

te
rv

en
tio

n 
pe

ri
od

s
A

Ch
R+

O
ut

co
m

e
Ya

n 
20

22
(2

6)
N

C
T0

43
46

88
8

2
BA

T6
80

m
g:

 1
1

BA
T3

40
m

g:
 1

0
PL

A:
9

BA
T6

80
m

g:
 2

/9
BA

T3
40

m
g:

 2
/8

PL
A:

2/
7

BA
T6

80
m

g:
 4

0.
6 

±
 1

6.
8

BA
T3

40
m

g:
 3

6.
4 

±
 9

.8
PL

A:
40

.2
 ±

 9
.3

BA
T

BA
T6

80
m

g:
 6

.4
 ±

 5
.7

BA
T3

40
m

g:
 9

.8
 ±

 1
0.

8
PL

A:
6.

0 
±

 6
.8

BA
T6

80
m

g:
 3

BA
T3

40
m

g:
 3

PL
A:

2

43
 d

ay
s

BA
T6

80
m

g:
 1

1
BA

T3
40

m
g:

 9
PL

A:
8

a.
b.

c.
d.

e.
f.

Ya
n 

20
24

(4
5)

N
C

T0
50

39
19

0
3

BA
T:

67
PL

A:
64

BA
T:

27
/4

0
PL

A:
16

/4
8

BA
T:

43
.8

 ±
 1

3.
9

PL
A:

43
.7

 ±
 1

3.
5

BA
T

N
A

BA
T:

23
PL

A:
14

6 
w

ee
ks

BA
T:

65
PL

A:
59

a.
b.

c.
d.

e.

H
ew

et
t 2

01
8(

27
)

N
C

T0
14

80
59

6
2

BE
L:

 1
8

PL
A:

 2
1

BE
L:

 8
/1

0
PL

A:
 7

/1
4

BE
L:

 5
2.

7 
±

 1
7.

32
PL

A:
 5

9 
±

 1
3.

88
BE

L
BE

L:
 6

.9
5 

±
 9

.0
3

PL
A:

 8
.3

0 
±

 8
.0

6
BE

L:
 6

PL
A:

 7
24

 w
ee

ks
BE

L:
 1

8
PL

A:
 2

0
a.

b.
c.

e.
f.

H
ow

ar
d 

20
17

(2
8)

N
C

T0
19

97
22

9
3

EC
U

:6
2

PL
A:

63
EC

U
:2

1/
41

PL
A:

22
/4

1
EC

U
:4

7.
5 

±
 1

5.
7

PL
A:

46
.9

 ±
 1

8
EC

U
EC

U
:9

.9
 ±

 8
.1

PL
A:

9.
2 

±
 8

.4
EC

U
:3

7
PL

A:
31

26
 w

ee
ks

N
A

a.
b.

c.
d.

f.

H
ow

ar
d 

20
19

(2
9)

N
C

T0
29

65
57

3
2

EF
G

:1
2

PL
A:

12
EF

G
:5

/7
PL

A:
4/

8
EF

G
:5

5.
3 

±
 1

3.
6

PL
A:

43
.5

 ±
 1

9.
3

EF
G

EF
G

:8
.2

 ±
 9

PL
A:

13
.3

 ±
 1

1.
2

N
A

78
 d

ay
s

N
A

a.
b.

c.
d.

e.
f.

H
ow

ar
d 

20
21

(3
0)

N
C

T0
36

69
58

8
3

EF
G

:8
4

PL
A:

83
EF

G
:2

1/
63

PL
A:

28
/5

5
EF

G
:4

5.
9 

±
 1

4.
4

PL
A:

48
.2

 ±
 1

5
EF

G
EF

G
:1

0.
1 

±
 9

PL
A:

8.
8 

±
 7

.6
EF

G
:5

9
PL

A:
36

8 
w

ee
ks

EF
G

:6
5

PL
A:

64
a.

b.
c.

d.
e.

f.

G
om

ez
M

an
ci

lla
 2

02
4(

31
)

N
C

T0
25

65
57

6
2

IS
C:

22
PL

A:
22

IS
C:

10
/1

2
PL

A:
6/

16
IS

C:
44

.7
 ±

 1
3.

5
PL

A:
43

.3
 ±

 1
3.

9
IS

C
IS

C:
8.

2 
±

 6
.9

6
PL

A:
8.

4 
±

 8
.4

7
N

A
25

 w
ee

ks
IS

C:
22

PL
A:

22
a.

b.
c.

d.
e.

f.

An
to

zz
i 2

02
4(

32
)

N
C

T0
37

72
58

7
2

N
IP

:5
4

PL
A:

14
N

IP
:2

5/
29

PL
A:

6/
8

N
IP

:5
7.

5 
±

 1
4.

8
PL

A:
60

.5
 ±

 1
4.

5
N

IP
N

IP
:7

.3
 ±

 7
.3

1
PL

A:
13

.2
 ±

 9
.8

1
N

A
57

 d
ay

s
N

IP
:5

1
PL

A:
3

a.
b.

d.
e.

f.

Tu
an

 2
02

2(
33

)
N

C
T0

39
20

29
3

3
RA

V:
86

PL
A:

89
RA

V:
42

/4
4

PL
A:

44
/4

5
RA

V:
58

.0
 ±

 1
3.

8
PL

A:
53

.3
 ±

 1
6.

1
RA

V
RA

V:
9.

8 
±

 9
.7

PL
A:

10
.0

 ±
 8

.9
N

A
26

 w
ee

ks
RA

V:
86

PL
A:

89
a.

b.
d.

e.
f.

Br
il 

20
21

(3
4)

N
C

T0
39

71
42

2
2

RO
Z:

21
PL

A:
22

RO
Z:

8/
13

PL
A:

8/
14

RO
Z:

50
.5

 ±
 1

4.
7

PL
A:

53
 ±

 1
5.

7
RO

Z
N

A
RO

Z:
11

PL
A:

10
29

 d
ay

s
RO

Z:
19

PL
A:

21
a.

b.
c.

e.
f.

Br
il 

20
23

(3
5)

N
C

T0
39

71
42

2
3

RO
Z 

7 
m

g:
66

RO
Z 

10
 m

g:
67

PL
A:

67

RO
Z 

7 
m

g:
27

/3
9

RO
Z 

10
 m

g:
32

/3
5

PL
A:

20
/4

7

RO
Z 

7 
m

g:
53

.2
 ±

 1
4.

7
RO

Z 
10

 m
g:

51
.9

 ±
 1

6.
5

PL
A:

50
.4

 ±
 1

7.
7

RO
Z

N
A

RO
Z 

7 
m

g:
32

RO
Z 

10
 m

g:
20

PL
A:

31

43
 d

ay
s

RO
Z 

7 
m

g:
60

RO
Z 

10
 m

g:
60

PL
A:

59

a.
b.

c.
e.

f.

H
ow

ar
d 

20
20

(3
6)

N
C

T0
33

15
13

0
2

ZI
L0

.1
 m

g:
15

ZI
L0

.3
 m

g:
 1

4
PL

A:
15

ZI
L:

7/
8

ZI
L0

.3
 m

g:
 1

0/
4

PL
A:

4/
11

ZI
L0

.1
 m

g:
45

.5
 ±

 1
5.

7
ZI

L0
.3

 m
g:

 5
4.

6 
±

 1
5.

5
PL

A:
48

.4
 ±

 1
5.

7

ZI
L

ZI
L0

.1
 m

g:
6.

5 
±

 5
.6

3
ZI

L0
.3

 m
g:

 5
.3

 ±
 6

.3
8

PL
A:

6.
3 

±
 5

.2

ZI
L0

.1
 m

g:
8

ZI
L0

.3
 m

g:
 7

PL
A:

5

12
 w

ee
ks

ZI
L0

.1
 m

g:
15

ZI
L0

.3
 m

g:
 1

4
PL

A:
15

a.
b.

c.
d.

e.
f.

H
ow

ar
d 

20
23

(3
7)

N
C

T0
41

15
29

3
3

ZI
L:

86
PL

A:
88

ZI
L:

34
/5

2
PL

A:
41

/4
7

ZI
L:

52
.6

 ±
 1

4.
6

PL
A:

53
.3

 ±
 1

5.
7

ZI
L

ZI
L:

9.
3 

±
 9

.5
PL

A:
9 

±
 1

0.
4

ZI
L:

45
PL

A:
37

12
 w

ee
ks

ZI
L:

86
PL

A:
88

a.
b.

c.
d.

e.
f.

Pi
eh

l 2
02

2(
38

)
N

C
T0

29
50

15
5

3
RI

T:
25

PL
A:

22
RI

T:
18

/7
PL

A:
15

/7
RI

T:
67

.4
 ±

 1
3.

4
PL

A:
58

 ±
 1

8.
6

RI
T

N
A

N
A

16
 w

ee
ks

RI
T:

23
PL

A:
22

a.
b.

d.
e.

f.

N
ow

ak
 2

02
2(

39
)

N
C

T0
21

10
70

6
2

RI
T:

25
PL

A:
27

RI
T:

14
/1

1
PL

A:
15

/1
2

RI
T:

53
.2

 ±
 1

7.
5

PL
A:

56
.8

 ±
 1

7
RI

T
RI

T:
6.

7 
±

 6
.5

PL
A:

4.
4 

±
 5

.3
RI

T:
8

PL
A:

14
52

 w
ee

ks
RI

T:
25

PL
A:

27
a.

b.
c.

d.
e.

f.

Zh
ou

 2
01

7(
41

)
N

C
T0

13
25

57
1

3
TA

C:
44

PL
A:

38
TA

C:
16

/2
8

PL
A:

20
/1

8
TA

C:
41

 ±
 1

2.
8

PL
A:

44
 ±

 1
2.

1
TA

C
TA

C:
27

.9
 ±

 3
7.

8 
M

PL
A:

63
.5

 ±
 9

0.
2 

M
N

A
24

 w
ee

ks
N

A
a.

b.
e.

f.

Yo
sh

ik
aw

a 
20

11
(4

0)
N

C
T0

03
09

08
8

3
TA

C:
40

PL
A:

40
TA

C:
17

/2
3

PL
A:

13
/2

7
TA

C:
45

.9
 ±

 1
1.

5
PL

A:
44

.4
 ±

 1
2.

36
TA

C
TA

C:
7.

41
 ±

 9
PL

A:
7.

94
 ±

 9
.5

4
TA

C:
28

PL
A:

30
28

 w
ee

ks
N

A
a.

b.
e.

f.

Pa
sn

oo
r 2

01
6(

42
)

N
C

T0
08

14
13

8
3

M
TX

:2
5

PL
A:

25
M

TX
:1

9/
6

PL
A:

16
/9

M
TX

:6
6.

5 
±

 1
3.

85
PL

A:
68

.6
 ±

 1
5.

15
M

TX
N

A
N

A
52

 w
ee

ks
N

A
a.

b.
c.

d.
e.

M
er

ig
gi

ol
i 2

00
3(

44
)

2
M

M
F:

7
PL

A:
7

M
M

F:
2/

5
PL

A:
2/

5
M

M
F:

57
.7

 ±
 8

.7
5

PL
A:

51
.3

 ±
 1

2.
75

M
M

F
M

M
F:

8.
99

PL
A:

9.
91

M
M

F:
3

PL
A:

5
21

 w
ee

ks
M

M
F:

5
PL

A:
6

b.

Ta
bl

e 
1 

Tr
ia

l f
ea

tu
re

s a
nd

 b
as

el
in

e 
ch

ar
ac

te
ris

tic
s o

f p
ar

tic
ip

an
ts

 fo
r 2

1 
tr

ia
ls 

in
cl

ud
ed

 in
 th

e 
ne

tw
or

k 
m

et
a-

an
al

ys
is



Page 6 of 13Gu et al. Journal of Translational Medicine          (2024) 22:955 

superiority to nipocalimab and mycophenolate mofetil. 
Eculizumab demonstrated significant superiority to nipo-
calimab. Nipocalimab was the least effective treatment 
according to the SUCRA value (13%), except for the pla-
cebo. The detailed results are presented in Supplemen-
tary Table S3. The cumulative probability analysis showed 
that batoclimab was associated with the greatest benefit 
in terms of QMG score, as shown in Fig. 3B.

MGC score network
The NMA of MGC included 13 studies involving nine 
drugs, in which different dosages of the same drug were 
not considered as separate treatment methods.

Batoclimab (MD: -5.1, 95% CrI: -6.8 to -3.4), eculi-
zumab (MD: -3.3, 95% CrI: -6.1 to -0.52), methotrexate 
(MD: -3.3, 95% CrI: -6.2 to -0.41), rozanolixzumab (MD: 
-4.5, 95% CrI: -5.3 to -3.8), and zilucoplan (MD: -3.1, 95% 
CrI: -4.9 to -1.3) demonstrated superiority to the placebo. 
Rozanolixzumab demonstrated significant superiority to 
belimumab and efgartigimod. Batoclimab had the highest 
SUCRA value (92%), followed by rozanolixzumab (85%), 
eculizumab (64%), and methotrexate (64%). Batoclimab 
demonstrated significant superiority to efgartigimod and 
belimumab. Belimumab was the least effective treatment 
according to the SUCRA value (15%), except for the pla-
cebo (Table 2). The detailed results are presented in Sup-
plementary Table S4. The cumulative probability analysis 
showed that batoclimab was associated with the greatest 
benefit in terms of MGC score, as shown in Fig. 3C.

MG-QoL 15r score network
The NMA of MG-QoL 15r included 13 studies involving 
nine drugs, in which different dosages of the same drug 
were not considered as separate treatment methods.

Batoclimab (MD: -3.4, 95% CrI: -4.9 to -1.8), eculi-
zumab (MD: -7.1, 95% CrI: -12 to -2.7), efgartigimod 
(MD: -2.1, 95% CrI: -3.8 to -0.53), and zilucoplan (MD: 
-3.1, 95% CrI: -4.9 to -1.3) demonstrated superiority to 
the placebo. Eculizumab demonstrated significant supe-
riority to efgartigimod, nipocalimab, rituximab, and 
ravulizumab. Eculizumab had the highest SUCRA value 
(96%), followed by batoclimab (72%) and zilucoplan 
(67%). Methotrexate was the least effective treatment 
according to the SUCRA value (35%), except for the pla-
cebo (Table 2). The detailed results are presented in Sup-
plementary Table S5. The cumulative probability analysis 
showed that eculizumab was associated with the great-
est benefit in terms of MG-QoL 15r score, as shown in 
Fig. 3D.

AE and SAE network
The NMA of AEs included 19 studies involving 12 drugs.

Rozanolixzumab was associated with a higher risk 
of AEs than did efgartigimod, mycophenolate mofetil, St
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and the placebo. The results of the ranking according to 
SUCRA values showed that belimumab (85%) exhibited 
the highest safety, followed by iscalimab (75%), efgartigi-
mod (73%), mycophenolate mofetil (66%), placebo (55%), 
methotrexate (51%), batoclimab (50%), nipocalimab 
(43%), tacrolimus (39%), rituximab (35%), ravulizumab 
(32%), zilucoplan (29%), and rozanolixzumab (17%) 
(Table 2).

The NMA of SAEs included 18 studies involving 12 
drugs. Rozanolixzumab was associated with a higher risk 
of SAEs than did belimumab, eculizumab, batoclimab, 
nipocalimab, and the placebo. Additionally, ravulizumab 
was associated with a higher risk of SAEs than did beli-
mumab, eculizumab, and nipocalimab. Mycophenolate 
mofetil was associated with a higher risk of SAEs than did 
belimumab, eculizumab, and nipocalimab. Nipocalimab 
had the highest SUCRA value (89%), whereas rozanolix-
zumab had the lowest SUCRA value (7%) (Table 2). The 
detailed results are presented in Supplementary Tables 
S6 and S7. The cumulative probability analysis showed 
that belimumab was associated with AEs, as shown in 
Fig. 3E, and that nipocalimab was associated with SAEs, 
as shown in Fig. 3F.

Risk of bias and heterogeneity
The outcomes of risk of bias are shown in Fig. 4, revealing 
that most included studies had a low risk of bias. Eight 
studies had one uncertain risk of bias, three had two, and 
one had four. These uncertainties in the risk levels were 
predominantly found in the category of other biases. In 
addition, one study had a high risk of bias in the category 
of other biases. Funnel plots were used to assess publica-
tion bias for the outcomes, as shown in Fig. 5. The fun-
nel plot appeared visually symmetrical, indicating no 
potential publication bias, thereby further supporting 
the robustness of the study results. Global inconsistency 
was evaluated through the development of consistency 
and inconsistency models. The negligible discrepancies 
observed in the DIC and additional parameters between 
the fixed- and random-effects models suggested minimal 
inconsistency, underscoring the reliability and stability 
of our results (Supplementary Table S8). Furthermore, 
a heterogeneity analysis of multiple outcomes was per-
formed. The findings showed that most comparisons 
exhibited low heterogeneity, except those in the studies 
of Bril et al. (Supplementary Figures S1–S6).

Fig. 2  Risk of bias graph and summary
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Discussion
In total, 1657 participants from 21 studies were included 
in the present NMA to investigate the efficacy and safety 
of immunosuppressants and monoclonal antibodies as 
treatments for MG. The results of the pairwise meta-
analyses showed that, compared with other interven-
tions, batoclimab had a better effect on improving the 
QMG and MGC scores, with SUCRA values of 99% and 
92%, respectively. According to the MG-ADL assessment, 
rozanolixzumab demonstrated the best performance in 
improving the MG symptoms. Eculizumab had a SUCRA 
value of 96% and performed better than the other drugs 
in improving the MG-QoL 15r score. Batoclimab, ecu-
lizumab, and zilucoplan were superior to the placebo in 
terms of all four efficacy scores. The risk of AEs due to 
immunosuppressants and monoclonal antibodies for 
treating MG was also investigated. Compared with the 
placebo, none of the drugs significantly increased the risk 
of AEs, except for rozanolixzumab.

To assess the efficacy of the drugs, we used the MG-
ADL, QMG, MGC, and MG-QoL 15r scores. Notably, 
the MG-ADL and QMG scores were used in almost all 
studies, with the MG-ADL score frequently designated 
as the primary outcome measure. When the MG-ADL 
score was prioritized as the primary evaluation criterion, 
rozanolixizumab emerged as the top candidate based 
on the ranking probability, followed by zilucoplan and 
batoclimab. When drug efficacy was assessed using the 
QMG and MGC scores, batoclimab ranked first, with the 
highest probability ranking, whereas rozanolixizumab 
ranked second. An NMA published in 2023 on the effi-
cacy and safety of monoclonal antibodies for treating MG 
suggested that rozanolixzumab had the highest prob-
ability ranking, followed by batoclimab and zilucoplan 
[47]. A recent meta-analysis [48] suggested that roza-
nolixizumab was more effective than the placebo when 
efficacy was assessed using the MG-ADL score, whereas 
batoclimab was more effective than the placebo when 
efficacy was evaluated using the QMG score. This find-
ing was largely consistent with that of the present study; 
however, the ranking of batoclimab slightly decreased 
in the present study when efficacy was assessed using 
the MG-ADL score, possibly due to the inclusion of the 
most recent research findings related to batoclimab in 
our analysis [45]. The most recent Phase 3 study of bato-
climab included more patients, thus reducing bias and 
making the results more credible. Rozanolixizumab is a 
humanized monoclonal antibody designed to treat MG 
[34]. Its therapeutic mechanism is based on the target-
ing and inhibition of FcRn. Rozanolixizumab blocks FcRn 
to induce the degradation of immunoglobulins (IgGs) 
[49], including the pathogenic autoantibodies respon-
sible for MG. This degradation can decrease the immune 
system’s attack on the neuromuscular junction, thereby Ta
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alleviating MG symptoms. Additionally, rozanolixzumab 
was the first and only drug approved by the FDA to treat 
adult patients with anti-AChR and anti-MuSK antibody-
positive generalized MG. Recent clinical trials indicate 

that rozanolixizumab has therapeutic benefits that are 
not inferior to those of plasma exchange and intravenous 
immunoglobulin and that its administration through 
subcutaneous injection facilitates its dissemination. 

Fig. 4  Ranking of the cumulative probabilities for basic parameters and adverse events: (A) MG-ADL, (B) QMG, (C) MGC, (D) MG-QoL 15r, (E) AEs, and (F) 
SAEs. MG-ADL, Myasthenia Gravis Activities of Daily Living; QMG, Quantitative Myasthenia Gravis; MGC, Myasthenia Gravis Composite; MG-QoL 15r, 15-
item revised version of the Myasthenia Gravis Quality of Life; AEs, adverse events; SAEs, severe adverse events

 

Fig. 3  Network graphs of randomized controlled trials comparing the efficacy and safety of mAbs and immunosuppressants for treating myasthenia 
gravis: (A) MG-ADL, (B) QMG, (C) MGC, (D) MG-QoL 15r, (E) AEs, and (F) SAEs. mAbs, monoclonal antibodies; MG-ADL, Myasthenia Gravis Activities of Daily 
Living; QMG, Quantitative Myasthenia Gravis; MGC, Myasthenia Gravis Composite; MG-QoL 15r, 15-item revised version of the Myasthenia Gravis Quality 
of Life; AEs, adverse events; SAEs, severe adverse events

 



Page 10 of 13Gu et al. Journal of Translational Medicine          (2024) 22:955 

However, its safety and efficacy require further evalua-
tion after its market launch. If the effectiveness of roza-
nolixizumab is validated in the real world, it may become 
the preferred medication for the treatment of MG in the 
future [50]. Previous NMAs have primarily confirmed the 
efficacy of rozanolixizumab [47], with fewer analyses of 
its safety, indicating that its AEs are not superior to those 
of other monoclonal antibodies. Recent meta-analyses 
have shown that rozanolixizumab has superior efficacy; 
however, the incidence of AEs was higher in the rozano-
lixizumab group than in the placebo group [48, 51]. The 
AEs associated with rozanolixizumab were mostly mild 
to moderate in severity. The most commonly reported 
AEs included headache, diarrhea, pyrexia, and nausea 
[34, 35]. The increased incidence of rozanolixizumab-
related AEs was likely due to rozanolixizumab-induced 
mild to moderate headaches, which required no addi-
tional treatment [35]. Regarding safety, rozanolixizumab 
ranked last regarding the likelihood of AEs and SAEs in 
the present study. The forest plot showed that the safety 
of rozanolixizumab was significantly worse than that of 
the placebo, which is consistent with the findings of pre-
vious studies. A recent meta-analysis [48] has suggested 
that batoclimab is superior to the placebo in terms of 
QMG, MGC, and MG-QoL 15r scores. The present study 
indicated that batoclimab ranked first in the likelihood of 
improving the QMG and MGC scores, which is consis-
tent with the findings of recent meta-analyses. However, 
an NMA by Chen et al. [47] suggested that batoclimab 
did not rank first in the likelihood of improving the QMG 

and MGC scores, which is inconsistent with the findings 
of the present study. The present NMA, which incor-
porated the results of the most recent clinical trials of 
batoclimab, had higher credibility. Based on the ranking 
for the likelihood of AEs, batoclimab was in the middle 
range, whereas it was ranked third based on the ranking 
for the likelihood of SAEs. This suggests that batoclimab 
has a relatively good safety profile, particularly regarding 
severe adverse reactions. Batoclimab treatment was asso-
ciated with hypercholesterolemia. However, after admin-
istering batoclimab to patients, a rapid recovery and no 
related complications are observed [26]. An RCT of bato-
climab showed that serum cholesterol levels increased 
and then decreased after discontinuing the drug [52]. 
Previous studies did not directly compare the safety of 
batoclimab with that of other FcRn inhibitors [53]. The 
present NMA validated the efficacy and safety of bato-
climab. Although batoclimab can be recommended as 
an option to reduce the risk of adverse events associated 
with rozanolizumab, the final treatment decision should 
be based on the patient’s individual needs and specific 
clinical requirements. Eculizumab inhibits the cleav-
age of complement protein C5 into C5a and C5b, which 
are key components in the formation of the membrane 
attack complex that damages cells [54]. In cases of MG, 
the activation of the complement system contributes to 
damage at the neuromuscular junction, leading to muscle 
weakness [55]. By preventing the formation of C5a and 
C5b, eculizumab reduces complement-mediated dam-
age at the neuromuscular junction, thereby improving 

Fig. 5  Funnel plots for efficacy and safety outcomes: (A) MG-ADL, (B) QMG, (C) MGC, (D) MG-QoL 15r, (E) AEs, and (F) SAEs. MG-ADL, Myasthenia Gravis 
Activities of Daily Living; QMG, Quantitative Myasthenia Gravis; MGC, Myasthenia Gravis Composite; MG-QoL 15r, 15-item revised version of the Myasthe-
nia Gravis Quality of Life; AEs, adverse events; SAEs, severe adverse events
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muscle strength and reducing MG symptoms. Eculi-
zumab was first approved for the treatment of MG by 
the United States FDA in 2017 [14], followed by approval 
in other regions, including the European Union. In the 
present NMA, eculizumab ranked high in terms of the 
likelihood of improving the MG-QoL 15r, MGC, and 
QMG scores, ranking first in terms of the MG-QoL 15r 
score. Studies on patients with generalized anti-AChR 
antibody-positive MG treated with eculizumab indicated 
that eculizumab demonstrated higher efficacy than that 
of rituximab [56]. However, owing to its specific targeting 
of the complement system and associated costs, its use 
may be reserved for specific patient populations or those 
with severe diseases not adequately controlled by other 
therapies.

In the present study, three immunosuppressants were 
included: methotrexate, mycophenolate mofetil, and 
tacrolimus. Among these, methotrexate ranked higher 
than the other two drugs in terms of both the MG-ADL 
and QMG scores. The other two immunosuppressants 
were not included in the comparison regarding the MGC 
and MG-QoL 15r scores. Methotrexate has been used 
to treat MG in some patients, particularly those who are 
not sensitive enough to other treatments or develop an 
adverse reaction [57]. The present study indicates that 
methotrexate has better efficacy than that of other immu-
nosuppressants; however, its effectiveness is moderate 
compared with that of some monoclonal antibodies. A 
systematic review of the use of methotrexate for gener-
alized MG showed that it is a potentially safe and effec-
tive alternative to azathioprine as a steroid-sparing agent, 
especially in developing countries where the high cost 
of azathioprine limits compliance [58]. This finding sup-
ports those of the present study.

In the present study, drug safety was assessed using 
two indicators: AEs and SAEs. When evaluated based on 
AEs, the top three drugs were belimumab, iscalimab, and 
efgartigimod, respectively, with rozanolixizumab ranking 
last. When assessed based on SAEs, the top three drugs 
in the probability ranking were nipocalimab, belimumab, 
and batoclimab, respectively. Belimumab targets and 
inhibits B lymphocyte stimulation, which plays a role in 
reducing abnormal B-cell activity in autoimmune condi-
tions. A study evaluated the effectiveness of belimumab 
in treating MG and revealed no significant difference in 
improvement between belimumab and the placebo based 
on the primary endpoint, which was the change in the 
QMG score; however, it did not increase the risk of AEs 
[27]. This is consistent with the findings in the present 
study.

The present study is the most recent NMA to com-
prehensively compare common monoclonal antibod-
ies and immunosuppressants for treating MG. This 
NMA included a wide range of drugs, incorporated 

high-quality RCTs, and included the most recent drug 
trial results [45]. Clinically, individualized treatment 
plans that balance efficacy and safety are essential for 
optimizing patient outcomes in the management of 
myasthenia gravis. However, the present study has some 
limitations. First, the number of included studies was 
limited, with few direct comparisons; therefore, indirect 
estimates were relied on rather than direct estimates. 
Second, we compared the overall drug outcomes without 
considering different doses, with significant variations in 
the follow-up period. Third, we included only published 
studies and excluded unpublished studies. Finally, some 
studies lacked data on the percentage of antibody-nega-
tive patients, changes in serum IgG levels, and antibody 
levels compared to the baseline values. Future research 
should focus on evaluating the long-term safety profiles 
and real-world effectiveness of these treatments.

Conclusion
The results of this study indicated that the included 
immunosuppressants and monoclonal antibodies were 
more effective than the placebo. Rozanolixizumab and 
batoclimab may be the most effective treatments for gen-
eralized MG. However, rozanolixizumab was associated 
with a higher likelihood of AEs and SAEs. Methotrexate 
may be superior to other immunosuppressants in terms 
of efficacy.The conclusions provide a strong reference for 
the clinical selection of more effective therapeutic drugs 
and also offer insights for the further development of 
related drug experiments. Owing to the lack of trials with 
direct comparisons and statistical uncertainty in SUCRA 
rankings, specific case analyses of clinical medications 
are needed to determine treatment plans.
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