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Introduction
Myasthenia gravis (MG) is an autoimmune-
mediated disorder in which autoantibodies target 
different proteins of the neuromuscular junction, 
particularly the acetylcholine receptor (AChR). 
The pathogenetic pathway of MG is T cell and B 
cell dependent. Regulatory T cells (Treg) and 

CD4+ T cells recognise AChR epitopes and trig-
ger B cells to produce antibodies.1–4 Foxp3+ 
CD4+ Treg cells influence the amount of autore-
active T cells, regulate the activity of autoreactive 
B cells, and therefore regulate the production of 
AChR antibodies.5 In patients with MG, the fre-
quency of Foxp3+ CD4+ Treg cells is significantly 
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lowered, contributing to the pathogenesis of 
MG.6–8 However, the predisposing factors for MG 
are still unknown. Foxp3+ CD4+ Treg cells occur 
more frequently in the colonic lamina propria com-
pared with other organs and are considered to 
maintain homeostasis of the gut microbiota.9–11 
Perturbations in the composition of gut microbiota 
can lead to Foxp3+ CD4+ Treg cell deficiency. Gut 
microbiota profiles of patients with MG seem to 
differ from those of healthy volunteers.12,13 
However, data on gut microbiota profiles of patients 
with MG compared with those of patients with 
other inflammatory or non-inflammatory neuro-
logical diseases are still lacking. Therefore, we set 
up an observational study with the primary end-
point of determining whether the gut microbiota is 
altered in patients with MG compared with patients 
with non-inflammatory neurological disorders 
(NINDs) and patients with chronic inflammatory 
demyelinating polyradiculoneuropathy (CIDP), 
another autoimmune neurological disease. As a 
secondary endpoint, we compared gut microbiota 
profiles of patients with MG with those of healthy 
volunteers without neurological disorders.

Methods

Patient recruitment and study population
In a single-centre observational study design, 77 
participants were recruited via the Department of 
Neurology at the University Hospital of Essen, 
Germany, between July 2017 and August 2018. 
This study, named MYBIOM study (microbiota in 
MG patients), was approved by the Ethics 
Committee of the Medical Faculty at the University 
Duisburg-Essen, Germany (approval number: 
17-7439-BO). Written informed consent was 
obtained from each patient prior to inclusion in the 
study. MG diagnosis (n = 41) was based on the 
patient’s medical history, clinical characteristics 
such as fluctuating fatigability and muscle weak-
ness, a positive response to cholinesterase inhibitors 
and, optionally, recorded decrement in repetitive 
motor nerve stimulation.14 Quantitative myasthe-
nia gravis (QMG) score, the clinical subtype of 
MG, and the Myasthenia Gravis Foundation of 
America (MGFA) classification were determined 
at the time of study inclusion. In the first compari-
son group, patients with other NINDs, for example 
stroke, headache or Parkinson’s disease, were 
recruited (n = 18). In the second comparison group, 
CIDP diagnosis (n = 6) was based on the European 
Federation of Neurological Societies/Peripheral 

Nerve Society diagnostic criteria.15 All patients 
with CIDP had typical CIDP and no variant.16 
Furthermore, 12 neurologically healthy volunteers 
without any underlying neurological or systemic 
inflammatory disease were recruited as controls. 
Participants were selected for inclusion in the study 
if they met the following criteria: ⩾18 years of age, 
diagnosed MG or any disorder specific for the com-
parison groups, no history of treatment with antibi-
otics within the previous 4 weeks, and no intentional 
consumption of probiotics or anti-obesity agents 
within 3 months prior to study participation. 
Further exclusion criteria were: chronic inflamma-
tory bowel disease, short bowel syndrome, irritable 
bowel syndrome, pregnancy and recent treatment 
with chemotherapeutics or monoclonal antibodies. 
Exclusion criteria were designed to reduce con-
founding effects.

Sample collection and preparation
Fresh faecal samples were collected from partici-
pants in the morning before a visit to the clinics, 
in the ward (inpatients) or on site, where possible. 
No drug-induced diarrhoea was present. Faeces 
were transferred into provided collection tubes 
using an enclosed spoon and returned to study 
staff who transported them to the Institute of 
Medical Microbiology at 4°C within 12 h of spec-
imen collection. Faecal samples were stored at 
−80°C until DNA isolation.

DNA extraction and 16S rRNA gene sequencing
A total of 73 faecal samples, including 6 negative 
controls (RNA-free water) and 2 positive controls 
(Escherichia coli and a mix of E. coli, Staphylococcus 
aureus and Corynebacterium striatum) were individu-
ally placed in 2 ml tubes prefilled with 1.4 mm 
ceramic spheres, 0.1 mm silica spheres and 1 4 mm 
glass bead (Lysing Matrix E, MP Biomedicals 
Germany, Eschwege, Germany), dissolved in 1 ml 
InhibitEX buffer (Qiagen, Hilden, Germany) and 
vortexed until homogenised. A bead-beating step 
in a MagNA Lyser (Roche Diagnostics, Basel, 
Switzerland) was applied for 3 × 60 s at 5 m/s with 
5 min rest in between. DNA was extracted using 
QIAmp Fast DNA Stool Mini kit (Qiagen), follow-
ing the manufacturer’s instructions. Total genomic 
DNA was eluted in sterile microcentrifuge tubes 
and quantified using a NanoDrop (Thermo Fisher 
Scientific, Waltham, MA, USA), following the 
manufacturer’s instructions. DNA aliquots were 
stored at −80°C until use. Variable regions of the 

https://journals.sagepub.com/home/tan


A Totzeck, E Ramakrishnan et al.

journals.sagepub.com/home/tan 3

16S rRNA gene were sequenced at BaseClear B.V. 
(Leiden, The Netherlands). For metataxonomic 
sequencing, primers F (5′-CCTACGGGNGGC 
WGCAG-3′) and R (5′-GACTACHVGGGTAT 
CTAATCC-3′)17 were used to amplify the V3–V4 
regions of the 16S rRNA gene to generate 10–50 k 
paired-end reads on an Illumina MiSeq (Illumina, 
San Diego, CA, USA).

Illumina demultiplexing
FASTQ sequence read files were generated using 
bcl2fastq2 v2.18.18 Initial quality assessment was 
based on data passing the Illumina Chastity filter-
ing. Subsequently, reads containing the PhiX 
control signal were removed using an in-house 
filtering protocol. In addition, reads containing 
(partial) adapters were clipped (up to a minimum 
read length of 50 bp). The second quality assess-
ment was carried out on the remaining reads 
using the FASTQC quality control tool v0.11.5.19 
The average number of reads per sample after 
demultiplexing and filtering was 20,453, and the 
average yield per sample was 12 Mb.

Statistical analysis of demographics
Mean, standard error of the mean, median and 
range were calculated for age, height, weight, 
body mass index (BMI) and QMG. Data from 
the MG group were compared with the NIND, 
CIDP and healthy volunteer groups using the 
nonparametric Mann–Whitney test.

Processing and statistical analysis of 
metataxonomic data
Sequence processing was performed using Mothur 
v1.4320 to reduce possible polymerase chain reac-
tion effects, cluster sequences into operational taxo-
nomic units (OTUs) at the 97% identity cut-off and 
to provide taxonomic annotations. The Mothur 
function ‘make.contigs’ was used to join paired-end 
reads (R1 and R2) for each sample and to trim 
sequences at the 2.5t–97.5 percentiles on the distri-
bution lengths of the amplicons. Sequences with 
ambiguities were removed by setting the parameter 
N = 0. Filtered sequences were aligned against the 
16S rRNA reference gene in the SILVA rRNA data-
base (http://www.arb-silva.de). Singleton, nonbacte-
rial and chimera sequences were removed, the latter 
with the UCHIME tool.21 Taxonomic assignment 
of the processed sequences, from phylum to genus 
level, was carried out using the Ribosomal Database 

Project Naïve Bayesian Classifier, using trainset v16 
with a cut-off of 80%.22 FastTree v2.1.9 has been 
used to infer approximately maximum-likelihood 
phylogenetic trees.23 Each sample library was sub-
sampled based on the smallest library size to reduce 
the effect of different sampling methods and to 
obtain comparable sequencing libraries. OTUs with 
less than 10 counts were consolidated into a Rare_
OTU group to maintain the same number of reads 
in each sample. Statistical analyses were performed 
in R v3.2.2 while metataxonomic data analysis was 
performed using the STAMP tool.24

Within-sample alpha-diversity indices [observed 
OTUs, Chao1, abundance-based coverage esti-
mators (ACEs), Simpson, and Shannon] were 
calculated in the Mothur software. For compari-
son between groups, the nonparametric Kruskal–
Wallis and Mann–Whitney tests were calculated 
in GraphPad Prism v7.05 (GraphPad Software, 
San Diego, CA, USA, www.graphpad.com).

Beta-diversity analysis was performed using 
log+1 transformed OTU data and principal com-
ponent analysis (PCA) comparisons of the sam-
ples. The permutational analysis of variance 
approach (PERMANOVA) was undertaken in R 
using the R Vegan package.

The Spearman distance and Ward’s agglomera-
tion methods were used for hierarchical clustering 
of faecal samples. Statistical tests with p ⩽ 0.05 
were considered significant.

Sequencing metrics
A total of 1,738,487 reads were obtained from 
sequencing the V3– V4 regions of the 16S rRNA 
gene. These were reduced to 1,601,016 reads 
after quality filtering and 1,084,593 unique 
sequences were used for the alignment. An aver-
age of 9803 reads (5127–19,363) were obtained, 
per sample, following alignment. Subsampling per 
library size resulted in >99% average coverage per 
sample, at 5127 reads per sample. A total of 2152 
OTUs were identified, and 367 OTUs with more 
than 10 counts across samples were retained.

Results

Characteristics of the study population
The four groups had similar BMIs. Participants 
in the NIND and healthy volunteer groups were 
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younger compared with those in the MG group. 
MG classification at the time of recruitment was 
as follows: 18 MGFA I, 11 MGFA IIA, 8 MGFA 
IIB, 3 MGFA IIIA and 1 MGFA IIIB. A total of 
36 patients with MG were AChR-antibody posi-
tive, and 8 patients had a history of thymectomy 
(no thymoma). No patients with MG with a his-
tory of myasthenic crisis were included in the 
study. At the time of recruitment, five patients 
with MG were seronegative but showed abnormal 
decrement in repetitive motor nerve stimulation 
and positive reaction to treatment with pyri-
dostigmine according to MG diagnosis.25 There 
was a higher intake of corticosteroids in the MG 
(prednisone 2.5–70 mg/day) and NIND groups 
than in the CIDP and healthy volunteer groups. 
Six patients in the NIND group were taking cor-
ticosteroids for asthma, headache or chronic pain. 
In the MG group, 11 patients were treated with 
azathioprine (100–400 mg/day), 8 were treated 
with mycophenolate mofetil (1000–1500 mg/
day), and 2 patients were treated with rituximab. 
In all groups, hypertension and diabetes were 
among the most frequent comorbidities. All par-
ticipants were not on a special diet at time of sam-
ple collection. Demographic information for 
study participants is summarised in Table 1. 
Time of initial diagnosis in patients with MG, 
NIND and CIDP is illustrated in the supplemen-
tal material (Supplemental Table 1).

Diversity of faecal microbiota
To assess differences in the gut microbiota of 
patients with MG (n = 41), CIDP (n = 6) and 
NIND (n = 18) for the primary endpoint, ecologi-
cal features of the faecal bacterial communities 
were evaluated using a variety of indices based on 
the OTU level (Figure 1). The alpha diversity, 
including observed OTUs, Shannon, Simpson, 
ACE and Chao1 indices, was not significantly dif-
ferent (p > 0.05) between the MG, CIDP and 
NIND groups. For the secondary endpoint, sig-
nificant differences were found between patients 
with MG and healthy volunteers (Figure 2).

To estimate the similarity (beta diversity) of micro-
bial community structure between groups, PCA 
was performed based on OTU profile and log +1 
transformed read data. PCA did not cluster sam-
ples into distinct groups (Figure 3). The first and 
second principal components (PC1 and PC2)  
captured 15.8% and 7.8% of the variation in 
microbial diversity, respectively. A PERMANOVA 

analysis of the weighted UniFrac distances for the 
three groups did not show statistical differences 
among them.

Composition of faecal microbiota
Gut microbiota composition of patients with MG, 
CIDP and NIND showed no separation based on 
Spearman distance and Ward hierarchical cluster-
ing (Figure 4), although a predominantly positive 
relationship was observed between the abundance 
of the three genera Faecalibacterium, Bacteroides 
and unclassified Lachnospira and samples from all 
three groups. In a pairwise comparison, the genus 
Faecalibacterium was more abundant in patients 
with MG than in those with NINDs (p = 0.014) 
(Figures 5(a) and 6(a)). No differences in bacte-
rial genera (data not shown), including 
Faecalibacterium (Figure 6(b)), were detected in 
faecal samples of MG compared with CIDP. At 
the family level, unclassified Deltaproteobacteria 
showed a difference in mean proportions 
(p = 0.037) (Figure 5(b)). Taking corticosteroid 
treatment in patients with MG into account, a 
subgroup analysis revealed no difference between 
Faecalibacterium or Deltaproteobacteria (p = 1.249 
and p = 0.883, respectively) (Supplemental Figure 
1(a) and (b)).

Discussion
To the best of our knowledge, this is the first 
study investigating the intestinal microbiota com-
position in patients with MG in comparison with 
three different groups comprising patients with 
NINDs, CIDP and neurologically healthy indi-
viduals in a European cohort. The groups were 
chosen to allow comparison of gut microbiota 
among patients with inflammatory disorders of 
the peripheral nervous system who have different 
underlying immunological drivers (MG versus 
CIDP) and to compare patients with inflamma-
tory versus non-inflammatory disorders (MG versus  
NINDs). Both MG and CIDP are autoimmune 
diseases of the peripheral nervous system in which 
a reduction in Treg cells has been described.26,27 
CIDP is a rare acquired immune-mediated 
inflammatory disorder. A subgroup of patients 
with a distinct clinical presentation was found to 
be positive for antibodies against nodal or paran-
odal epitopes.28 The results provided evidence 
that Deltaproteobacteria and Faecalibacterium are 
more abundant within the faecal microbiota of 
patients with MG than in those patients with 
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Table 1. Demographics and comorbidities of the MG, NIND, CIDP and healthy volunteer groups.

Characteristic Group

MG NIND CIDP Healthy

Age (years) 64.6 ± 16.2  
(68.0; 19–91)

52.0 ± 17.0  
(54.0; 25–78)*

57.2 ± 14.6  
(62.5; 28–66)

51.4 ± 15.5  
(55.5; 22–75)*

Sex (male/female) 24/17 10/8 4/2 4/8

Height (cm) 171.6 ± 9.7  
(170.0; 157–196)

172.6 ± 12.2 
(172.5; 140–192)

179.7 ± 7.1  
(180.0; 169–188)

164.0 ± 5.3  
(164.0; 156–175)*

Weight (kg) 81.8 ± 19.0  
(85.0; 47–122)

79.0 ± 19.2  
(82.0; 36–117)

93.2 ± 20.0  
(90.0; 70–126)

71.8 ± 10.2  
(70.0; 57–92)

BMI (kg/m²) 27.7 ± 5.7  
(27.4; 16.3–41.6)

26.2 ± 4.4  
(25.9; 16.0–33.1)

28.8 ± 5.8  
(26.4; 24.5–39.8)

26.7 ± 3.4  
(27.4; 21.2–32.8)

Clinical subtype

 Ocular 18 (44.0%) – – –

 Generalised 23 (56.0%) – – –

 MGFA score I–IIIB  

 QMG score 3.9 ± 3.5  
(3.5; 0–14)

– – –

 Corticosteroids intake 24 (58.5%) 6 (33.3%) 1 (16.7%) 0

Other neurological disease

  Chronic back pain/
headache (%)

– 8 (44.4) – –

 Stroke (%) – 2 (11.1) – –

 Parkinson’s disease (%) – 2 (11.1) – –

 Epilepsy (%) – 2 (11.1) – –

  Spinal muscular  
atrophy (%)

– 2 (11.1) – –

 Dementia (%) – 1 (5.6) – –

  Normal pressure 
hydrocephalus (%)

– 1 (5.6) – –

Comorbidities

 Hypertension (%) 26 (63.4) 6 (33.3) 4 (66.7) 5 (41.7)

 Diabetes mellitus (%) 7 (17.1) 2 (11.1) 2 (33.3) 5 (41.7)

  Chronic kidney  
disease (%)

2 (4.9) 1 (5.6) 0 0

 Thyroid disease (%) 11 (26.8) 6 (33.3) 1 (16.7) 6 (50.0)

(Continued)
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Characteristic Group

MG NIND CIDP Healthy

 Hyperlipidaemia (%) 7 (17.1) 4 (22.2) 0 3 (25.0)

  Coronary heart  
disease (%)

7 (17.1) 1 (5.6) 0 2 (16.7)

 Asthma (%) 3 (7.3) 4 (22.2) 0 1 (8.3)

*Age of NIND versus MG: p = 0.0089. Age of healthy volunteers versus MG: p = 0.0120. Height of healthy volunteers versus 
MG: p = 0.0136, and CIDP versus MG: p = 0.0488.
Age, height, weight, BMI and QMG are presented as mean ± standard error of the mean (median; range).
BMI, body mass index; CIDP, chronic inflammatory demyelinating polyradiculoneuropathy; MG, myasthenia gravis; MGFA, 
Myasthenia Gravis Foundation of America; NIND, non-inflammatory neurological disorder; QMG, quantitative myasthenia 
gravis.

Table 1. (Continued)

Figure 1. Comparison of alpha-diversity indices of the different study groups MG, NIND and CIDP using the 
Kruskal–Wallis test.
Data are presented as mean ± standard error of the mean.
ACE, abundance-based coverage estimator; CIDP, chronic inflammatory demyelinating polyradiculoneuropathy;  
MG, myasthenia gravis; NIND, non-inflammatory neurological disorder; OTU, operational taxonomic unit.

https://journals.sagepub.com/home/tan
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NINDs. However, no differences were observed 
in alpha and beta diversity, implying an unaltered 
bacterial diversity and structure of the bacterial 
community.

The genus Faecalibacterium and its species  
F. prausnitzii belong to the phylum Firmicutes and 
is one of the most abundant commensal bacteria of 
the human gut microbiota. Faecalibacterium pro-
duces a high proportion of the short-chain fatty 
acid butyrate in the intestine, which has anti-
inflammatory effects resulting from Treg cell acti-
vation and upregulation of anti-inflammatory 
cytokine secretion.29,30 Although MG is a disorder 
characterised by reduced Treg cells, we found a 
higher relative abundance of Faecalibacterium in 

patients with MG compared with NINDs. Previous 
findings by Moris et al.12 found similar results in 
patients with MG compared with healthy volun-
teers. This finding might be related to MG treat-
ment, especially with corticosteroids. Still, in 
human oral steroid users, an increase was only 
identified in Methanobrevibacter smithii.31 However, 
corticosteroid treatment (1.0 mg/kg daily for 
14 days) had no effect on either the bacterial diver-
sity or composition of gut microbiota in dogs.32 To 
address potential effects on corticosteroid treat-
ment on gut microbiota composition,33 we per-
formed a subgroup analysis of patients with MG 
with and without corticosteroid treatment and 
found no differences in Faecalibacterium and 
Deltaproteobacteria.

Figure 2. Comparison of alpha-diversity indices of the MG and HV groups using the Mann–Whitney test.
Data are presented as mean ± standard error of the mean: (a) p = 0.0165; (b) p = 0.0007; (d) p = 0.0061; (e) p = 0.0006.
ACE, abundance-based coverage estimator; HV, healthy volunteer; MG, myasthenia gravis; OTU, operational taxonomic unit.

https://journals.sagepub.com/home/tan
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Another finding of our study, which is congruent 
with Moris et al.,12 is the increased relative abun-
dance of the class Deltaproteobacteria and the 
genus Desulfovibrio, belonging to this class. 
Deltaproteobacteria comprise strictly anaerobic 
genera, which contain many sulphate- (e.g. 
Desulfovibrio piger) and sulphur-reducing bacteria. 
Granzyme B (GrB) is a proteolytic enzyme pre-
sent in cytolytic T cells and natural killer cells. 
Enteric bacteria induce GrB from human colonic 
natural killer cells and innate lymphoid cells34 and 
its ability to selectively cleave subunits of AChR 
suggests that GrB-mediated cleavage of AChR 
exposes cryptic antigens causing an autoim-
mune response, resulting in a loss of functional 
AChR.35,36 GrB is endocytosed by a mannose 
6-phosphate receptor, and binding to this recep-
tor is enhanced by cell surface heparan sulphate.37 
One can propose a higher availability of sulphate 
after GrB-mediated apoptosis and ideal condi-
tions for sulphate-reducing bacteria such as 
Deltaproteobacteria.

The alpha-diversity indices Shannon, Simpson, 
Chao 1 and ACE were significantly reduced in 
patients with MG compared with healthy 

volunteers, implying an altered microbial diversity. 
These findings correspond to previous studies that 
also found a difference in the gut microbiota of 
patients with MG compared with healthy partici-
pants. However, beta diversity and the abundance 
of genera were not affected in this comparison.

Besides two studies from China13,38 and one study 
from Spain,12 this is the only other study to assess 
the intestinal microbiota in patients with MG in a 
White cohort. This observation is of importance 
given that MG subtype, prevalence and disease 
onset differ with ethnicity. For example, the age 
of onset of MG was higher in Whites than in non-
Whites,39 whereas in Chinese populations, MG 
appeared in infancy and in juveniles.40 Genetic 
factors influence Asian and White MG cohorts. 
Qiu et al.13 included more patients with MG and 
healthy controls in their study (53 and 50 versus 
70 and 74, respectively), while Moris et al.12 
included only 10 patients with MG and 10 con-
trols. Our cohort was dominated by men (female-
to-male ratio = 0.71), whereas generally, the 
female-to-male ratio of patients with MG is 
approximately 2:1 and varies with age and/or dis-
ease classification. Our ratio is comparable to that 

Figure 3. Beta-diversity analysis of bacterial communities using PCA based on log+1 transformed OTU data 
and PERMANOVA analysis of the weighted UniFrac distance.
CIDP, chronic inflammatory demyelinating polyradiculoneuropathy; MG, myasthenia gravis; NIND, non-inflammatory 
neurological disorder; OTU, operational taxonomic unit; PC1, first principal components; PC2, second principal components; 
PCA, principal component analysis; PERMANOVA, permutational multivariate analysis of variance.
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Figure 4. Hierarchical Ward-linkage clustering of faecal samples based on the Spearman distance of the abundance of bacterial 
genera co-occurrence clusters in each sample. Genus abundance is illustrated by a change in the intensity of colour, with blue to red 
reflecting low to high abundance.
CIDP, chronic inflammatory demyelinating polyradiculoneuropathy; MG, myasthenia gravis; NIND, non-inflammatory neurological disorder.

of Qui et al.13 (0.71 versus 0.71), and the ratio was 
highest in the study by Moris et al.12 This must be 
considered as a factor contributing to microbiota 
composition when comparing the above-men-
tioned microbiota studies in patients with MG.

Physical disruption by bead-beating provides suf-
ficient coverage of the original community as well 
as adequate quality and quantity.41 Among the 
studies mentioned above, only our study used this 
procedure.

As indicated by recent studies investigating other 
autoimmune neurological diseases like multiple 
sclerosis (MS), the gut microbiome may play a 
crucial role in the pathogenesis of MS.42,43 
Microbiota alterations affect functions of T-cell 
populations with an effect on the severity of neu-
rological dysfunctions in mice.44 Depending on 
the type and stages of MS, significant changes in 
abundance of bacterial species could be observed, 
for example reduced abundances of Clostridia 
XIVa and IV clusters in the relapsing-remitting 
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Figure 5. Differentially abundant genera (a) and families (b) in faecal samples from patients with NINDs and 
MG from a pairwise comparison using Welch’s t test with 95% confidence intervals.
MG, myasthenia gravis; NIND, non-inflammatory neurological disorder.

Figure 6. Proportions of Faecalibacterium sequences in patients with NINDs versus MG (a) and patients with 
CIDP versus MG (b) (CIDP versus MG, p = 0.5710).
CIDP, chronic inflammatory demyelinating polyradiculoneuropathy; MG, myasthenia gravis; NIND, non-inflammatory 
neurological disorder.

form of MS.45 In contrast to Takewaki et al.,45 in 
our cohort an increase in mean proportion of 
Clostridiales Incertae Sedis XI was observed in 
MG versus NINDs and, particularly in patients 
with MG on corticosteroid treatment. This case-
control study provided information which can be 
potentially incorporated into meta-analyses for 

comparison of (related) auto-immune diseases to 
identify disease-specific and shared responses.46

Overall, the role of antibiotics in exacerbating 
symptoms of MG should be characterised in 
larger studies to delineate their effects on neuro-
muscular transmission from their effects on gut 
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microbiota. An antibiotic treatment of 
Faecalibacterium could be an interesting approach 
in future randomised controlled interventional 
trials of MG.

Our study had some limitations. First, corticos-
teroid intake in more than half of the MG popula-
tion in our study may influence microbiota and, 
therefore, the differences observed. Second, the 
mean age of the MG group was slightly higher 
than that of the other groups (NIND, CIDP and 
healthy controls). Comorbidities such as diabetes 
mellitus may also have an impact on microbiota 
composition; however, such comorbidities were 
equally frequent in all groups in our study, thus 
reducing possible interference. In healthy con-
trols, thyroid disease was interestingly more pre-
sent than in the MG group.47 It is possible that 
this is due to the smaller size of the healthy volun-
teer group, the younger age, and the higher per-
centage of female participants compared with the 
MG group. NIND group members had quite dif-
ferent neurological disorders. However, the het-
erogeneity of the NIND group may help to reduce 
undesired group phenomena and bias potential.

Conclusion
The MYBIOM study provided evidence that gut 
microbiota should be considered as a contributor 
to disease onset and progression in patients with 
MG. Potential therapeutic approaches modulat-
ing the gut microbiota need to be explored in 
future studies to better understand the involve-
ment of the gut microbiota in the development of 
this debilitating acquired autoimmune disease.

Acknowledgement
JRM acknowledges support from the National 
Institute for Health Research Imperial Biomedical 
Research Centre.

Conflict of interest statement
AT and TH are members of the medical advisory 
board of the German Myasthenia Society.

Funding
The authors received no financial support for the 
research, authorship, and/or publication of this 
article.

ORCID iDs
Andreas Totzeck  https://orcid.org/0000-0002- 
1441-9246

Mark Stettner  https://orcid.org/0000-0002- 
8836-0443

Tim Hagenacker  https://orcid.org/0000-0002- 
3631-3450

Author contributions
AT: designed and conceptualised the study; par-
ticipants’ recruitment; analysed the data; drafted 
the manuscript.

ER and MS: major role in the acquisition of data 
and samples.

BS, KK, SB and AT: participants’ recruitment; 
important role in the acquisition of data.

MS JB and CK: interpreted the data; revised the 
manuscript for intellectual content.

JRM: analysed and interpreted the data; drafted 
the manuscript.

HLV: designed and conceptualised the study; 
analysed the data; drafted the manuscript.

TH: designed and conceptualised study; inter-
preted the data; revised the manuscript for intel-
lectual content.

Data availability statement
Sequenced reads generated in this study have been 
deposited in the European Nucleotide Archive 
(https://www.ebi.ac.uk/ena/browser/home) under 
accession number PRJEB41297.

Patient consent for publication
Participants agreed to their data being shared 
after being aggregated and anonymised.

Supplemental material
Supplemental material for this article is available 
online.

Trial registration number
German Clinical Trials Register: DRKS00017134.

References
 1. Dalakas MC. Future perspectives in target-

specific immunotherapies of myasthenia gravis. 
Ther Adv Neurol Disord 2015; 8: 316–327.

 2. Drachman DB. Therapy of myasthenia gravis. 
Handb Clin Neurol 2008; 91: 253–272.

 3. Koneczny I and Herbst R. Myasthenia gravis: 
pathogenic effects of autoantibodies on 
neuromuscular architecture. Cells 2019; 8: 671.

https://journals.sagepub.com/home/tan
https://orcid.org/0000-0002-1441-9246
https://orcid.org/0000-0002-1441-9246
https://orcid.org/0000-0002-8836-0443
https://orcid.org/0000-0002-8836-0443
https://orcid.org/0000-0002-3631-3450
https://orcid.org/0000-0002-3631-3450
https://www.ebi.ac.uk/ena/browser/home


Therapeutic Advances in Neurological Disorders 14

12 journals.sagepub.com/home/tan

 4. Vincent A and Rothwell P. Myasthenia gravis. 
Autoimmunity 2004; 37: 317–319.

 5. Shin DS, Jordan A, Basu S, et al. Regulatory T 
cells suppress CD4+ T cells through NFAT-
dependent transcriptional mechanisms. EMBO 
Rep 2014; 15: 991–999.

 6. Fattorossi A, Battaglia A, Buzzonetti A, 
et al. Circulating and thymic CD4 CD25 T 
regulatory cells in myasthenia gravis: effect of 
immunosuppressive treatment. Immunology 2005; 
116: 134–141.

 7. Li X, Xiao BG, Xi JY, et al. Decrease of 
CD4+CD25highFoxp3+ regulatory T cells and 
elevation of CD19+BAFF-R+ B cells and soluble 
ICAM-1 in myasthenia gravis. Clin Immunol 
2008; 126: 180–188.

 8. Masuda M, Matsumoto M, Tanaka S, et al. 
Clinical implication of peripheral CD4+CD25+ 
regulatory T cells and Th17 cells in myasthenia 
gravis patients. J Neuroimmunol 2010; 225: 
123–131.

 9. Atarashi K, Tanoue T, Oshima K, et al. Treg 
induction by a rationally selected mixture of 
Clostridia strains from the human microbiota. 
Nature 2013; 500: 232–236.

 10. Nagano Y, Itoh K and Honda K. The induction 
of Treg cells by gut-indigenous clostridium.  
Curr Opin Immunol 2012; 24: 392–397.

 11. Atarashi K, Tanoue T, Shima T, et al. Induction 
of colonic regulatory T cells by indigenous 
Clostridium species. Science 2011; 331: 337–341.

 12. Moris G, Arboleya S, Mancabelli L, et al. Fecal 
microbiota profile in a group of myasthenia gravis 
patients. Sci Rep 2018; 8: 14384.

 13. Qiu D, Xia Z, Jiao X, et al. Altered gut 
microbiota in myasthenia gravis. Front Microbiol 
2018; 9: 2627.

 14. Melzer N, Ruck T, Fuhr P, et al. Clinical 
features, pathogenesis, and treatment of 
myasthenia gravis: a supplement to the guidelines 
of the German Neurological Society. J Neurol 
2016; 263: 1473–1494.

 15. Van den Bergh PY, Hadden RD, Bouche P, et al. 
European Federation of Neurological Societies/
Peripheral Nerve Society guideline on management 
of chronic inflammatory demyelinating 
polyradiculoneuropathy: report of a joint task 
force of the European Federation of Neurological 
Societies and the Peripheral Nerve Society – first 
revision. Eur J Neurol 2010; 17: 356–363.

 16. Lehmann HC, Burke D and Kuwabara 
S. Chronic inflammatory demyelinating 

polyneuropathy: update on diagnosis, 
immunopathogenesis and treatment. J Neurol 
Neurosurg Psychiatry 2019; 90: 981–987.

 17. Klindworth A, Pruesse E, Schweer T, et al. 
Evaluation of general 16S ribosomal RNA gene 
PCR primers for classical and next-generation 
sequencing-based diversity studies. Nucleic Acids 
Res 2013; 41: e1.

 18. Illumina Inc, USA, http://gensoft.pasteur.fr/docs/
bcl2fastq/2.19.0/bcl2fastq2-v2-18-software-
guide-15051736-01.pdf (2016). 

 19. Babraham Bioinformatics, http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/ 
(2016). 

 20. Schloss PD, Westcott SL, Ryabin T, et al. 
Introducing mothur: open-source, platform-
independent, community-supported software 
for describing and comparing microbial 
communities. Appl Environ Microbiol 2009; 75: 
7537–7541.

 21. Edgar RC, Haas BJ, Clemente JC, et al. 
UCHIME improves sensitivity and speed of 
chimera detection. Bioinformatics 2011; 27: 
2194–2200.

 22. Cole JR, Wang Q, Cardenas E, et al. The 
ribosomal database project: improved alignments 
and new tools for rRNA analysis. Nucleic Acids 
Res 2009; 37: D141–D145.

 23. Price MN, Dehal PS and Arkin AP. FastTree 
2–approximately maximum-likelihood trees for 
large alignments. PLoS One 2010; 5: e9490.

 24. Parks DH, Tyson GW, Hugenholtz P, et al. 
STAMP: statistical analysis of taxonomic and 
functional profiles. Bioinformatics 2014; 30: 
3123–3124.

 25. Sharshar T, Porcher R, Demeret S, et al. 
Comparison of corticosteroid tapering regimens 
in myasthenia gravis: a randomized clinical trial. 
JAMA Neurol 2021; 78: 426–433.

 26. Chi LJ, Wang HB and Wang WZ. Impairment of 
circulating CD4+CD25+ regulatory T cells in 
patients with chronic inflammatory demyelinating 
polyradiculoneuropathy. J Peripher Nerv Syst 
2008; 13: 54–63.

 27. Zhang Y, Wang HB, Chi LJ, et al. The role of 
FoxP3+CD4+CD25hi Tregs in the pathogenesis 
of myasthenia gravis. Immunol Lett 2009; 122: 
52–57.

 28. Nobile-Orazio E. Chronic inflammatory 
demyelinating polyradiculoneuropathy and 
variants: where we are and where we should go.  
J Peripher Nerv Syst 2014; 19: 2–13.

https://journals.sagepub.com/home/tan
http://gensoft.pasteur.fr/docs/bcl2fastq/2.19.0/bcl2fastq2-v2-18-software-guide-15051736-01.pdf
http://gensoft.pasteur.fr/docs/bcl2fastq/2.19.0/bcl2fastq2-v2-18-software-guide-15051736-01.pdf
http://gensoft.pasteur.fr/docs/bcl2fastq/2.19.0/bcl2fastq2-v2-18-software-guide-15051736-01.pdf
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/


A Totzeck, E Ramakrishnan et al.

journals.sagepub.com/home/tan 13

 29. Duncan SH, Hold GL, Harmsen HJM, et al. 
Growth requirements and fermentation products 
of Fusobacterium prausnitzii, and a proposal to 
reclassify it as Faecalibacterium prausnitzii gen. 
nov., comb. nov. Int J Syst Evol Microbiol 2002; 
52: 2141–2146.

 30. Qiu X, Zhang M, Yang X, et al. Faecalibacterium 
prausnitzii upregulates regulatory T cells and 
anti-inflammatory cytokines in treating TNBS-
induced colitis. J Crohns Colitis 2013; 7:  
e558–e568.

 31. Vich Vila A, Collij V, Sanna S, et al. Impact of 
commonly used drugs on the composition and 
metabolic function of the gut microbiota. Nat 
Commun 2020; 11: 362.

 32. Igarashi H, Maeda S, Ohno K, et al. Effect of oral 
administration of metronidazole or prednisolone 
on fecal microbiota in dogs. PLoS One 2014; 9: 
e107909.

 33. Gibson CM, Childs-Kean LM, Naziruddin Z, 
et al. The alteration of the gut microbiome by 
immunosuppressive agents used in solid organ 
transplantation. Transpl Infect Dis 2021; 23: e13397.

 34. Castleman MJ, Dillon SM, Purba C, et al. 
Enteric bacteria induce IFNγ and Granzyme B 
from human colonic group 1 innate lymphoid 
cells. Gut microbes 2020; 12: 1667723.

 35. Casciola-Rosen L, Miagkov A, Nagaraju K, et al. 
Granzyme B: evidence for a role in the origin 
of myasthenia gravis. J Neuroimmunol 2008; 
201–202: 33–40.

 36. Boivin WA, Cooper DM, Hiebert PR, et al. 
Intracellular versus extracellular granzyme B in 
immunity and disease: challenging the dogma. 
Lab Invest 2009; 89: 1195–1220.

 37. Veugelers K, Motyka B, Goping IS, et al. 
Granule-mediated killing by granzyme B and 
perforin requires a mannose 6-phosphate receptor 
and is augmented by cell surface heparan sulfate. 
Mol Biol Cell 2006; 17: 623–633.

 38. Zheng P, Li Y, Wu J, et al. Perturbed microbial 
ecology in myasthenia gravis: evidence from the 

gut microbiome and fecal metabolome. Adv Sci 
(Weinh) 2019; 6: 1901441.

 39. Peragallo JH, Bitrian E, Kupersmith MJ, et al. 
Relationship between age, gender, and race in 
patients presenting with myasthenia gravis with 
only ocular manifestations. J Neuroophthalmol 
2016; 36: 29–32.

 40. Carr AS, Cardwell CR, McCarron PO, et al. 
A systematic review of population based 
epidemiological studies in Myasthenia Gravis. 
BMC Neurol 2010; 10: 46.

 41. de Boer R, Peters R, Gierveld S, et al. Improved 
detection of microbial DNA after bead-beating 
before DNA isolation. J Microbiol Methods 2010; 
80: 209–211.

 42. Esmaeil Amini M, Shomali N, Bakhshi A, et al. 
Gut microbiome and multiple sclerosis: new 
insights and perspective. Int Immunopharmacol 
2020; 88: 107024.

 43. Ventura RE, Iizumi T, Battaglia T, et al. Gut 
microbiome of treatment-naive MS patients of 
different ethnicities early in disease course.  
Sci Rep 2019; 9: 16396.

 44. Cekanaviciute E, Yoo BB, Runia TF, et al. Gut 
bacteria from multiple sclerosis patients modulate 
human T cells and exacerbate symptoms in 
mouse models. Proc Natl Acad Sci U S A 2017; 
114: 10713–10718.

 45. Takewaki D, Suda W, Sato W, et al. 
Alterations of the gut ecological and functional 
microenvironment in different stages of multiple 
sclerosis. Proc Natl Acad Sci U S A 2020; 117: 
22402–22412.

 46. Duvallet C, Gibbons SM, Gurry T, et al. Meta-
analysis of gut microbiome studies identifies 
disease-specific and shared responses. Nat 
Commun 2017; 8: 1784.

 47. Docimo G, Cangiano A, Romano RM, et al. The 
human microbiota in endocrinology: implications 
for pathophysiology, treatment, and prognosis 
in thyroid diseases. Front Endocrinol (Lausanne) 
2020; 11: 586529.

Visit SAGE journals online 
journals.sagepub.com/
home/tan

SAGE journals

https://journals.sagepub.com/home/tan
https://journals.sagepub.com/home/tan
https://journals.sagepub.com/home/tan


This text is made available via DuEPublico, the institutional repository of the University of
Duisburg-Essen. This version may eventually differ from another version distributed by a
commercial publisher.

DOI: 10.1177/17562864211035657
URN: urn:nbn:de:hbz:465-20220718-154314-1

This work may be used under a Creative Commons Attribution 4.0
License (CC BY 4.0).

https://duepublico2.uni-due.de/
https://duepublico2.uni-due.de/
https://doi.org/10.1177/17562864211035657
https://nbn-resolving.org/urn:nbn:de:hbz:465-20220718-154314-1
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/



