
INTRODUCTION

Myasthenia gravis (MG) is an autoantibody-mediated post-
synaptic neuromuscular junction disorder. Anti-acetylcholine 
receptor antibodies are found in about 80% of patients with MG 
[1], and numerous auto-antibodies have been recently discovered; 
muscle-specific tyrosine kinase (MuSK) [2], low-density lipopro-
tein receptor-related protein 4 (LRP4) [3], agrin [4], voltage-gated 
K+ channel Kv1.4 [5], ryanodine receptor [6] and cortactin [7]. 

Chronic immunosuppressive treatment (ISTX), such as tacro-
limus, azathioprine, mycophenolate mofetil and prednisolone, is 
required in most patients at some point in their courses, in order 
to maintain disease stability. Nevertheless, appropriate biomark-
ers that reflect disease activity or toxicity of ISTX lack [8]. Herein, 

we immunophenotyped peripheral blood mononuclear cells 
(PBMC) from participants and tested if B cell subsets were altered 
by disease activity or ISTX. Furthermore, given that MG is an ap-
parently antibody-specific autoimmune disease, we analyzed tran-
scriptional profiles of memory B cells (CD19+ CD27+) in order 
to develop appropriate biomarkers to monitor disease status. For 
transcriptome study, we used Nanostring analysis which is a digital 
multiplexed mRNA assay that provides highly reproducible data 
even in small-sized samples, by detecting native RNAs directly, 
without reverse transcription or amplification [9].

MATERIALS AND METHODS

Study subjects

A total of 21 patients with MG and 10 healthy controls were re-
cruited from December 2015 to August 2019 in Seoul Metropoli-
tan Government Boramae Medical Center. Written informed con-
sent was obtained from all participants. This study was approved 
by the local institutional review board (IRB no. 20151016/16-
2015-147/111).
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All participants provided peripheral blood samples. MGFA clas-
sification class and the titer of anti-acetylcholine receptor antibody 
(AchR-Ab) at the time of sample were identified [10]. For those on 
ISTX, the treatment regimen at the time of sample were also inves-
tigated. 

Patients with MG were classified into 3 groups according to the 
disease activity and whether they received immunosuppressive 
treatment at the sample date; group 1 (complete stable remission 
or minimal manifestation without immunosuppressive treatment), 
group 2 (pharmacologic remission or minimal manifestation 
with immunosuppressive agents), and group 4 (drug naïve MG). 
Healthy participants were designated as group 3. 

Fluorescence-activated cell sorting (FACS) analysis

PBMCs were isolated by centrifugation for 30min at 100g in 
4℃. The whitish buffy coat between histopaque and medium was 
aspirated and was washed twice with 10 ml of sterile PBS. Frozen 
PBMC samples w thawed and were immunolabelled with follow-
ing anti-human monoclonal antibodies: PerCP-conjugated anti-
CD45 (Biolegend, San Diego, CA, USA), FITC-conjugated anti-
CD3 (Biolegend, San Diego, CA, USA), APC-Cy7-conjugated 
anti-CD19 (BD Biosciences, San Jose, CA, USA), APC-conjugated 
anti-CD27 (Biolegend, San Diego, CA, USA) and PE-conjugated 
anti-IgD (BD Biosciences, San Jose, CA, USA). For memory B-cell 
transcriptome study using Nanostring assay, lymphocytes positive 
for CD19 and CD27 were sorted in 1.5 ml tubes. After 30 minutes 
of incubation in refrigerator at 4℃, samples were read by BD LSR 
Fortessa (BD Biosciences, San Jose, CA, USA). 

Nanostring assay

Prior to the Nanostring assay, 100% Buffer RLT (RNeasy Lysis 
Buffer, QIAGEN, Mississauga, Canada) was diluted to 1/3 diluted 
RLT in nuclease free water. Then 5ul of the diluted RLT buffer was 
added to each tube and lysis process was performed by pipetting 
up and down 15 times per sample while avoiding bubble forma-
tion. After lysis, lysates were centrifuged at 12,000g for 2 min, 4℃, 
then transferred to a PCR tube, and were placed on ice to use im-
mediately.

Memory B cells sorted from PBMC samples of 3 patients per 
group were gathered into 1 pool. A total of 4 memory B cell pools, 
1 per group were used in Nanostring analysis with Human Im-
munology Panel Kit (Nanostring Technologies). Hybridizations 
were carried out by combining 5 ul of each cell lysates with 8 ul 
of nCounter Reporter probes in hybridization buffer and 2 ul of 
nCounter Capture probes (for a total reaction volume of 15 ul) 
overnight at 65℃ for 18 hrs. Excess probes were removed using 
two-step magnetic bead-based purification on the nCounter Prep 

Station (Nanostring Technologies). Abundances of specific target 
molecules were quantified on the nCounter Digital Analyzer by 
counting the individual fluorescent barcodes and assessing the 
target molecules. For each assay, a high-density scan encompassing 
555 fields of view was performed. The data was collected using the 
nCounter Digital Analyzer after taking images of the immobilized 
fluorescent reporters in the sample cartridge with a CCD camera. 

nSolver software analysis and pathway analysis

mRNA data analysis was performed using the nSolver software 
analysis. Threshold count value was set to 20, so that nonspecific 
counts would be excluded in further analysis. After background 
thresholding, positive control normalization and codeset control 
normalization was conducted using geometric mean of 6 synthetic 
positive control counts and 15 housekeeping gene counts, respec-
tively. This procedure reduces several sources of error such as 
pipetting errors, instrument scan resolution, lot-to-lot variation in 
probes, and sample input variability [9]. Based on the normalized 
gene expression data, relatively over- or under-expressed genes 
in group 2 and 4 in contrast to group 1 were identified in term of 
fold-changes. 

The Database for Annotation Visualization and Integrated Dis-
covery (DAVID v.6.8) was used for functional enrichment analysis 
[11]. 4 lists of differentially expressed genes with absolute fold-
change over 2 (either up- or down-regulated in two pairs of inter-
group comparison) were submitted on the website.

Statistical analysis

R 3.6.1 was used to analyze data, which is described as the 
mean±standard deviation. Comparison between study groups 
were performed using ANOVA test or Kruskal-Wallis test. p-value 
<0.05 was regarded statistically significant. Benjamini-Hochberg 
procedure was used for identification of functional annotation 
clusters in order to reduce type 1 errors from multiple-compari-
son. 

Data availability

The raw data of this study are available from the corresponding 
author upon reasonable request.

RESULTS

Demographic and clinical characteristics

Table 1 summarizes the full dataset of demographic, clinical, 
serological characteristics and MGFA classification of individual 
participants. Disease duration, AchR-Ab titer, and the presence of 
thymoma or thymic hyperplasia did not show any correlation with 
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B cell subsets. 

Double-negative B cells are increased in group 2

B-cells were classified into 4 types depending on the presence of 
IgD and/or CD27; naïve B cells (IgD+CD27-), unswitched mem-
ory B cells (IgD+CD27+), switched memory B cells (IgD-CD27+), 
and double-negative B cells (IgD-CD27-). The frequencies of 4 B 
cell subsets were analyzed in each group (Table 2, Fig. 1).

Group 2 exhibited marked increase in double-negative B cell 
subset in contrast to the other groups, although statistically not 

significant (p=0.0828). Although double-negative B cells tended 
to be slightly higher in group 4 than group 1 and 3, given the small 
gap and number of samples from group 4, this tendency was not 
considered significant. Moreover, marked decrease in naïve B cells 
was noted in group 2 (p=0.2466). Other B cell subsets did not re-
veal any between-group differences.

Memory B cell transcriptional profiles 

We initially assumed that transcripts of memory B cells would 
impact the disease status, and those differentially expressed be-

Table 1. Demographic, clinical, serological characteristics and MGFA classification of individual participants

Par-
ticipant 
(Group-
number)

Sex Age Naïve UM SM DN MGFA
Di sease 

dura tion 
(months)

AchR-Ab 
titer

(nmol/L)

Thymo-
ma or 

thymic 
hyper-
plasia

Used in 
Nano-
string 
analy-

sis

1-1 F 71 65.6 5.4 23.5 5.5 CSR 10 4.9 Yes Yes
1-2 M 59 64.2 4.3 26.4 5.2 CSR 23 9.77 Yes Yes
1-3 M 65 93.1 2.1 3.6 1.2 CSR 8 9 Yes No
1-4 F 48 81.8 5.2 9.5 3.5 CSR 6.5 18 No No
1-5 M 69 78.1 4.3 14.9 2.7 CSR 23 3.85 Yes Yes
1-6 F 85 53.9 9.4 24.3 12.4 CSR 11 0.23 No No
1-7 M 36 71.5 7.5 16.5 4.5 CSR 5 0.67 No No
1-8 M 75 83.7 5.1 7.5 3.7 CSR 5 4.04 No No
2-1 M 43 66.8 7.2 17.1 9.0 PR 8 (-) No No
2-2 M 80 84.4 4.2 8.2 3.2 PR 2 0.76 No No
2-3 F 41 66.5 4.4 20.3 8.8 PR 21 0.24 No No
2-4 M 62 63.7 8.3 23.0 5.0 PR 6 (-) No No
2-5 F 80 21.2 5.2 46.7 26.9 PR 5 7.88 No No
2-6 F 45 55.6 11.7 25.0 7.7 PR 1.5 11.87 Yes No
2-7 M 60 40.4 6.2 25.7 27.7 PR 3.5 7.09 Yes No
2-8 F 42 82.3 2.4 12.3 3.0 MM 1 16.05 No Yes
2-9 M 72 30.4 6.1 38.9 24.5 MM 12 17.65 No Yes
2-10 F 56 57.3 2.0 23.8 16.9 MM 0.5 6.36 Yes Yes
2-11 F 79 82.2 2.6 12.7 2.5 PR 3 1.91 No No
2-12 M 77 28.5 8.4 42.0 21.1 PR 4 7.44 No No
2-13 M 50 56.9 2.5 24.8 15.7 PR 11 4.66 Yes No
3-1 M 54 47.1 6.2 40.2 6.5 N/A N/A N/A N/A Yes
3-2 F 67 78.8 5.6 12.4 3.2 N/A N/A N/A N/A No
3-3 F 69 88.0 3.2 5.1 3.8 N/A N/A N/A N/A No
3-4 F 78 84.3 2.7 9.6 3.4 N/A N/A N/A N/A No
3-5 F 61 86.2 1.9 7.3 4.6 N/A N/A N/A N/A No
3-6 M 53 61.7 9.2 20.3 8.9 N/A N/A N/A N/A No
3-7 M 54 69.5 4.5 21.7 4.3 N/A N/A N/A N/A No
3-8 M 60 60.3 6.0 30.4 3.3 N/A N/A N/A N/A Yes
3-9 M 67 42.5 9.3 42.5 5.6 N/A N/A N/A N/A Yes
3-10 F 70 76.0 3.5 13.0 7.6 N/A N/A N/A N/A No
4-1 F 67 59.8 7.3 20.4 12.5 V 0.5 6.7 Yes Yes
4-2 F 46 74.9 6.8 13.0 5.3 IIa 10 9.76 No Yes
4-3 M 46 72.3 4.5 17.5 5.7 IIb 3.5 2.45 Yes Yes

Every peripheral blood sample was analyzed by flow cytometry for B cell immunophenotyping. Memory B cells sorted from 3 patients per group were 
gathered into each pool and were submitted for Nanostring assay. UM, unswitched memory B cells; SM, switched memory B cells; DN, double-negative 
B cells; MGFA, Myasthenia Gravis Foundation of America; AchR-Ab, anti-acetylcholine receptor antibody; F,  female; M, male; CSR, chronic stable re-
mission; PR, pharmacologic remission; MM, minimal manifestation; N/A, not applicable.
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tween group 4 (drug naïve) and 1 (complete stable remission or 
minimal manifestation without ISTX) reflect disease activity. This 
is because while both groups did not receive ISTX in common, pa-
tients in group 4 were in active status. In a similar way, differential 
transcription in group 2 (pharmacologic remission or minimal 
manifestation with ISTX) compared to group 1 was regarded as 
epigenetic change in memory B cells induced by ISTX. We inves-
tigated which genes in nCounter Human Immunology V2 Panel 
showed inter-group difference in RNA counts. The lists of differ-
entially expressed genes were summarized in Table 3, sorted in de-
scending order by the fold change (complete data in supplemental 
file S1). We identified 9 and 26 genes up- and down-regulated, 
respectively, in the patient group of active disease compared to the 
group of complete stable remission. In the comparison to evaluate 
the effect of immunosuppressive treatments, 10 and 5 genes were 
identified to be up- and down-regulated in the pharmacologic re-
mission group compared to the complete stable remission group. 

Next, we performed functional enrichment analysis using DA-
VID v6.8 in order to clarify which immunological pathways were 
significantly altered in patients with active disease or in those 

Table 2. Frequencies of B cell subsets in 4 groups (naïve: IgD+CD27-, double-negative: IgD-CD27-, unswitched memory: IgD+CD27+, switched memory: 
IgD-CD27+)

Group 1 2 3 4 p-value

Naïve 73.99±12.61 56.63±21.08 69.44±16.14 69.00±8.07 0.2466
UM 5.40±2.19 5.48±2.90 5.19±2.57 6.20±1.5 0.8475
SM 15.78±8.47 24.65±11.68 20.26±13.42 16.97±3.73 0.4078
DN 4.83±3.36 13.23±9.40 5.11±1.98 7.81±4.06 0.0828

Although none of 4 subsets revealed statistically significant difference between 4 groups, group 2 showed marked increase of double-negative B cells and 
relative decrease of naïve B cells. Data were presented as mean±standard deviation. UM, unswitched memory B cells; SM, switched memory B cells; DN, 
double-negative B cells.

Fig. 1. Box plot representing B cell subset frequencies in 4 groups.

Table 3. Transcripts differentially expressed in group 4, 2 versus 1 and their fold changes

Disease activity (group 4 vs 1) ISTX effect (group 2 vs 1)

Up-regulated Down-regulated Up-regulated Down-regulated

CCR2 (4.71)
CD45RB (4.4)
LAIR (2.53)
SLAMF6 (2.4)
BCL6 (2.34)
TGFBI (2.34)
IL7 (2.33)
TLR4 (2.2)
HRE (2)

CD83 (5.55)
DUSP4 (5.54)
NFKBIA (4.97)
SOCS3 (4.68)
CXCR4 (4.51)
BCL3 (4.37)
CD96 (3.66)
BCL2L11 (3.19)
FKBP5 (2.89)
TNFAIP3 (2.89)
IRF1 (2.83)
CCR7 (2.76)
SOCS1 (2.74)

IL10RA (2.74)
ICAM1 (2.67)
ICOSLG (2.52)
NFKBIZ (2.42)
PRDM1 (2.36)
CCND3 (2.33)
CDKN1A (2.23)
CCL5 (2.21)
HLA-DRB1 (2.17)
TRAF4 (2.16)
GBP5 (2.11)
IL13RA1 (2.07)
NOD2 (2.05)

CD45RB (3.88)
EGR1 (3.1)
IFIT2 (2.44)
LILRB2 (2.3)
LAIR1 (2.25)
EBI3 (2.19)
EGR2 (2.16)
BCL6 (2.16)
NFIL3 (2.08)
HRE (2.08)

DUSP4 (2.96)
LGALS3 (2.44)
NOD2 (2.2)
GBP5 (2.11)
PRDM1 (2.05)

Among the 4 lists of differentially regulated genes, only those down-regulated in group 4 compared to group 1 revealed significant functional annotation 
clusters, shown in Table 4.
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receiving ISTX. 3 functional annotation clusters were identified 
from the list of genes down-regulated in group 4 compared to 
group 1. Among genes included in each cluster, those from KEGG 
pathway database are selectively demonstrated in Table 4, as they 
provide pathophysiological relevance. 

DISCUSSION

We performed flow cytometry and Nanostring analysis to in-
vestigate B cell immunophenotype and transcriptional profile of 
memory B cell populations in peripheral blood samples of MG pa-
tients. Immunophenotyping of B cells suggested a marked increase 
of double-negative B cells (IgD-CD27-) and a decrease of naïve 
B cells in group 2. mRNA quantification of memory B cell lysates 
revealed that several genes were differentially regulated within 
groups. Pathway analysis using DAVID v6.8 revealed 3 functional 
annotation clusters in genes under-expressed in group 4 (drug 
naïve MG) compared to 1, and most of them were associated with 
proinflammatory cascades. 

A double-negative B lymphocyte is a recently recognized B 
cell entity of which exact role and origin remain to be demon-
strated. However, increasing evidences suggest that they belong to 
memory B cell category, but are incapable of antigen presentation 
or replication, so-called “exhausted” or “senescent” memory B cells 
[12, 13]. Expansion of DN B lymphocytes has been reported in 
elderly population or various chronic inflammatory conditions; 
Alzheimer’s disease (AD) [14], rheumatoid arthritis (RA) [15], 
systemic lupus arthritis (SLE) [16], and chronic Human Immuno-
deficiency Virus (HIV) [17]. Therefore, it might be assumed that 
time-enduring antigenic stimulation or immune dysregulation 
may accumulate double-negative B cells, while deleting naïve or 
functional memory B cells. Our result might imply that ISTX sup-
presses B cell-mediated antigen presentation leading to reduction 
in MG activity. Given positive correlation with double-negative B 
cell expansion and disease activity in SLE, double-negative B cells 
in active versus inactive MG patients need to be further investigat-

ed with larger number of samples to clarify potential association 
with this B cell subset and MG activity. 

Based on our hypothesis that genes differentially expressed in 
memory B cells of group 4 and 2 versus 1 reflect disease activ-
ity and ISTX-induced transcriptional alterations respectively, 
Nanostring analysis revealed potential memory B cell biomark-
ers, some of which also addressed in our previous report [18]. 
Functional annotation cluster analysis revealed several proinflam-
matory pathways down-regulated in group 4 in contrast to in 
group 1: tumor necrosis factor (TNF) signaling pathway, NOD-
like receptor (NLR) signaling pathway, cytokine-cytokine recep-
tor interaction, and chemokine signaling pathway. TNF signaling 
mediates B cell maturation and differentiation, dysregulation of 
which can cause autoimmunity or neoplasia [19]. NLR pathway 
was recently discovered to mediate B cell activation without T cell 
signaling [20]. Interestingly, the other 3 KEGG pathways suggested 
that HLA-DRB1 is associated with active versus inactive MG, of 
which polymorphism has been posited to be associated with MG 
in several previous studies [21-23]. Clinical relevance as potential 
biomarkers should be further investigated in future studies with 
larger number of patients.

This study has several limitations. First, number of samples ana-
lyzed in flow cytometry was too small to reach statistical signifi-
cance. Especially, only 3 samples from group 4 were not enough 
to show the pattern of B cell subset alteration. Similarly, statistical 
analysis was not available in Nanostring analysis, because only 
single pool per group had been used. Hence, some “differentially 
expressed genes (DEGs)” in this study may reflect individual 
variations, rather than disease status. Given that a pool contains 
memory B cells of 3 patients per group, these “DEGs” worth fur-
ther analysis to confirm their role as biomarkers. 

Moreover, our assumptions on group-group comparison have 
potential errors. Because group 1 and 4 show substantial differ-
ence in disease duration (mean 11.44 months in group 1 and 4.67 
months in group 4), chronological changes not directly related to 
disease activity might have affected their transcriptional profiles. 

Table 4. KEGG pathways which functional annotation clusters of down-regulated genes in group 4 versus 1 revealed

KEGG pathway p-value Benjamini Genes

TNF signaling pathway 5.5E-7 4.5E-5 BCL3, CCL5, NFKBIA, TNFAIP3, ICAM1, NOD2, SOCS3
NOD-like receptor signaling pathway 6.1E-4 1.6E-2 CCL5, NKFBIA, TNFAIP3, NOD2
Epstein-Barr virus infection 4.5E-4 1.8E-2 NFKBIA, TNFAIP3, CDKN1A, ICAM1, HLA-DRB1
Influenza 1.7E-3 2.7E-2 CCL5, NFKBIA, ICAM1, HLA-DRB1, SOCS3
HTLV-1 infection 6.6E-3 6.5E-2 NFKBIA, CCND3, CDKN1A, ICAM1, HLA-DRB1
Cytokine-cytokine receptor interaction 5.7E-3 6.4E-2 CCL5, CCR7, CXCR4, IL10RA, IL13RA1
Chemokine signaling pathway 1.8E-2 1.2E-1 CCL5, CCR7, CXCR4, NFKBIA

Most of them are associated with proinflammatory cascades, of which down-regulation might suppress disease activity of MG. 
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Some patients in group 2 may aggravate when ISTX is discontin-
ued, implying relatively higher disease activity in group 2 than 1. 
Thus, transcriptional profile of group 2 compared to group 1 owe 
not only to ISTX, but also to disease activity in some parts.

As we had initially assumed that memory B cells have a major 
impact on disease status, we only sorted memory B cells from flow 
cytometry for Nanostring analysis and did not sort out double-
negative subset for transcript profiling. Given the unexpected 
increase of double-negative B cells in group 2, however, transcrip-
tome analysis of this subset in various MG status might also be 
promising. Because double-negative B cells are rare in entire B cell 
population, each pool needs samples from more participants, re-
quiring another study with larger number. 

Despite these limitations, this study suggests a novel mean to 
investigate detailed immunologic evaluation of autoimmune 
diseases. A follow-up study with well controlled design and larger 
number of samples will suggest practical biomarkers that guide 
treatment decision in future clinical settings.
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