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Abstract 

Background  B cell immune dysregulation plays a critical role in myasthenia gravis (MG). However, targeted B-cell 
therapy such as rituximab may result in long-term peripheral B cell clearance and allow for the survival of plasma cells, 
contributing to frequent infections and relapses. Therefore, we aimed to identify potential novel therapeutic targets 
that preserve part of B cell function while inhibiting antibody-secreting cells (ASCs).

Methods  The transcriptome of sorted CD19+B cells obtained from MG patients in active and remission state was per-
formed by RNA sequencing. The hallmark gene NF-kappaB-inducing kinase (NIK/MAP3K14) associated with NF-κB 
and TNF signaling was identified, and the expression levels of NIK in CD19+B cells, CD4+T cells and serum from new-
onset MG patients and controls were validated by flow cytometry, qPCR and ELISA. In vitro and in vivo, the effects 
of NIK inhibitor (B022) on the function of CD19+B cells and CD4+T cells were detected under the MG PBMCs, sorted B 
cells and experimental autoimmune MG (EAMG) rat model, respectively.

Results  The expression levels of NIK were upregulated in CD19+B cells, CD4+T cells and serum from new-onset MG 
patients. Notably, increased serum NIK levels were positively correlated with disease severity and decreased with dis-
ease remission. NIK inhibitor B022 significantly reduced B-cell activation, proliferation, ASCs differentiation and patho-
genic function, as well as CD4+T cell activation and Th17 cells differentiation in vitro. Intraperitoneal injection of B022 
ameliorated the severity of EAMG rats, and reduced proportion of pathogenic B and T cell subsets, antibody levels 
and postsynaptic membrane damage.

Conclusions  Targeting NIK with small molecule kinase inhibitors can effectively shape B cell homeostasis, and exhibit 
protective effects in the EAMG rat model, which may be an effective novel treatment strategy for MG.
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Background
Myasthenia gravis (MG) is a prototypical B-cell-medi-
ated autoimmune disease characterised by skeletal 
muscle fluctuating fatigue and weakness [1]. Peripheral 
self-tolerance impairment facilitates the differentia-
tion of autoreactive B cells into antibody-secreting cells 
(ASCs) that produce high-affinity autoantibodies [2]. 
These autoantibodies bind to the acetylcholine recep-
tor (AChR) itself, or to muscle-specific receptor tyrosine 
kinase, low-density lipoprotein receptor-related protein 
4, and agrin, blocking AChR clustering and leading to 
postsynaptic membrane transmission dysfunction at 
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the neuromuscular junction (NMJ),  ultimately causing 
myasthenia  [2]. Except for conventional symptomatic 
and immunosuppressive therapies, the treatment strate-
gies for MG  have entered the era of targeted biological 
agents [3, 4]. B cell depleting therapy (BCDT), specifi-
cally rituximab (RTX), an anti-CD20 monoclonal anti-
body has emerged as effective for the treatment of MG in 
numerous large uncontrolled trials [5–9]. However, not 
all patients respond, and some still suffer from relapse 
after anti-CD20 treatment [10]. This may be explained 
by the fact that some ASCs (plasmablasts and plasma 
cells) do not express CD20, thus escaping RTX-mediated 
depletion and remaining abnormal in the lymph nodes 
and bone marrow, contributing to relapse [11]. Moreo-
ver, RTX results in long-term peripheral B cell deple-
tion, which also increases the risk of infection. Therefore, 
there is an urgent need to further explore the intrinsic 
molecular mechanism of pathogenic B cell alterations in 
MG, which may contribute to the development of novel, 
more targeted, and reversible therapies.

NF-kappaB-inducing kinase (NIK/MAP3K14) is an 
apical component of TNF receptor superfamily mem-
bers mediated noncanonical NF-κB signalling, which has 
been found to overactive in B cell-mediated autoimmune 
diseases and B cell malignancies [12–15]. During B cell 
development, deletion of NIK in adult mice will disrupt 
B cell responses, including survival, activation, prolifera-
tion and differentiation [16]. NIK deficiency also results 
in reduced germinal center B cells and impaires the abil-
ity of B cell class switching [17]. Similar phenotypes have 
been observed in patients with loss-of-function muta-
tions in NIK that cause multiple aberrations of lymphoid 
immunity [18]. Together, these data illuminate a critical 
role for NIK during B cell-mediated immune responses. 
However, there is no evidence in the literature to clarify 
the importance and pathological associations between 
NIK and MG. This prompted us to further explore 
whether NIK was overexpressed in MG and could serve 
as a new therapeutic target.

In this study, we investigated the distinct molecular 
signatures in B cells of MG patients during active and 
remission phase, particularly focusing on NIK. We fur-
ther explored the effects of targeting NIK inhibitor B022 
on pathogenic cells in  vivo and in  vitro (Fig.  1), which 
may furnish a foundation for the future utilization of NIK 
inhibitors in the clinical management of MG.

Materials and methods
Subjects
Peripheral anticoagulant whole blood samples from 
new-onset MG patients (n = 45) and healthy controls 
(HCs) (n = 30), and serum samples from new-onset MG 
patients (n = 76) and HCs (n = 50) were obtained at the 

Affiliated Hospital of Xuzhou Medical University. The 
detailed characteristics of new-onset MG patients and 
healthy controls (HCs) are summarized in Table 1. Diag-
nosis of MG was in line with international consensus 
guidance [19]. The new-onset patients were character-
ized as first-episode MG patients who had not undergone 
any form of immunosuppressive therapy, and exclusion 
criteria as previously described [20]. The cohort of MG 
patients (n = 4) in active and remission state included for 
RNA sequencing, and their characteristics are shown in 
Table  S1. Active MG patients enrolled were new-onset 
patients in a progressive state. Remission was defined 
as the patient having no signs or symptoms of MG [19]. 
Symptoms were assessed primarily using Activities of 
Daily Living (ADL) and Quantitative Myasthenia Gravis 
(QMG) scores.

CD19+B cell sorting and RNA sequencing
Peripheral blood mononuclear cells (PBMCs) were 
extracted from fresh anticoagulated blood of MG patients 
in both active and remission phases using Ficoll gradient 
centrifugation (Cat#18,061, STEMCELL Technologies). 
Freshly isolated PBMCs were stained with CD19 Micro-
Beads and then subjected to positive selection according 
to the manufacturer’s instructions (Cat#130-050-301, 
Miltenyi). The purity of the isolated B cells was assessed 
to be > 95% by flow cytometry. Sorted B cells were sub-
sequently lysed using TRIzol reagent (Cat#15596018CN, 
Invitrogen), and the quantity and purity of the extracted 
RNA were evaluated. RNA-sequencing was performed 
using the Illumina Novaseq™ 6000 sequencer (LC-Bio 
Technology). All bioinformatics were analyzed using the 
OmicStudio tools (https://​www.​omics​tudio.​cn/​tool).

NIK quantified by flow cytometry
The expression levels of NIK in lymphocyte subsets 
were detected by FACS Aria III flow cytometer (BD 
Biosciences). PBMCs were stained for surface markers 
with anti-CD3-FITC (Cat#317,306), anti-CD19-APC 
(Cat#302,212), anti-CD4-Percp-Cy5.5 (Cat#300,530), 
anti-CD8-APC-Cy7 (Cat#344,714) and anti-CD56-APC 
(Cat#362,504) (all from Biolegend), then fixed and per-
meabilized using eBioscience™ Intracellular Fixation & 
Permeabilization Buffer Set (Cat#88–8824-00, Invitro-
gen) followed by staining with anti-MAP3K14/NIK-PE 
(Cat#bs-0074R-PE, Bioss) according to the manufactur-
er’s guidelines.

NIKmRNA quantified by real‑time quantitative PCR 
(RT‑qPCR)
Sorted CD19+B cells and CD4+T cells were reverse 
transcribed into cDNA by EZ-press Cell to cDNA 
Kit (Cat#B0003, EZBioscience) according to the 

https://www.omicstudio.cn/tool
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manufacturer’s guidelines. The NIKmRNA expres-
sion levels were estimated by RT-qPCR in the Roche 
LightCycler 480 System using an SYBR Green PCR kit 
(Cat#A0012, EZBioscience). The relative expression lev-
els of the genes were determined via relative quantifica-
tion (2−ΔΔCT), and the primers used are listed in Table S2.

Enzyme‑linked immunosorbent assay (ELISA)
Serum NIK levels were detected with ELISA kits 
(Cat#MM-62653H1, Jiangsu Meimian Industrial Co.,Ltd) 
according to the manufacturer’s instructions. Optical 
densities were recorded at 450 nm, and the concentration 
was calculated in accordance with the standard curve.

Cell counting kit‑8 (CCK‑8) assay
Isolated PBMCs were seeded in 96-well plates and treated 
with NIK inhibitor B022 (0, 50, 100, 200, 500, 1000, 2000, 
3000  nmol;  Cat#HY-120501, MedChemExpress) for 
72  h. Then 10ul CCK8 reagent (Cat#abs50003, Absin 
Bio science Inc) was added to each well and incubated 
at 37℃ for 4 h. OD values at 450 nm were measured to 

plot proliferation curve. The cell viability was calculated 
according to the manufacturers’ instructions.

Functional PBMCs assay: in vitro activation, survival, 
proliferation and differentiation
To assess cell activation, survival, proliferation and dif-
ferentiation, cultured PBMCs stimulated with recom-
binant human CD40L (50  ng/ml, Cat#310–02-100UG, 
PeproTech) and F(ab′)2 fragment goat anti-human 
IgM (10 μg/ml, Cat#109–006-129, Jackson Immunore-
search) or CD3 Monoclonal Antibody (OKT3) (2ug/
ml, Cat#16-0037-81, eBioscience) and CD28 Mono-
clonal Antibody (4ug/ml, Cat#14-0289-82, eBiosci-
ence) in the presence or absence of NIK inhibitor 
B022 (1000  nmol) as previously described [21]. After 
24  h cultures, B-cell activation markers CD80-FITC 
(Cat#305,206) and CD86-PE (Cat#374,206) and T-cell 
activation markers CD25-APC (Cat#385,606) and 
CD69-PE-Dazzle594 (Cat#310,942) (all from Biole-
gend) were detected by flow cytometry. After 5-day 
cultures for B cell and 3-day cultures for T cell, CFSE 

Fig.1  Flowchart of the study
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(5um, Cat# 423,801, Biolegend) labeled cell prolifera-
tion assay, Annexin V-FITC (Cat#640,906) and 7AAD 
(Cat#420,404) labeled apotosis experiment (Biolegend) 
were detected by flow cytometry. To assess B and T 
cell differentiation, cultured cells were stained with a 
mixture of anti-CD19-APC (Cat#302,212), anti-CD27-
BV421 (Cat#356,418), anti-IgD-PE (Cat#348,204), 
anti-CD38-FITC (Cat#303,504) and anti-CD138-APC-
Cy7 (Cat#356,528) (all from Biolegend). For cytokine 
intracellular staining, cultured PBMCs added 2ul eBi-
oscience™ Cell Stimulation Cocktail (Cat#00–4970-
03, Invitrogen) for 5  h. Cells were stained for surface 
markers with anti-CD3-FITC (Cat#317,306, Biolegend) 
and anti-CD4-BV421 (Cat#562,424, BD Biosciences), 
then fixed and permeabilized using eBioscience™ 
Intracellular Fixation & Permeabilization Buffer Set 
(Cat#88–8824-00, Invitrogen) followed by staining with 
anti-IFN-γ-Percp-Cy5.5 (Cat#506,528), anti-IL-4-PE-
Cy7 (Cat#500,824) and anti-IL-17A-PE (Cat#512,306) 
(all from Biolegend). For Treg intracellular staining, 
cells were stained for surface markers with anti-CD4-
FITC (Cat#317,408) and anti-CD25-APC (Cat#385,606) 
(Biolegend), then fixed and permeabilized using BD 
Cytofix/CytopermTM reagents (Cat#562,574, BD 

Biosciences) followed by staining with anti-FOXP3-PE 
(Cat#320,208, Biolegend). All samples were analyzed by 
flow cytometer as described above.

Functional B cell assay: antigen presentation, cytokine 
and antibody production
Sorted B cells (105/well) were seeded in 96-well plates 
stimulated with recombinant human CD40L (50  ng/
ml, PeproTech), F(ab′)2 fragment goat anti-human IgM 
(10  μg/ml, Jackson Immunoresearch) and recombinant 
human IL-21 (50  ng/ml, Cat#8879-IL, R&DSystems) 
in the presence or absence of NIK inhibitor B022 
(1000 nmol) for 5 days. Then, B cells were collected for 
antibody cocktail staining in response to B-cell antigen 
presentation (anti-CD19-Percp-Cy5.5 (Cat#302,230), 
anti-CD80-FITC, anti-CD86-PE, anti-GITR-PE-Cy7 
(Cat#371,224), anti-HLA-DR-APC (Cat#307,610) and 
anti-CD95-BV421 (Cat#305,624)), cytokine produc-
tion (anti-CD19-APC, anti-IL-6-PE-Cy7 (Cat#501,120), 
anti-IL-10-PE (Cat#501,404), anti-GM-CSF-Percp-cy5.5 
(Cat#502,312) and anti-TNF-α-APC-Cy7(Cat#502,944)) 
and ASCs differentiation (anti-CD19-APC, anti-CD27-
BV421, anti-CD38-FITC and anti-CD138-APC-
Cy7) (all from Biolegend) as described above. 

Table 1  Characteristics of new onset-MG patients and controls

Flow cytometry (FCM), Enzyme-linked immunosorbent assay (ELISA), Early-onset myasthenia gravis (EOMG), late-onset myasthenia gravis (LOMG), ocular myasthenia 
gravis(OMG), generalized myasthenia gravis(GMG), Foundation of America Clinical Classification(MGFA), Acetylcholine receptor antibody (AchR-Ab)

Characteristics PBMC for FCM detection Serum for ELISA detection

Controls (n = 32) New-onset MG(n = 45) P Controls (n = 50) New-onset MG(n = 76) P

Age, years 57.5(51.00,63.75) 63(48.50,72.00) 0.227 53.00(46.50, 57.25) 55.00(41.25, 65.00) 0.419

Sex, n(%) 0.363 0.207

 Female 19(59.38) 22(48.89) 32(64.00) 40(52.63)

 Male 13(40.63) 23(51.11) 18(36.00) 36(47.37)

Age of onset, n(%)

 EOMG (age < 50 y) 15(33.33) 30(39.47)

 LOMG (age ≥ 50 y) 30(66.67) 46(60.53)

Type, n(%)

 OMG 20(44.44) 26(34.21)

 GMG 25(55.56) 50(65.79)

MGFA at admission, n(%)

 I 20(44.44) 26(34.21)

 II 10(22.22) 17(22.37)

 III 11(24.44) 20(26.32)

 IV 4(8.89) 13(17.11)

Thymoma, n(%)

 Without 34(75.56) 52(68.42)

 With 11(24.44) 24(31.58)

AchR-Ab, n(%)

 Positive, n(%) 45(100.00) 76(100.00)

 Negative, n(%) 0(0.00)
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Meanwhile, supernatant also was retained for secreted 
IgG (Cat#V01190H, VICMED) and IgM (Cat#V01200H, 
VICMED) detection by ELISA kits.

Flow cytometric analysis of NFκB2
For determination of NFκB2-p100/p52 after B022 inhibi-
tor, B cells coated with 50  ng/ml recombinant human 
CD40L and 10 μg/ml F(ab′)2 fragment goat anti-human 
IgM were stimulated with 1ug/ml LPS (Cat#L2630, 
Sigma-Aldrich) for 30 min in the presence or absence of 
the 1000  nmol NIK inhibitor B022. Following a 10-min 
incubation with BD Cytofix Fixation Buffer (Cat#557,870, 
BD Biosciences) at 37 °C, cells were subsequently perme-
abilized in BD Phosflow Perm Buffer III (Cat#558,050, BD 
Biosciences) for 30 min on ice. B cells were stained with 
Rabbit Anti- NFκB2 antibody (Cat#bs-9418R, Bioss) for 
30 min, and then stained with secondary anti-rabbit IgG 
(H + L)-Alexa Fluor 647 antibody (Cat#4414S, Cell Sign-
aling Technology), followed by flow cytometry analysis.

Transcription factors of B cells differentiated into ASCs 
by qPCR
Sorted B cells (5 × 105/well) were seeded in 96-well plates 
stimulated with CD40L/IgM/IL-21 in the presence or 
absence of NIK inhibitor B022 for 5 days, then cells were 
reverse-transcribed into cDNA for qPCR experiments as 
described above. Primers of transcription factors (IRF4, 
Blimp-1, XBP-1, ZBTB20, PAX5, BACH2 and IRF8) were 
listed in Table S2.

In vivo animal experiments
Induction of EAMG and therapeutic experiment
Female Lewis rats (6–8  weeks old) weighing 160–180  g 
were purchased from Vital River Laboratories (Beijing, 
China), and bred at the Laboratory Animal Center of 
Xuzhou Medical University under specific pathogen-
free conditions. The rats were provided with standard rat 
chow and water. The EAMG rat model was induced with 
rat AChR97-116 peptide (DGDFAIVKFTKVLLDYTGHI) 
(China Peptides Co. Ltd) following previously reported 
[22]. Briefly, the rats were immunized subcutaneously 
at the tail base with a total 200  μl emulsion contain-
ing 75  μg of rat AChR97-116 peptide in phosphate buffer 
saline emulsified in an equal volume of complete Freund’s 
adjuvant containing 1  mg mycobacterium tuberculosis 
strain H37RA (Cat#231,141, Difco). Then, the rats were 
boosted on day 30 with the same dose of AChR97-116 pep-
tide in incomplete Freund’s adjuvant (Cat#F5506, Sigma-
Aldrich). After the second immunization, clinical scores 
were assessed every day, and then we selected ongoing 
EAMG rats with onset clinical scores of 1–1.5 for thera-
peutic experiments. EAMG rats in the B022 group were 
intraperitoneally given 30  mg/kg B022 for 10  days and 

the EAMG model group was injected with an equal vol-
ume of cosolvent. The clinical severity score was classi-
fied on a scale of 0 to 4, taking into account the presence 
of tremors, hunched posture, muscle strength, and fatiga-
bility as previously outlined [22].

Serum anti‑AChR97‑116 peptide antibody detection
Rat serum anti-AChR97-116 IgG (Cat#405,428), IgG1 
(Cat#407,403), IgG2a (Cat#407,503) and IgG2b 
(Cat#408,203) (Biolegend) antibody levels were detected 
by ELISA as previously described [22]. Optical densities 
were measured at 450 nm.

Hematoxylin–eosin (HE) staining
Paraffin-embedded sections of the spleen, lymph node 
and muscle from the two groups were stained using an 
HE staining kit (Cat#G1076-500ML, Service bio) accord-
ing to the manufacturer’s instructions. Subsequent to 
the application of neutral gum to the slices, the slides 
were sealed, and the sections were observed under a 
microscope.

Histological immunofluorescence
To visualize AChR clusters and complement deposition 
in the postsynaptic membranes of neuromuscular junc-
tions in the tibialis anterior muscles of two groups, a his-
tological immunofluorescence technique was employed. 
The slides (10um) were permitted to air dry before being 
fixed with cold acetone. After being washed with PBS, the 
sections were blocked by 4% BSA for 120  min at room 
temperature and then subjected to an overnight incuba-
tion at 4 °C with a mouse anti-rat C5b-9 antibody (1:100, 
Cat#sc-66190, Santa Cruz). Following another wash, the 
sections were treated with Alexa Fluor594-conjugated 
anti-mouse IgG (1:500, Cat#ab150116, Abcam) and 
CF488-conjugated α-BTX (1:500, Cat#00005, Biotium) 
for 60  min. Eventually, after a final wash, the sections 
were inspected under the fluorescence microscope.

Effect of B022 on pathogenic immune cell subsets by flow 
cytometry
After 10  days of treatment, MNCs isolated from blood, 
spleen and lymph nodes of two groups were collected 
and labeled with various antibody combinations. Sur-
face staining, Th membrane staining, and Treg intra-
cellular staining methods refer to the steps above. Flow 
cytometric analysis was performed using the follow-
ing fluorescently labeled anti-rat antibodies: anti-CD4-
APC-Cy7 (Cat#201,518), anti-CD25-PE (Cat#202,105), 
anti-CD45RA-FITC (Cat#202,305), anti-CD27-APC 
(Cat#124,212), anti-CD38-PE (Cat#250,505) (all from 
Biolegend), anti-CD3-BV421 (Cat#563,948, BD Bio-
sciences), anti-B220-PE-Cy7 (  Cat#25–0460-82), 
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anti-IL-17A-APC (  Cat#17–7177-81), anti-FOXP3-
Percp-cy5.5 (Cat#45–5773-82) (all from Invitrogen), and 
anti-PNA Fluorescein (Cat#FL-1071, Vector laboratory).

Statistical analysis
The data are presented as mean ± standard deviation or 
median with interquartile ranges. Categorical variables 
were evaluated using chi-square tests. For data following 
a normal distribution, an independent-samples t-test was 
employed, whereas the Mann–Whitney U test was uti-
lized for skewed data. In the case of three or more data 
sets, means were compared with one-way ANOVA. To 
investigate the relationship between variables, Spear-
man’s correlation analysis was conducted. Receiver oper-
ating characteristic (ROC) curve analyse was conducted 
to evaluate the predictive value of NIK for MG. All statis-
tical analyses were performed using GraphPad Prism 8.0 
(GraphPad Software, La Jolla, CA, USA). Statistical sig-
nificance was set at a p-value of less than 0.05.

Results
Altered NF‑κB and TNF associated gene expression 
signature in B cells of MG patients during active 
and remission phase
RNA sequencing was performed on sorted peripheral 
B cells, obtained from 4 patients with MG during active 
and remission phase (Fig.  2A). The thresholds for the 
up- and downregulated genes were fold change > 1.5 or 
fold change < 0.67 and P value < 0.05, and we identified 
4591 differentially expressed genes (Table  S3). Then, 
we carried out a comprehensive Gene Set Enrichment 
Analysis (GSEA) utilizing the extensive collection of 
gene sets available in MSigDB. Among these, our pri-
mary attention was directed towards the hallmark sets, 
aiming to pinpoint distinct molecular signatures that 
exhibit differential expression patterns in B cells derived 
from patients with active MG, as opposed to those from 
patients in remission. We found that gene sets associ-
ated with NF-κB and TNF signaling were upregulated 
in B cells from MG patients during active phase (FDR 
value = 0.032, FDR value = 0.033, Fig.  2B). Moreover, we 
intersected the differentially expressed genes with those 
in the NF-κB (8433 genes, Table S3) and TNF signaling 
pathways (266 genes, Table S3) in the Genecard database 
and found 39 differentially expressed genes (Fig.  2C). 
The expression of MAP3K14 (NIK), a crucial media-
tor regulating B-cell development and function, was 
up-regulated in B cells of MG patients in active stage 
(fold change = 1.783, p-value = 0.013, Fig.  2D). Together, 
these data indicate that NIK/MAP3K14, a hallmark 
gene associated with the NF-κB and TNF signaling, was 
upregulated in B cells of MG patients with active disease 
compared to disease remission.

NIK is upregulated in B cells and CD4+T cells from patients 
with MG
We detected NIK expression on lymphocyte subsets 
by flow cytometry and found that NIK expression was 
elevated on B cells and CD4+T cells in newly diagnosed 
MG patients compared with HCs (P < 0.05, Fig. 2F, H), 
but no significant difference in NK cells and CD8+T 
cells (P > 0.05, Fig. 2G, I). Further, we used qPCR tech-
nology to detect NIKmRNA levels, and also found that 
NIK expression increased in B cells and CD4+T cells 
of MG patients (P < 0.05, Fig.  2J, K). These data sug-
gest that NIK expression is up-regulated in pathogenic 
immune cells of MG patients, which may be involved in 
the pathogenesis of MG.

Correlations of serum NIK levels with different disease 
subtypes, clinical severity score, B cell subsets and disease 
status in MG patients
Serum NIK levels were higher in new-onset MG 
patients compared with HCs (P < 0.05, Fig.  3A). Sub-
group analysis revealed that NIK levels were increased 
in GMG patients than in OMG (P < 0.01, Fig.  3D), as 
well as elevated in thymoma associated MG (TAMG) 
than in non-TAMG (P < 0.05, Fig.  3E). However, no 
difference was observed between male and female 
(P > 0.05, Fig.  3B), early-onset MG (EOMG) and late-
onset MG (LOMG) (P > 0.05, Fig.  3C). A correlation 
heat map was constructed (Fig. 3F), showing that NIK 
levels were positively correlated with QMG score, 
MGFA classification and Memory B cells (rs = 0.535, 
P < 0.001; rs = 0.422, P < 0.001; rs = 0.519, P < 0.001; 
Fig.  3G–I), but the correlation between serum NIK 
levels and plasmablast cells was weak despite being 
statistically significant (rs = 0.244, P < 0.05, Fig.  3J). 
Moreover, we conducted an in-depth longitudinal anal-
ysis to scrutinize the dynamics of serum NIK levels and 
the composition of B cell subsets in a cohort of 22 MG 
patients. By meticulously comparing these biomark-
ers during the acute onset and remission phases of the 
disease, we uncovered a compelling trend: as the MG 
symptoms waned and the patients transitioned into 
a state of remission, there emerged a statistically sig-
nificant decline in both the serum NIK concentrations 
and the percentages of memory B cells, plasmablasts, 
and plasma cells (P < 0.05, Fig. 3K–N). Univariate ROC 
curve analysis was performed to evaluate the diag-
nostic significance of NIK in MG. The findings indi-
cated that the area under the curve (AUC) for NIK was 
0.621 (P < 0.05, Fig.  3O). These findings demonstrate 
that serum NIK expression levels correlate with dis-
ease severity and disease status, and may be a novel 
biomarker.
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NIK inhibitor B022 attenuates B cell activation, 
proliferation and differentiation, but has no significant 
effects on cell apoptosis
To assess the effect of NIK inhibitor B022 on PBMCs 
viability, we performed CCK-8 assays to determine cell 
viability under different concentrations of B022. The 
results showed that B022 suppressed the cell prolif-
eration in a dose-dependent manner and the optimal 
dose of B022 was 1000  nmol (Fig.  4A). PBMCs from 

9 new-onset MG were exposed to 1000 nmol B022 to 
examine the effect of NIK on lymphocyte subsets and 
B cell development. The results showed that the per-
centage of CD19+B cells in the B022 inhibitor group 
was lower than that in the medium group (P < 0.05, 
Fig.  4B), but the proportions of CD4+T cells, CD8+T 
cells, and NK cells had no effect (P > 0.05, Fig.  4B). 
We also discovered that B022 suppressed the expres-
sion of B cell activation markers CD80 and CD86, the 

Fig.2  NIK is upregulated in B cells and CD4+T cells from MG patients. A RNAseq analysis of CD19+B cells from MG patients (n = 4) during active 
and remission phase. B Gene Set Enrichment Analysis (GSEA) utilizing all gene sets from MSigDB, where gene sets associated with NF-κB and TNF 
signaling were significantly upregulated. C RNAseq differential genes intersect with NF-κB and TNF signaling pathway genes in Genecard database. 
D Volcano plots for 39 differentially expressed genes. Red dots represent up-regulated differential genes (fold change > 1.5, P value < 0.05), blue 
dots represent down-regulated differential genes (fold change < 0.67, P < 0.05), and non-significant differential genes are shown in gray. E–I 
NIK expression on lymphocyte subsets between HCs (n = 32) and new-onset MG patients (n = 45) detected by flow cytometry. J–K NIKmRNA 
levels on B cells and CD4+T cells between HCs (n = 10) and new-onset MG patients (n = 15) detected by qPCR. Data are displayed as means ± SD 
or median with interquartile ranges. Statistical analysis was conducted by independent sample t-test (normal distribution) or Mann–Whitney U test 
(non-normal distribution) (*P < 0.05, **P < 0.01, ***P < 0.001, ns: non-significant)
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proliferation of B cells, as well as the formation of 
switched memory B cells and plasmablasts (P < 0.05, 
Fig.  4C, F, H, K). Compared with the medium group, 
the apoptosis rate of B cells and other B cell sub-
sets in the B022 group had no significant difference 
(P > 0.05, Fig.  4E, I, J, L). These findings demonstrate 

that 1000 nmol B022 do not have toxic effects on cell 
viability and apoptosis of PBMCs, but can modulate B 
cell activation, proliferation and plasmablasts differen-
tiation in vitro.

Fig.3  Correlations of serum NIK levels with different disease subtypes, clinical severity score, B cell subsets and disease status in MG patients. 
A–E Serum NIK levels between HCs (n = 50) and new-onset MG (n = 76), male MG (n = 36) and female MG (n = 40), EOMG (n = 30) and LOMG 
(n = 46), OMG (n = 26) and GMG (n = 50), and non-TAMG (n = 52) and TAMG (n = 24). Data are displayed as means ± SD or median with interquartile 
ranges. Statistical analysis was conducted by independent sample t-test (normal distribution) or Mann–Whitney U test (non-normal distribution) 
(*P < 0.05, **P < 0.01, ***P < 0.001, ns: non-significant). F Heat map displaying correlations of NIK levels with clinical severity of MG patients and B 
cell subsets. G–J NIK levels were positively correlated with QMG score, MGFA classification and plasmablast cells. Statistical analysis was conducted 
by spearman’s correlation analysis. K–N Serum NIK levels during the acute onset and remission phases of MG patients (n = 22). Data are displayed 
as means ± SD. Statistical analysis was conducted by Paired sample t test (*P < 0.05, **P < 0.01, ***P < 0.001, ns: non-significant). O ROC for diagnostic 
value of NIK in MG
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NIK inhibitor B022 attenuates CD4+T cell activation 
and differentiation, but has no significant effects on cell 
apoptosis and proliferation
To investigate whether the targeting of NIK influenced 
T cell responses, PBMCs from 9 new-onset MG were 
cultured in our experimental system with the addition 
of specific inhibitors. The results showed that B022 sup-
pressed the expression of CD4+T cell activation mark-
ers CD25 and CD69, and the formation of Th1, Th17 
and Treg cells (P < 0.05, Fig. 5B, C, F–I). Compared with 
the medium group, the apoptosis rate and proliferation 
of CD4+T and the percentage of Th2 cells in the B022 
group had no significant difference (P > 0.05, Fig.  5D, 
E, G). These data indicate that CD4+T cell activation 

and differentiation can similarly be reversed by the NIK 
inhibitor B022.

NIK inhibitor B022 effectively attenuates essential B cell 
pathogenic functions, transcriptional regulators for plasma 
cell differentiation and NFκB2 pathway
We established in vitro B cell culture conditions to inves-
tigate the effects of B022 on the B cell functional roles 
of the antigen presentation, cytokine secretion and 
antibody production. The results showed that B022 sig-
nificantly inhibited the expression of costimulatory mol-
ecules CD80, CD86 and CD95, inflammatory cytokines 
IL-6 and GM-CSF, as well as plasmablasts and plasma 
cells formation (P < 0.05, Fig. 6A–F), but GITR, HLA-DR, 

Fig.4  Effect of NIK inhibitor B022 on B cell activation, survival, proliferation and differentiation under MG PBMCs culture system in vitro. A CCK-8 
assay determined the cell viability under the different concentrations of B022 (n = 3). B The percentage of lymphocyte subsets (CD4+T, CD8+T, 
CD19+B and NK cell) between medium and B022 group (n = 9). C Mean fluorescence intensity (MFI) of CD80 and CD86 between medium 
and B022 group (n = 9). D–L The percentage of B cell apoptosis rate, proliferation and B cell subsets (naïve B, switched memory B (SwMB), 
unswitched memory B (USwMB), double negative B (DNB), plasmablast cell and plasma cell) between medium and B022 group (n = 9). Data are 
displayed as means ± SD. Statistical analysis was conducted by independent sample t-test (*P < 0.05, **P < 0.01, ***P < 0.001, ns: non-significant)
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IL-10 and TNF-α were not influenced (P > 0.05, Fig. 6A–
D). In line with the effects observed on antibody secreting 
cells (ASCs) differentiation, B022 significantly inhibited 
the production of IgM and IgG (P < 0.05, Fig.  6I, J). We 
also probed whether the expression of plasma cell tran-
scriptional regulators was affected. qPCR revealed that 
the expression of IRF4, Blimp-1 and XBP-1 was signifi-
cantly decreased, while the expression of PAX5, BACH2 
and IRF8 was increased in the presence of NIK inhibi-
tors (P < 0.05, Fig.  6K). At the same time, the inhibitory 
effect of B022 on NIK-mediated NFκB2 activation was 
observed (P < 0.05, Fig. 6G, H). Altogether, these findings 
indicate that NIK inhibitor B022 may affect B-cell antigen 
presentation, cytokine production and antibody produc-
tion by inhibiting NFκB2 pathway, which is consistent 
with the observation of PBMC culture system, and once 
again indicates the important regulatory role of NIK on 
the homeostasis of B cells.

B022 alleviated clinical manifestations, decreased serum 
antibody levels, and improved the morphological changes 
and complement deposition at NMJ in EAMG rats
After two immunizations, we randomly selected 10 ongo-
ing EAMG rats with onset clinical scores of 1–1.5 for 
therapeutic experiments. Five EAMG rats in the B022 
group were intraperitoneally given 30  mg/kg B022 for 
10  days and 5 EAMG rats in the EAMG model group 

were injected with an equal volume of cosolvent. When 
compared to the EAMG group, EAMG rats treated with 
B022 showed a significant reduction in weight loss and 
exhibited markedly lower clinical scores (P < 0.05, Fig. 7D, 
E). Additionally, the concentrations of anti-AChR97-116 
IgG, IgG2a, and IgG2b in the serum of the B022-treated 
EAMG rats were substantially lower than those in the 
EAMG group (P < 0.05, Fig.  7F–I). After treatment with 
B022, the morphological changes of spleen, lymph node 
and muscle tissues of rats were investigated. Compared 
with EAMG rats, the size of splenic nodules and lym-
phatic nodules decreased or atrophied, and the disorgan-
ized rupture and tightness of skeletal muscle fibers were 
improved to some extent, and the inflammatory infiltra-
tion were gradually reduced in the B022 treatment group 
(Fig.  7J). To gain deeper insights into the structure of 
AChR and complement deposition within the postsyn-
aptic membranes of rat NMJ, we utilized tissue immu-
nofluorescence techniques for detailed observation of 
NMJ structure. Our findings revealed a notable increase 
in the number of AChR clusters and a concurrent reduc-
tion in complement deposition following B022 treat-
ment. (Fig. 7K). Besides, we also detected the expression 
of NIKmRNA in spleen tissues of HC, EAMG and B022 
groups, and found that the expression level of NIKmRNA 
in EAMG rats was higher than that in HC rats (P < 0.001, 
Fig. S7). Compared with EAMG rats, NIKmRNA 

Fig.5  Effect of NIK inhibitor B022 on CD4+T cell activation, survival, proliferation and differentiation under MG PBMCs culture system in vitro. A 
The dot plots or peak plots represent flow gating diagram of CD4+T cell activation, apotosis, proliferation and CD4+T cell subsets (Th1, Th2, Th17 
and Treg). B–I The expression of CD4+T cell activation markers CD25 and CD69, apoptosis rate, proliferation and T cell subsets between medium 
and B022 group (n = 9). Data are displayed as means ± SD. Statistical analysis was conducted by independent sample t-test (*P < 0.05, **P < 0.01, 
***P < 0.001, ns: non-significant)
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expression decreased after B022 treatment (P < 0.001, 
Fig. S7), suggesting that NIK also plays an important role 
in EAMG rat models. These data position NIK inhibi-
tion in vivo leads to reduced disease severity, decreased 
pathogenic antibody titers, and improved neuromuscular 
junction lesion structure.

B022 alters the frequency of EAMG rat B and CD4+T cell 
subsets in vivo
In order to further elucidate the therapeutic poten-
tial of B022 inhibitors from the immunomodulatory 

mechanisms in  vivo, we also evaluated the changes of 
CD4+T and B cell subsets in peripheral blood, lymph 
nodes, and spleen of EAMG rats after B022 treatment. 
We found that NIK inhibitor B022 down-regulated the 
frequency of total B cells, memory B cells, germinal 
center B, ASCs and Th17 cells (P < 0.05, Fig. 8), but there 
was no significant effect on the percentage of Treg cells 
(P > 0.05, Fig.  8). Together, the in  vivo data also observe 
that NIK inhibitor leads to downregulation of pathogenic 
immune cells in EAMG rats, and NIK may be an impor-
tant therapeutic target.

Fig.6  Effect of NIK inhibitor B022 on B cell function under MG sorted B cell culture system in vitro. A The peak plots represent flow gating diagram 
of B cell antigen presenting marker (CD80, CD86, GITR, HLA-DR and CD95). B MFI of CD80, CD86, GITR, HLA-DR and CD95 between medium 
and B022 group (n = 6). C The contour plots represent flow gating diagram of B cell associated cytokines (IL-6, IL-10, GM-CSF and TNF-α). D The 
percentage of IL-6, IL-10, GM-CSF and TNF-α between medium and B022 group (n = 6). E The dot plots represent flow gating diagram of plasmablast 
and plasma cells. F The percentage of plasmablast and plasma cells between medium and B022 group (n = 6). G The peak plots represent 
flow gating diagram of NFκB2. H MFI of NFκB2 between medium and B022 group (n = 6). I–J Titers of IgM and IgG from cultured supernatant 
between medium and B022 group (n = 6). (K) Relative expression of plasma cell related transcription factors (IRF4, Blimp-1, XBP-1, ZBTB20, PAX5, 
BACH2 and IRF8) between medium and B022 group (n = 6). Data are displayed as means ± SD. Statistical analysis was conducted by independent 
sample t-test (*P < 0.05, **P < 0.01, ***P < 0.001, ns: non-significant)
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Discussion
MG is a typical B-cell-mediated autoimmune disorder, 
and achieving sustained remission is of crucial signifi-
cance for enhancing patients’ quality of life. The differen-
tiation of B cells into plasma cells to produce pathogenic 
antibodies is the core immunological event leading to the 
pathogenesis of MG [23]. Given the important roles of B 
cells, targeted B-cell therapy is increasingly being used 
in the clinic and has shown certain benefits [24]. How-
ever, rituximab or ocrelizumab, B cell-depleting therapy 
targeting CD20 molecules, may completely disrupt the 
humoral immune response and increase the risk of infec-
tion [24]. Therefore, a comprehensive exploration of 
the B cell features in MG patients during the remission 
phase is of paramount importance for identifying novel 
therapeutic targets aimed at B cells. In the current study, 
we found that NIK/MAP3K14, a hallmark gene associ-
ated with NF-κB and TNF signaling, was upregulated in 

B cells of MG patients with active disease compared to 
those in remission. On this premise, we evaluated the 
immunomodulatory effects of NIK inhibitor B022 on 
pathogenic cells in vitro and in  vivo, and observed that 
B022 effectively attenuates B cell development and func-
tion, which may provide an effective novel treatment 
strategy for MG.

NIK is a crucial signaling component within the non-
canonical NF-κB pathway, which integrates signals from 
a subset of TNF receptor family members and activates 
a downstream kinase, IκB kinase-α, thereby triggering 
p100 phosphorylation and processing [25]. Cumulative 
evidence demonstrates that NIK participates in numer-
ous indispensable cellular processes and is pivotal for the 
function and development of B and T cells, which plays 
an important role in the regulation of immunity and 
inflammation [26, 27]. NIK deficiency is associated with 
immunodeficiency syndrome whereas overexpression or 

Fig.7  B022 alleviated clinical symptoms, reduced serum antibody levels, and improved the morphological changes and complement deposition 
at NMJ in EAMG rats. A Flow chart of animal experiment. B HC and EAMG rat model picture. C Electrophysiology of healthy and EAMG rats. D 
The clinical scores of EAMG and B022 treated rats were recorded every day after treatment (n = 5). E The weights of EAMG and B022 treated 
rats on the last day (n = 5). F–I Serum AChR97-116 IgG, IgG1, IgG2a and IgG2b levels from these two groups were detected by ELISA (n = 5). J The 
morphological changes of spleen, lymph nodes and muscle were observed after B022 treatment. Arrow represents central artery; Five-pointed star 
represents splenic nodules; Diamond represents marginal area; Triangle represents red marrow; Square represents cortex; Circle represents medulla; 
Yellow circle represents lymph nodules. K Immunofluorescence of neuromuscular junction structure AChR clusters (green) and complement 
deposition C5b-9 (red). Data are displayed as means ± SD. Statistical analysis was conducted by independent sample t-test (*P < 0.05, **P < 0.01, 
***P < 0.001, ns: non-significant)
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overactivation of NIK is observed in various autoimmune 
diseases or malignancies [25]. Our study also found that 
NIK expression was elevated on B cells and CD4+T cells 
in MG patients. Notably, the expression level of NIK 
in the serum of MG patients was also increased, which 
was related to the disease severity and disease state, sug-
gesting that serum NIK may be a potential biomarker 
to monitor the condition of patients. Subgroup analysis 
revealed that NIK levels were increased in GMG patients 
than in OMG, as well as elevated in TAMG than in 
non-TAMG. Here, we noted that most TAMG patients 
belonged to the GMG category, which may explain the 
high expression of NIK in TAMG patients.

As a protein kinase, NIK primarily regulates its activity 
by inducing its degradation at the protein level, without 
requiring phosphorylation [28]. For this reason, studies in 
drug discovery focused on specific novel small molecule 
inhibitors to curb the activity of NIK. Small molecule 
kinase inhibitors usually have significant advantages over 
biologics due to their broad efficacy, convenience, and 
tissue penetration [29]. In the treatment of autoimmune 

diseases associated with non-classical NF-κB signaling 
pathway activation, such as systemic lupus erythema-
tosus, rheumatoid arthritis, inflammatory bowel dis-
ease, multiple sclerosis and ANCA-associated vasculitis 
(AAV), the inhibition of NIK has been demonstrated to 
possess potential therapeutic value [12, 13, 30–32]. The 
employment of the NIK inhibitor manifested that NIK 
kinase activity assumes a positive function in regulating 
multiple crucial pathways, such as BAFF, OX40, CD40, 
ICOS, IL-21, and TNFRSF12A signaling or downstream 
p100-to-p52 processing. Additionally, the inhibition of 
this activity exhibited protective consequences in pre-
clinical lupus, periodontitis, liver inflammation or amyo-
trophic lateral sclerosis models [13, 33–35]. Next, we 
investigated for the first time the effects of novel NIK 
inhibitor B022 on pathogenic immune cells in our culture 
system. Our study found that B022 prominently inhibited 
B cell activation, proliferation and ASCs differentiation, 
which was consistent with the previous effect of another 
NIK inhibitor, SIM1, on B cells in AAV patients [12]. 
Moreover, NIK has also been reported to play an essential 

Fig.8  B022 alters the frequency of EAMG rat B and CD4+T cell subsets in vivo. A–C The dot plots represent flow gating diagram of B cell subsets 
(total B, memory B, ASCs and GC B cells). D–L The percentage of total B, memory B, ASCs and GC B cells between EAMG (n = 5) and B022 
group (n = 5) in blood, lymph node and spleen. (M,P,S) The dot plots represent flow gating diagram of T cell subsets (Th17 and Treg cells). D–L 
The percentage of Th17 and Treg cells between EAMG (n = 5) and B022 group (n = 5) in blood, lymph node and spleen. Data are displayed 
as means ± SD. Statistical analysis was conducted by independent sample t-test (*P < 0.05, **P < 0.01, ***P < 0.001, ns: non-significant)
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T cell-intrinsic role, regulating TCR signaling and influ-
encing T cell activation and differentiation [27, 36]. In 
our PBMC culture system, we also observed that B022 
effectively inhibited the activation and differentiation of 
CD4+T cells, without impacting the T cell count, prolif-
eration, or apoptosis. These results suggest that NIK has 
a remodeling effect on MG immune microenvironment.

Apart from generating antibodies, B cells also have the 
function of antigen presentation and cytokine produc-
tion [37]. Then, we comprehensively assessed the effect 
of NIK inhibitor B022 on B cell function in B cell culture 
system, and confirmed for the first time that B022 can 
downregulate the expression of B cell antigen-presenting 
markers CD80, CD86, and CD95, as well as pro-inflam-
matory cytokines IL-6 and GM-CSF. At the same time, 
ASCs (plasmablasts and plasma cells) differentiation and 
antibody titers were also impaired in cultures with B022 
inhibitor, especially transcription factors regulating the 
differentiation of mature B cells into plasma cells were 
significantly affected. These results generated from our 
in  vitro experiment supported the fact that NIK inhibi-
tor B022 effectively shapes B-cell homeostasis without 
causing persistent B-cell depletion (e.g. as observed upon 
treatment with CD20 monoclonal antibody). To observe 
the therapeutic effect of NIK small molecule kinase inhib-
itors on MG, in vivo experiment was carried out. It was 
observed that B022 treatment ameliorated the severity of 
EAMG rats, reduced proportion of pathogenic B and T 
cell subsets, anti-AchR antibody levels and postsynaptic 
membrane damage. In summary, we can see from in vitro 
and in vivo experiments that NIK inhibitor B022 has the 
following advantages over CD20 monoclonal antibody 
such as rituximab. First, B cells undergo phenotypic 
changes during maturation. CD20 is expressed in pre-B 
cells to memory B cells, but is not found in plasmablasts 
or plasma cells (PCs). In principle, both plasmablasts 
and PCs can produce antibodies, but are not targets for 
anti-CD20 antibodies. This treatment gap has been dem-
onstrated in MG patients who have not responded ade-
quately to previous anti-CD20 therapy. Our study found 
that NIK inhibitor B022 can effectively inhibit the differ-
entiation of B cells into plasmablasts and PCs, and reduce 
IgG and IgM antibody levels in  vitro. In  vivo experi-
ments, it was also found that the decline of ASCs was 
accompanied by the downregulation of anti-AchR anti-
body, which fully indicated that B022 could affect the dif-
ferentiation and function of ASCs. Second, monoclonal 
antibodies often require repeated dosing, because even 
if effective, the benefits tend to be short-lived. One rea-
son for the limited efficacy is the lack of depth of deple-
tion. While circulating B cells can be efficiently cleared by 
antibodies, the same is not true of B cells in inflammatory 
niches, such as those in neuromuscular synapses, spleen, 

lymph nodes, or bone marrow [38]. However, our study 
found that B022 reduced total B cells and the proportion 
of GC-B and ASCs cells in spleen and lymph nodes, with 
increased AchR clusters in neuromuscular junctions and 
down-regulated complement deposition. Third, CD20 
monoclonal antibodies usually rely on passive diffusion 
into tissues and also require the activity of other com-
ponents to play a B-cell deletion role. Natural killer cells 
(NK) and/or macrophages are required for antibody-
dependent cytotoxicity (ADCC) and antibody-depend-
ent phagocytosis (ADPC), while complement factors are 
required for complement dependent cytotoxicity (CDC). 
In autoimmune diseases, both NK cells and macrophages 
may be impaired in function. For example, NK cells in 
MG exhibit impaired cytotoxic function [39]. MG is also 
classified as a complement disease, in which the deple-
tion of complement may limit the availability of CDC 
complement [40]. However, NIK inhibitors exhibit direct 
immunomodulatory effects on pathogenic B and T cells, 
potentially offering significant advantages. Moreover, 
while rituximab effectively depletes peripheral B cells, 
this action also heightens the risk of infection. Although 
B022 mitigates the disease-causing functions of B cells, it 
preserves a portion of these cells, thereby avoiding com-
plete disruption of humoral immunity. All the mentioned 
above provides very important preclinical evidence for 
the future use of NIK inhibitors in the clinic.

Our study has some limitations. Firstly, the EAMG rat 
model is a classic model for studying antibody produc-
tion against the neuromuscular junction and neuromus-
cular transmission impairment. However, it does not fully 
replicate the human pathology, as the disease is induced 
through forced sensitization to the antigen. Although 
preclinical animal models represent a required step to 
justify and support clinical trials, subtle differences in the 
immune systems of EAMG rat model and human pathol-
ogy might have to be taken into account. Secondly,

this was a single-center study and the number of 
patients included was relatively low. The clinical hetero-
geneity of MG patients is large, which may lead to some 
differences in the data distribution in this study. In the 
future, we plan to expand the sample size and conduct 
multi-center studies to observe the role of NIK in MG. 
Thirdly, despite satisfactory results of NIK inhibitors at 
the cellular level in vitro and in preclinical animal studies, 
but NIK is expressed in both adaptive and innate immune 
cells, and the use of NIK inhibitors may lead to non-
selective suppression of immune cells (e.g., a decrease in 
the proportion of NK and Treg cells), which also requires 
more caution in clinical application. Fourthly, our in vivo 
experiment did not set up drug concentration gradi-
ent administration, and different doses of B022 inhibi-
tors can be administered in the future to investigate the 
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dose–effect relationship of the drug and verify the effi-
cacy and safety of the drug, thereby adding more preclin-
ical evidence for future clinical trials.

Conclusions
In conclusion, we describe a hallmark gene on the NF-κB 
and TNF signaling pathways, namely NIK, which is con-
spicuously upregulated in the B cells of MG patients, and 
serum NIK levels can serve as a novel biomarker to mon-
itor the progression of the disease. Another important 
finding is that targeting NIK with small molecule kinase 
inhibitors can effectively shape B cell homeostasis, and 
exhibited protective consequences in EAMG rat model. 
Collectively, targeting NIK may be an effective novel 
treatment strategy for MG.
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