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Exhausted signature and
regulatory network of NK
cells in myasthenia gravis
Qing Zhang1,2, Xingyu Han1,2, Zhuajin Bi1,2, Mengge Yang1,2,
Jing Lin1,2, Zhijun Li1,2*, Min Zhang1,2* and Bitao Bu1,2*

1Department of Neurology, Tongji Hospital, Tongji Medical College, Huazhong University of Science
and Technology, Wuhan, China, 2Hubei Key Laboratory of Neural Injury and Functional
Reconstruction, Huazhong University of Science and Technology, Wuhan, China
Introduction: NK cells are dysfunctional in myasthenia gravis (MG), but the

mechanism is unclear. This study aims to measure associations and underlying

mechanisms between the NK cells and the development of MG.

Methods: Twenty healthy controls (HCs) and 53 MG patients who did not receive

glucocorticoids and immunosuppressants were collected. According to the

Myasthenia Gravis Foundation of America (MGFA) classification, MG patients

were categorized into MGFA I group (n = 18) and MGFA II-IV group (n = 35). Flow

cytometry, cell sorting, ELISA, mRNA-sequencing, RT-qPCR, western blot, and

cell culture experiments were performed to evaluate the regulatory mechanism

of exhausted NK cells.

Results: Peripheral NK cells in MGFA II-IV patients exhibit exhausted phenotypes

than HCs, marked by the dramatic loss of total NK cells, CD56dimCD16− NK cells,

elevated PD1 expression, reduced NKG2D expression, impaired cytotoxic activity

(perforin, granzyme B, CD107a) and cytokine secretion (IFN-g). Plasma IL-6 and

IL-21 are elevated in MG patients andmainly derived from the aberrant expansion

of monocytes and Tfh cells, respectively. IL-6/IL-21 cooperatively induced NK-

cell exhausted signature via upregulating SOCS2 and inhibiting the

phosphorylation of STAT5. SOCS2 siRNA and IL-2 supplement attenuated the

IL-6/IL-21-mediated alteration of NK-cell phenotypes and function.

Discussion: Inhibition of IL-6/IL-21/SOCS2/STAT5 pathway and recovery of NK-

cell ability to inhibit autoimmunity may be a new direction in the treatment

of MG.
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1 Introduction

Myasthenia gravis (MG) is an antibody-mediated autoimmune

disease affecting neuromuscular transmission, characterized

clinically by recurrent episodes of muscle weakness (1). Natural

killer (NK) cells are an important element of innate immunity,

however, their role in the development of MG remains unclear (2,

3). Our previous study indicated patients with generalized MG

exhibited NK cell depletion, characterized by a lower absolute count

and percentage of NK cells (4). Restoring NK cell-mediated

inhibition of autoimmune processes is a valuable direction related

to the treatment of MG (5).

NK cells predominantly exhibit cytotoxic activity and

immunoregulation effects and act as a double-edged sword in

autoimmune diseases (6). NK cells may help control type 1

diabetes (TID) and multiple sclerosis by killing autoreactive

immune cells (7, 8). However, NK cells contribute to the

development of idiopathic inflammatory myopathy and systemic

lupus erythema1tosus (SLE) under pathological conditions by

producing IFN-g and activating B cells (9, 10).

Similar to other autoimmune conditions (11), MG patients

suffer a significant decline in the number, cytotoxicity, and

cytokine production of NK cells, but the regulatory mechanism of

NK cells in MG remains poorly described (2). Yang et al. found that

the adoptive transfer of NK cells can effectively relieve the

symptoms of experimental autoimmune myasthenia gravis

(EAMG) by inhibiting follicular helper (Tfh) cells and germinal

center B cells (12). NK subpopulations are closely associated with

both clinical progression and therapeutic efficacy in patients with

MG (3, 13). Although several studies have verified that

inflammation and the cytokine storm are the main causes of NK-

cell dysfunction in diverse pathological conditions (14, 15), the

mechanism of regulating NK cell activity during MG development

remains largely unknown.

In this study, MG patients who did not use glucocorticoids and

immunosuppressants were enrolled to characterize the NK-cell

dysfunction with different disease states. In vitro experiments and

transcriptomic sequencing were conducted to explore molecular

regulatory networks of NK cells, which may provide novel ideas for

further application of NK-cell therapy in MG treatment.
2 Materials and methods

2.1 Participants and sample collection

This study included 53 MG patients who were admitted to the

Department of Neurology, Tongji Hospital, Tongji Medical College,

Huazhong University of Science and Technology from May 2020 to

December 2023. Samples from 20 age- and gender-matched healthy

volunteers were included as controls. Inclusion criteria are as

follows: (1) confirmed diagnosis of MG based on characteristic

fatigable weakness with the presence of acetylcholine receptor

antibody (AchR-Ab) (16); (2) immunotherapy-naïve or

discontinued glucocorticoids and immunosuppressants at least 6

months (17); (3) aged 18 to 80 years old. Exclusion criteria were
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other autoimmune diseases, malignancies (except thymoma), or

severe infections at admission. According to the Myasthenia Gravis

Foundation of America (MGFA) classification (18), MG patients

were categorized into MGFA I group and MGFA II-IV group.

MGFA classification I is defined as weakness restricted to ocular

muscles and MGFA classification II-IV were categorized as mild,

moderate and heavy bulbar, respiratory and/or generalized

weakness, respectively.

Heparinized blood was drawn in the morning the day after

admission. Plasma was extracted by centrifugation of whole blood

and stored at −80°C until analysis. Peripheral blood mononuclear

cells (PBMCs) were isolated by Lymphoprep gradient

centrifugation (Catalog No. 07801, STEMCELL Technologies,

Canada) and used directly or cryopreserved as previously

described (19). Cryopreserved PBMCs were thawed as outlined

elsewhere (20) and initially stained using Fixable Viability Stain 700

(Catalog No. 564997, BD Pharmingen, San Diego, USA) for the

exclusion of dead cells.

To detect major immune cell subsets, surface proteins were

stained with the anti-human antibodies: CD3 APC-H7 (Clone SK7,

Catalog No. 560176)/CD4 FITC (Clone L200, Catalog No.550628)/

CD14 Horizon V450 (Clone M5E2, Catalog No. 561390)/CD56

BV510 (Clone NCAM16.2, Catalog No. 563041) (BD Pharmingen,

San Diego, USA) and CD8 PerCP (Clone SK1, Catalog No. 344707)/

CD19 BV650 (Clone HIB19, Catalog No. 302237)/CXCR5 APC

(Clone J252D4, Catalog No. 356907)/PD-1 BV605 (Clone NAT105,

Catalog No. 367425)(BioLengend, San Diego, USA). For

intracellular staining, PBMCs were incubated with Leuko Act Cktl

with GolgiPlug (Catalog No. 550583, BD Pharmingen, San Diego,

USA) for 4 h at 37°C followed by surface marker staining. The

representative gating strategy of major immune cell subsets is

provided in Supplementary Figure S1. After fixation and

permeabilization using the Cytofix/Cytoperm Soln kit (Catalog

No. 554715, BD Pharmingen, San Diego, USA), intercellular IL-6

PE Dazzle™ 594 (Clone MQ2-13A5, Catalog No. 501121)/IL-21 PE

(Clone 3A3-N2, Catalog No. 513003)(BioLengend, San Diego,

USA) were stained.

NK surface protein staining was performed using the multiple

conjugated anti-human antibodies: CD3 APC-H7 (Clone SK7,

Catalog No. 560176)/CD16 FITC (Clone 3G8, Catalog No. 555406)/

CD56 BV510 (Clone NCAM16.2, Catalog No. 563041)/NKp46

BV421 (Clone 9E2, Catalog No. 564065)/NKG2A BV786 (Clone

131411, Catalog No.747917)/NKG2D PE (Clone 1D11, Catalog No.

557940) (BD Pharmingen, San Diego, USA) and FASL BV650 (Clone

NOK-1, Catalog No. 744100)/PD-1 BV605 (Clone NAT105, Catalog

No.367425)/ICOS PE-Cy7 (Clone C398.4A, Catalog No. 313519)

(BioLengend, San Diego, USA). Functional NK cell response

staining: PBMCs were stimulated with Leuko Act Cktl with

GolgiPlug, stained CD3 APC-H7/CD16 FITC/CD56 BV510,

permeabilized, and then co-stained with the intracellular CD107a

APC (Clone H4A3, Catalog No. 560664)/IFN-g PE-CY7 (Clone B27,

Catalog No. 557643) (BD Pharmingen, San Diego, USA) and

perforin PE (Clone dG9, Catalog No. 308105)/granzyme B BV421

(Clone QA18A28, Catalog No. 396413)/IL-10 PE-Dazzle™ 594

(Clone JES3-9D7, Catalog No. 501425) (BioLengend, San

Diego, USA).
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Flow cytometric data was acquired with CytoFLEX flow

cytometer (Beckman Coulter, Fullerton, USA) and analyzed using

Flowjo 10.0 (Tree Star, Ashland, USA). Unsupervised analyses were

conducted using t-distributed stochastic neighbor embedding

(t-SNE) to further screen the subpopulation changes (21). FMO

(fluorescence minus one) was used as the gating control.

For cell sorting experiments, PBMCs were stained with Fixable

Viability Stain 700, CD3 APC-H7, and CD56 BV510. Sorting

procedures were performed on a MoFlo XDP Cell Sorter (Beckman

Coulter, Fullerton, USA). Gating strategies for major NK subsets and

sorting NK cells are presented in Supplementary Figures S2A, B.
2.2 NK-cell cytotoxicity assay

K562 cells (Catalog No. CX0029, Boster, Wuhan, China) were

used as the target cells and were labeled with DiOC18 (Catalog No.

34215-57-1, Maokangbio, Shanghai, China). Isolated NK cells were

taken as effector cells and co-cultured with labeled K562 cells at

effector to target (E/T) ratio 4:1, 2:1, and 1:1 for 12 h at 37°C (5%

CO2). Live/reaming live target cells were applied using Fixable

Viability Stain 780 (Catalog No. 565388, BD Pharmingen, San

Diego, USA) and then detected with the flow cytometer. The

percentage of killing by NK cells was calculated by the equation

(22):

Killing% =
Reaming   live  K562% (E :T   ratio = n : 1) −  Reaming   live  K562% (E :T   ratio = 0 : 1)

100%−Reaming   live  K562% (E :T   ratio = 0 : 1)
2.3 Enzyme-linked immunosorbent
assay (ELISA)

The plasma samples were melted at room temperature before

the experiment. Cytokine concentrations of IL-2 (Catalog No.

HM10211), IL-6 (Catalog No. HM10205), IL-12 p70 (Catalog

No. HM10390), IL-15 (Catalog No. HM10938), IL-18 (Catalog

No. HM10337), and IL-21 (Catalog No. HM11908) were

measured by using Human Quantikine ELISA Kit (Bioswamp,

Wuhan, China). The absorbance at 450 nm was measured with

Microplate Reader (Thermo Fisher, Waltham, USA).
2.4 In vitro co-culture of NK cells

Previous studies have shown the dependent inhibition of NK

cells using IL-6 (23) and IL-21 (24) without side effects, so we chose

the same intervention condition. Sorted NK cells were treated with

IL-6 (100 ng/mL, Catalog No. HY-P7044) and/or IL-21 (50 ng/mL,

Catalog No. HY-P7038) (MedChemExpress, Princeton, USA)

for 72 h. Apoptosis assay was performed by Annexin V-PE/7-

AAD apoptosis detection kit (Catalog No. 40310ES20, Yeasen,

Shanghai, China). NK-cell phenotypes and function were

detected by flow cytometry as above. Sorted NK cells were

expanded with an NK Cell Robust Expansion kit (Catalog No.
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CT-001, Stemery, Fuzhou, China) according to the manufacturer’s

instructions and used for further experiments.
2.5 RNA-sequencing

Total mRNA from the isolated NK cells was extracted by TRIzol

and sequenced using the BGISEQ platform (Huada Gene

Technology Co. Ltd., Wuhan, China). RNA quality was verified

with an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa

Clara, USA). Raw sequencing data was uploaded to the NCBI

database (Submission ID: SUB13951594, BioProject ID:

PRJNA1035806). The subsequent analysis and graphing were

conducted in Dr. Tom analysis system (https://biosys.bgi.com).

Differential transcripts with |log2FC| > 1 and adjusted P-value <

0.05 were selected as differentially expressed genes (DEGs). Next,

we conducted the Gene Ontology (GO) and Kyoto Encyclopedia of

Genes and Genomes (KEGG) analyses for functional annotation of

DEGs. Volcano plots and enrichment plots were generated using

the R package.
2.6 Real-time quantitative PCR analysis
(RT-qPCR)

Expanded NK cells were treated with IL-6 and/or IL-21 as

described above. Cells were harvested and mRNA was extracted by

TRIzol (Catalog No. 15596026, Invitrogen, Carlsbad, USA). cDNAwas

prepared using PrimeScriptTM RT Reagent Kit (Catalog No. RR037B,

Takara, Shiga, Japan). GAPDH was used as an internal control, RT-

qPCR of S100 calcium binding protein A8/9 (S100A8/9), four-and-a-

half domain protein 3 (FHL3), immunoglobulin J chain (JCHAIN),

suppressor of cytokine signaling 2 (SOCS2), and Fc fragment of IgM

receptor (FCMR) was performed by SYBR-Green Kit (Catalog No.

11201ES08, Yeasen, Shanghai, China). Expression of selected genes

was measured using CFX Connect Real-Time System (BioRad

Laboratories, Hercules, USA) and illustrated by the 2−(DDCt) method.

The primers used in this study are shown in Supplementary Table S1.
2.7 Western blot analysis

Expanded NK cells were homogenized in RIPA lysis buffer with

PMSF (100:1, Catalog No. P0013B, Catalog No. ST2573, Beyotime,

Beijing, China). The proteins were transferred to PVDF

membranes. Then the membranes were incubated with primary

specific antibodies: rabbit anti-SOCS2 (1:1000, Catalog No. A9190,

ABclonal, Wuhan, China), rabbit anti-STAT5A/B (1:2000, Catalog

No.13179-1-AP, Proteintech, Chicago, USA), rabbit anti-Phospho-

STAT5-Y694 (1:500, Catalog No. AP0887, ABclonal, Wuhan,

China), and rabbit anti-b-actin (1:2000, Catalog No. 20536-1-AP,

Proteintech, Chicago, USA). Then the membranes were incubated

with HRP-conjugated goat anti-rabbit secondary antibody (1:5000,

Catalog No. SA00001-2, Proteintech, Chicago, USA). Target protein
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bands were detected with chemiluminescence reagents and

visualized using ImageJ 1.5(NIH, Maryland, USA).
2.8 Small interfering RNA (siRNA)
transfection and drug treatments

According to the manufacturer’s instruction, the isolated NK

cells were respectively transfected with siSOCS2 and negative

control (NC) using Lipo2000 (Catalog No. 11668030, Invitrogen,

Chicago, USA). The siRNA sequences were 5’- GAAGGAACT

TTCTTGATTA-3’ (siSOCS2) and 5’-UUCUCCGAACGUGUCA

CGU’ (NC). 48 h after transfection, the NK cells were subjected

to stimulation with IL-6/IL-21 (100 ng/mL/50 ng/mL) and/or

STAT5 activator IL-2 (20 ng/mL, Catalog No. HY-P7037,

MedChemExpress, Princeton, USA) for 72 h in vitro. Cells were

harvested and collected for flow cytometry analysis.
2.9 Statistical analysis

Continuous variables are represented by mean ± SD or median

[IQR], whereas categorical variables are presented as n (%).

Differences between groups were analyzed using chi-squared,

Mann-Whitney, Kruskal-Wallis tests, or one-way ANOVA, as

appropriate. Spearman’s correlation analysis was performed to

detect the correlation. The correlation coefficient |r| > 0.5 was

considered a strong correlation. Two-sided statistical significance

was defined as P values < 0.05 after Bonferroni corrections for

multiple comparisons. Statistical analyses were conducted using

SPSS 24.0 (IBM, Armonk, USA), Origin 2021 (OriginLab,

Northampton, USA), and GraphPad Prism 8.01 (GraphPad

Prism, San Diego, USA).
3 Results

3.1 Clinical characteristics

The overall subjects were divided into healthy control (HC)

group (n = 20), MGFA I group (ocular MG, n = 18), and MGFA II-

IV group (generalized MG, n = 35). AChR-Ab titers were

significantly lower in the MGFA I group than in the MGFA II-IV

group. There were no statistically significant differences in other

clinical variables between the groups and the general clinical data

are summarized in Table 1.
3.2 Changes of major immune cell subsets
in MG

The NK-cell population in MG patients has been classically

divided into cytotoxic CD56dimCD16+ NK (CT NK) cells and

cytokine-secreting CD56brightCD16− NK (CS NK) cells (25). The

absolute counts of Tfh cells were elevated in MGFA II-IV group

compared to HC group, whereas total NK cells, CT NK cells were
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decreased (Figure 1A). As shown in Figure 1B, the percentages of

CD4+ cells and Tfh cells were significantly higher in MGFA II-IV

group than in MGFA I group and HC group, whereas total NK cells

and CT NK cells were lower. Consistent with the results in

Figure 1B, the t-SNE analysis revealed Tfh expansion and NK-cell

depletion in MG (Figures 1C, D). The decrease in total NK counts

was strongly correlated with the reduction of CT NK cells and CS

NK cells (Figure 1E). The lower percentage of total NK cells was

strongly correlated with the decreased CT NK cells and expanded

CD4+ cells and Tfh cells (Figure 1F).
3.3 Exhausted signature of NK cells in MG

Representative flow histograms showing the DMFI (median

fluorescence intensity) of surface receptors on NK subsets are

shown in Figures 2A–C. The DMFI value of NKG2A on both

total NK cells and CS NK cells was elevated in MGFA II-IV group

compared to HC group. PD1 on total NK cells and CT NK cells was

significantly higher in MGFA II-IV group than in MGFA I group
TABLE 1 Characteristics of subjects enrolled in the study.

HC
(n = 20)

MGFA I
(n = 18)

MGFA
II-IV

(n = 35)
P

Age (yr), mean
± SD

47.25
± 17.58

49.79
± 16.62

47.56
± 16.73

0.864

Sex, n (%)

Female 11 (55.0%) 10 (55.6%) 19 (54.3%)
0.996

Male 9 (45.0%) 8 (44.4%) 16 (45.7%)

Disease duration
(yr),
median [IQR]

–
0.33 [0.09
– 2.50]

0.50
[0.25-2.35]

0.488

Imaging diagnosis for thymus, n (%)

Normal – 14 (77.8%) 17 (48.6%)

0.110Hyperplasia – 2 (11.1%) 8 (22.9%)

Thymoma – 2 (11.1%) 10 (28.6%)

MG subgroups

EOMG – 8 (44.4%) 20 (57.1%)
0.380

LOMG – 10 (55.6%) 15 (42.9%)

AChR-Ab (nmol/
L), mean ± SD

–
4.58 [2.30
– 7.90]

8.63 [4.80
– 13.07]

0.012*

Repetitive nerve stimulation, n (%)

Positive – 6 (33.3%) 19 (54.2%)
0.102

Negative – 6 (33.3%) 4 (11.4%)

Treatment, n (%)

Pyridostigmine - 4 (22.2%) 13 (37.1%)
0.270

Drug-free - 13 (76.5%) 22 (62.9%)
fr
AChR-Ab, acetylcholine receptor antibody; MGFA, Myasthenia Gravis Foundation of
America; EOMG, early onset MG; LOMG, late onset MG. *, P <0.05.
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and HC group, whereas the NKG2D on total NK cells and CT NK

cells were lower. No expression differences in ICOS, NKp46, and

FASL were found between the three groups (Figures 2D–F).

The positive expressions of cytotoxic molecules, including

perforin, granzyme B, and CD107a in total NK cells were

significantly decreased in MGFA II-IV patients than in HCs

(healthy controls) and MGFA I patients. Likewise, MGFA II-IV

group revealed decreased perforin, granzyme B, and CD107a

expression in CT NK cells than the other groups (Figures 3A–C).

Cytokine secretion analysis demonstrated that the percentage of IL-

10 and IFN-g in total NK cells and CS NK cells in the MGFA II-IV

group was significantly lower than in the HC group. Compared to
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MGFA I patients, a reduction in frequencies of IFN-g–producing
total NK cells and CS NK cells was observed in MGFA II-IV

patients (Figures 3D–F). To further determine NK-cell cytotoxicity,

we evaluate the NK cell-mediated cytotoxicity against K562 cell line.

As shown in Figures 3G, H, NK killing ability against K562 was

gradually impaired among the three groups.
3.4 Changes of cytokine profiles in MG

The concentrations of IL-6 and IL-21 increased with the

progression of MG disease (Figures 4A–F). We also compared the
FIGURE 1

Identification of major immune cell subsets in myasthenia gravis patients. (A, B) Absolute counts and percentages of major immune cell subsets
between HC (n = 20), MGFA I (n = 18), and MGFA II-IV (n = 35) group. (C, D) t-SNE analysis on Tfh cells, NK subsets performed separately by HC,
MGFA, and MGFA II-IV group. (E, F) Correlation analysis of absolute count and the percentage between the major immune cell subsets for all
subjects (n = 73). The numbers in the lower left part of the heatmap show the values of the correlation coefficient. HC, healthy control; MGFA,
Myasthenia Gravis Foundation of America. Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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plasma levels of IL-2, IL-12 p70, IL-15, and IL-18 across the groups

but observed no significant difference. As shown in Figure 4G, IL-6

revealed a strong positive association with PD1, and negative

associations with NKG2D, granzyme B and IFN-g expression in

total NK cells. In addition, IL-6 strongly negatively correlated with

the levels of NKG2D in CT NK cells and IFN-g in CS NK cells
Frontiers in Immunology 06
(Figure 4H). Next, we investigated the origin of IL-6 and IL-21

secretion in the major immune cell subsets. The most significant

source of IL-6 and IL-21 were macrophages and Tfh cells,

respectively (Figures 4I–K). IL-6–producing monocytes and IL-

21–producing Tfh cells were significantly higher in MGFA II-IV

group than in MGFA I group and HC group (Figures 4L, M).
FIGURE 2

Analysis of receptor expression on NK-cell subsets in myasthenia gravis patients. (A–C) Representative flow histograms showing the DMFI of NKG2A,
NKG2D, ICOS, NKp46, PD1, and FASL on total NK cells, CT NK cells, CS NK cells between HC (n = 20), MGFA I (n = 18), and MGFA II-IV (n = 35)
group. (D–F) Summary dot plots showing the DMFI values of NKG2A, NKG2D, ICOS, NKp46, PD1, and FASL on NK-cell subsets between the three
groups. DMFI value was calculated by subtracting the MFI value of the FMO control. HC, healthy control; MGFA, Myasthenia Gravis Foundation of
America; CT NK, cytotoxic CD56dimCD16+ NK; CS NK, cytokine-secreting CD56brightCD16− NK; MFI, median fluorescence intensity; FMO,
fluorescence minus one control. Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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3.5 Synergy effect of IL-6 and IL-21 on NK-
cell exhaustion

Representative flow dot-plots demonstrating NK-cell cytokine

secretion and cytotoxic function after IL-6 and/or IL-21 treatment

are shown in Supplementary Figures S3, S4. Compared to the IL-21

(50 ng/mL, 72h) stimulation, IL-6 alone (100 ng/mL, 72h) is able to
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decrease the DMFI of NKG2D and increase PD1 on total NK cells

and CT NK cells. The combination of IL-6/IL-21 exhibited a

stronger effect on NKG2D and PD1 expression than IL-6 alone

(Figures 5A–C). IL-6 stimulation showed weaker inhibition of

cytotoxicity (perforin, granzyme B, CD107a production) and

secretion of IFN-g than control. The combined inhibitory effect of

IL-6/IL-21 was stronger (Figures 5E, F). Similarly, NK cell-mediated
FIGURE 3

Assessment of NK-cell cytotoxicity and cytokine-secretion in myasthenia gravis patients. (A–C) Representative flow cytometry plots and summary
dot plots showing the frequency of perforin, granzyme B, and CD107a production by total NK cells and CT NK cells between HC (n = 20), MGFA I
(n = 18), and MGFA II-IV (n = 35) group. (D–F) Representative flow cytometry plots and summary dot plots showing the frequency of IFN-g and IL-10
secretion by total NK cells and CS NK cells between the three groups. (G) Representative flow cytometry plots distinguished target cells and reaming
live target cells. (H) Quantification of the percentage of the killing of K562 cells by NK cells between the three groups. HC, healthy control; MGFA,
Myasthenia Gravis Foundation of America; CT NK, cytotoxic CD56dimCD16+ NK; CS NK, cytokine-secreting CD56brightCD16− NK. Data are presented
as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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lysis of K562 cells was reduced significantly by IL-6/IL-21

stimulation (Figure 5G). IL-21 was found to have an activating

effect on NK cells, increasing NKG2D expression, cytotoxicity, IFN-

g section, and instead decreased PD1 expression, although this
Frontiers in Immunology 08
difference was not statistically significant. Nevertheless, IL-21 alone

could induce apoptosis and necrosis to curtail the life span of NK

cells. Under synergistic stimulation of IL-6 and IL-21, more NK

cells underwent apoptosis and necrosis than control (Figures 5H, I).
FIGURE 4

Changes of plasma cytokines in myasthenia gravis patients. (A–F) Levels of plasma IL-2, IL-6, IL-12 p70, IL-15, IL-18, IL-21 between HC (n = 20),
MGFA I (n = 18), and MGFA II-IV (n = 35) group. (G) Correlation analysis between plasma IL-6, IL-21, and expression of NKG2D, PD1, perforin,
granzyme B, CD107a, IFN-g, and IL-10 in total NK cells for all subjects (n = 73). (H) Correlation analysis between plasma IL-6, IL-21 and expression of
NKG2D, PD1, perforin, granzyme B, CD107a, IFN-g, and IL-10 in CT NK cells and CS NK cells for all subjects. The numbers in the lower left part of
the heatmap show the values of the correlation coefficient. (I–K) Representative flow cytometry plots and summary violin plots showing the
frequency of IL-6 and IL-21 secretion by major immune cells for all subjects. (L, M) Summary dot plots showing the frequency of IL-6+ monocytes
and IL-21+ Tfh cells between HC, MGFA I, and MGFA II-IV group. HC, healthy control; MGFA, Myasthenia Gravis Foundation of America; CT NK,
cytotoxic CD56dimCD16+ NK; CS NK, cytokine-secreting CD56brightCD16− NK. Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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3.6 IL-6/IL-21 constrains NK-cell activity
via SOCS2/STAT5 in vitro

We further assessed the gene expression pattern of NK cells by

BGISEQ sequencing platform with high throughput. Compared to

the MGFA I group, 27 genes were up-regulated and 4 genes were

down-regulated in MGFA II-IV group (Figure 6A). GO analysis

identified that the most enriched terms of cellular components,

biological process and, molecular function were IgA

immunoglobulin complex, neutrophil aggregation, TLR4 binding,

respectively (Figures 6B–D). For KEGG analysis, enriched pathways

included IL-17 signaling pathway, African trypanosomiasis, type II

diabetes, etc (Figure 6E). Protein−protein interaction network of

hub genes is shown in Figure 6F. We screened the six previously

documented DEGs implicated in the regulation of NK cells to

further corroborate our findings.

When co-stimulated with IL-6/IL-21, the mRNA levels of

SOCS2, JCHAIN, and FHL3 in NK cells were increased. The

transcript level of SOCS2 was more distinct which could be

elevated with IL-6 alone or IL-21 alone stimulation (Figure 6G).
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SOCS2 is driven by the cytokine-mediated activation of JAK/STAT

signaling, inhibiting STAT5 phosphorylation and activation via a

negative feedback loop (26). The IL-6/IL-21 synergistic group

exh ib i t ed a s ign ificant upregu la t ion of SOCS2 and

downregulation of pSTAT5 and pSTAT5/STAT5 protein levels,

surpassing that observed in the stimulus-alone group.

(Figures 6H–K).

To confirm that the IL-6/IL-21/SOCS2/STAT5 is responsible

for NK exhaustion in MG, we used the STAT5 activator IL-2 (20 ng/

mL, 72h) and siSOCS2 (150 nM, 48h) to interfere with the pathway.

Representative flow dot-plots of NK cells after culture with siSOCS2

and/or IL-2 are shown in Supplementary Figures S5,S6. Co-

treatment with siSOCS2 and IL-2 reversed changes of DMFI of

NKG2D and PD1 by IL-6/IL-21 stimulation (100 ng/mL/50ng/mL,

72h) (Figures 7A, B). Similarly, the cytotoxicity (perforin, granzyme

B, CD107a production) and ability to secrete IFN-g of NK cells were

recovered in the presence of siSOCS2 and IL-2 (Figures 7C–E). The

pro-apoptotic effect of IL-6/IL-21 was dramatically higher in total

NK cells and was also reversed on the co-intervention of siSOCS2

and IL-2 (Figures 7F, G).
FIGURE 5

IL-6 and IL-21 induced the exhaustion of NK cells in vitro. (A–C) Representative flow histograms and summary dot plots showing the DMFI of
NKG2D and PD1 on total NK cells, CT NK cells between control, IL-6, IL-21, and IL-6/IL-21 group. (D–F) Summary dot plots showing the frequency
of perforin, granzyme B, CD107a, IFN-g, and IL-10 production by NK-cell subsets between the four groups. (G) Quantification of the percentage of
the killing of K562 cells by NK cells between the four groups. (H, I) Representative flow cytometry plots and summary dot plots representing the
percentage of viable (Annexin V−/7-ADD−), early apoptotic (Annexin V+/7-ADD−), and late apoptotic (Annexin V+/7-ADD+)/necrotic (Annexin V-/7-
ADD+) NK cells. DMFI value was calculated by subtracting the MFI value of the FMO control. MFI, median fluorescence intensity; CT NK, cytotoxic
CD56dimCD16+ NK; FMO, fluorescence minus one control. Experiments were measured for eight blood NK-cell samples. Data are presented as
mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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4 Discussion

In this study, we demonstrated that MGFA II-IV patients are

accompanied by strikingly impaired cytokine-secreting ability and

cytotoxicity of NK cells. We further investigated the depletion

mechanisms of NK cells with a focus on the synergistic inhibition

of IL-6/IL-21.
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Both the absolute counts and percentages of total NK cells and

CTNK cells decreased in MGFA II-IV patients, accompanied by the

relative expansions of monocytes and Tfh cells. The changes in the

percentages of major immune subsets were more evident than in the

absolute numbers for MG patients. The results from correlation

analysis revealed that the decrease in the percentages of NK subsets

might be due to the expansion of Tfh cells. Tfh cells facilitate the
FIGURE 6

IL-6/IL-21 regulates SOCS2/STAT5 signaling in NK cells. (A) Volcano plot showing the DEGs between MGFA I (n = 3) and MGFA II-IV (n = 4) group.
(B–D) GO enrichment analysis of the DEGs in cellular components, biological process, and molecular function. (E) KEGG enrichment pathway
analysis of the DEGs. (F) Protein-protein interaction network for DEGs. (G) The mRNA expression of S100A8/9, SOCS2, JCHAIN, FHL3, and FCMR in
NK cells between control, IL-6, IL-21, and IL-6/IL-21 group. (H–K) Protein bands and levels of p-STAT5, p-STAT5/STAT5, and SOCS2 between the
four groups. MGFA, Myasthenia Gravis Foundation of America. RT-qPCR was measured for eight blood NK-cell samples and western blot was
measured for five samples. Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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differentiation of plasma cells and affinity maturation of antibodies

in MG via an IL-6/IL-21-dependent manner (27, 28). Impaired

regulation of Tfh and antibody-producing B cells may be linked to

the observed defects in NK function in autoimmune patients,

necessitating further investigation (29).

NK-cell activation in MGFA II-IV patients was found to be

suppressed, with downregulation of the activating receptor NKG2D

and increased expression of the inhibitory receptor PD1. NK-cell

cytotoxicity is also impaired in our MGFA II-IV group, manifested

as a decline in perforin, granzyme B, CD107a, and K562 cell killing

of total NK cells and CT NK cells. A failure of NK cells to kill the

autoreactive immune cells may contribute to autoimmune

responses (7). NK cells and CD56bright NK cells secrete IFN-g to

play an immunomodulatory role to control auto-reactive

inflammation (29, 30). We discovered total NK cells and CS NK

cells in MGFA II-IV patients have an impaired ability to produce

IFN-g and could be restored by co-stimulation with IL-6/IL-21.

Many studies have shown that the secretion of IL-6 mainly

emanates from the monocytes and favors the accumulation of Tfh

cells (31, 32). In patients with systemic juvenile idiopathic arthritis,
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high levels of IL-6 inhibit the cytotoxicity of NK cells and down-

regulate the expression of granzyme B and perforin (15). IL-6

reduced the NK cell-mediated cytotoxicity in castration-resistant

prostate cancer by alteration of PD1/NKG2D levels (33). Our

results demonstrated that IL-6/SOCS2 upregulated PD1 and

downregulated NKG2D and was associated with the exhaustion

phenotypes of NK cells. IL-21 contributes to the pathogenesis of

autoimmune disorders and has been suggested as a therapeutic

target for SLE, TID, rheumatoid arthritis, etc (34). IL-21 is critical to

Tfh cell development and participates in a positive feedback loop on

CD4+ T cells (35, 36). Previous studies identified that IL-21 favors

the proliferation and activity of human NK cells (37). In the absence

of IL-2, IL-21 showed no significant effect on the expression of a

panel of surface receptors (38). Furthermore, the high

concentration of IL-21 significantly promoted apoptosis in NK

cells via activating caspases 8-10 (24). The above findings were in

accordance with our results.

SOCS2 protein is an important negative regulator of various

cytokine signalings (39). Studies have shown that both IL-6 and IL-

21 can upregulate and activate the expression of SOCS family
FIGURE 7

siSOCS2/IL-2 restored NK phenotypes and function in vitro. (A, B) Representative flow histograms and summary dot plots showing the DMFI of
NKG2D and PD1 on total NK cells, CT NK cells between NC, NC + IL-6/IL-21, siSOCS2 + IL-6/IL-21, NC + IL-6/IL-21 + IL-2, siSOCS2+ IL-6/IL-21 +
IL-2 group. (C, D) Summary dot plots showing the frequency of perforin, granzyme B, CD107a, IFN-g, and IL-10 production by NK-cell subsets
between the five groups. (E) Quantification of the percentage of the killing of K562 cells by NK cells between the five groups. (F, G) Representative
flow cytometry plots and summary dot plots representing the percentage of viable (Annexin V−/7-ADD−), early apoptotic (Annexin V+/7-ADD−), and
late apoptotic (Annexin V+/7-ADD+)/necrotic (Annexin V-/7-ADD+) NK cells. NC, negative control; MFI, median fluorescence intensity; CT NK,
cytotoxic CD56dimCD16+ NK. Experiments were measured for eight blood NK-cell samples. Data are presented as mean ± SD. *P < 0.05, **P < 0.01,
***P < 0.001.
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proteins (40, 41). SOCS2 restricted NK-cell differentiation and

development via inhibiting direct interaction with JAK2/STAT5

(42). In the present study, we investigated the impact of IL-6/IL-21

synergistic stimulation on SOCS2/STAT5 regulation in NK cells

from individuals with MG. While IL-2, a known activator of STAT5

is necessary for NK cells to initiate priming, proliferation, and boost

effector function. IL-2 is relatively deficient in severe MG (43),

although not statistically significant in our study. Defects in IL-2

signaling fail to maintain self-tolerance and induce IFN-g
production by NK cells (44). Our results indicated that exhausted

NK cells in MG could be reinvigorated by IL-2 supplementation

and SOCS2 inhibition.

The subsequent enrichment analysis showed that DEGs were

also related to the IgA immunoglobulin complex and IL-17

signaling pathway. IL-17A constrained NK-cell antitumor and

antiviral activity via the inhibitory function of SOCS3 on IL-15

signaling (14). Both secretory IgA and dimeric IgA proteins

mediated the inhibition of NK activity by interaction with FcaR
on the NK-cell surface (45). Further studies on the above-described

molecular mechanisms involved in the regulation of NK cells will

provide novel approaches for NK-cell therapy in MG. The

functionality and cellular longevity of NK cells have been

reported to be restricted by IL-8 and IL-17 (14, 23). It will be
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interesting for future work to investigate the impact of the MG-

related cytokine storm on NK cells in different stages of

MG development.

This exploratory study has several limitations that warrant

consideration. Firstly, no primary immune cell line was used in

the NK co-culture assay apart from the K562 cells, this proposition

will need to be verified. Secondly, Further work will be required to

elucidate whether the NK-cell exhaustion is an etiologic contributor

to MG exacerbation or just a consequence of the expansion of

monocytes and Tfh cells. Thirdly, single-cell sequencing and spatial

transcriptome analysis will provide direct evidence to determine

which phenotypes of NK cells promote versus inhibit MG and are

worth to be applied in the future.

In summary, our findings highlight exhausted NK phenotypes

are key features in the immunopathology of MG, characterized by

impaired cytotoxicity and IFN-g section, low expression of

NKG2D, and high expression of PD1. We propose that the

synergy effect of IL-6/IL-21 mediates NK-cell exhaustion by

upregulating SOCS2 and inhibiting the phosphorylation of

STAT5 in MG and our study results support this hypothesis

(Figure 8). Therefore, targeting the IL-6/IL-21/SOCS2/STAT5

pathways to restore NK-cell function against autoimmunity may

hold therapeutic promise for MG.
FIGURE 8

Monocytes and Tfh cells greatly expand in myasthenia gravis, leading to the large secretion of IL-6 and IL-21. IL-6 and IL-21 work cooperatively to
mediate NK-cell exhaustion by up-regulating SOCS2 and impairing the phosphorylation of STAT5. Subsequently, NK cells exhibit exhausted
signature, characterized by low cytokine production (IFN-g), decreased cytotoxicity (perforin, granzyme B, and CD107a), downregulated activating
receptor NKG2D, and upregulated inhibitory receptor PD1.
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1397916
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhang et al. 10.3389/fimmu.2024.1397916
Data availability statement

The names of the repository/repositories and accession

number(s) can be found below: https://www.ncbi.nlm.nih.gov/

bioproject/PRJNA1035806.
Ethics statement

The studies involving humans were approved by Tongji

Hospital Ethics Committee. The studies were conducted in

accordance with the local legislation and institutional

requirements. The participants provided their written informed

consent to participate in this study.
Author contributions

QZ: Conceptualization, Methodology, Writing – original draft,

Writing – review & editing. XH: Resources, Writing – review &

editing. ZB: Methodology, Writing – original draft. MY: Formal

analysis, Visualization, Writing – review & editing. JL: Writing –

review & editing. ZL: Formal analysis, Validation, Writing – review

& editing. MZ: Funding acquisition, Project administration,

Writing – review & editing. BB: Conceptualization, Funding

acquisition, Validation, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This study
Frontiers in Immunology 13
was supported by grants from the National Natural Science

Foundation of China (No. 82271478 and No. 82371411).
Acknowledgments

We thank all the participants that donated samples. We are

grateful for the materials provided by Figdraw (www.figdraw.com).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.

1397916/full#supplementary-material
References
1. Conti-Fine BM, Milani M, Kaminski HJ. Myasthenia gravis: past, present, and
future. J Clin Invest. (2006) 116:2843–54. doi: 10.1172/JCI29894

2. Ge MR, Yang CL, Li T, Du T, Zhang P, Li XL, et al. Circulating CXCR5(+) natural
killer cells are expanded in patients with myasthenia gravis. Clin Transl Immunol.
(2023) 12:e1450. doi: 10.1002/cti2.1450

3. Fan R, Que W, Liu Z, Zheng W, Guo X, Liu L, et al. Single-cell mapping reveals
dysregulation of immune cell populations and VISTA+ monocytes in myasthenia
gravis. Clin Immunol. (2022) 245:109184. doi: 10.1016/j.clim.2022.109184

4. Zhang Q, Bi Z, Yang M, Gui M, Bu B. Differences in immunophenotypes between
myasthenia gravis patients with and without thyroid antibodies. Muscle Nerve. (2022)
65:553–9. doi: 10.1002/mus.27517

5. Fierabracci A, Delfino DV, Markiewicz MA, La Cava A. Editorial: the role of
natural killer cells in autoimmune diseases. Front Immunol. (2021) 12:786190.
doi: 10.3389/fimmu.2021.786190

6. Mace EM. Human natural killer cells: Form, function, and development. J Allergy
Clin Immunol. (2023) 151:371–85. doi: 10.1016/j.jaci.2022.09.022

7. Gross CC, Schulte-Mecklenbeck A, Runzi A, Kuhlmann T, Posevitz-Fejfar A,
Schwab N, et al. Impaired NK-mediated regulation of T-cell activity in multiple
sclerosis is reconstituted by IL-2 receptor modulation. Proc Natl Acad Sci U.S.A.
(2016) 113:E2973–82. doi: 10.1073/pnas.1524924113

8. Lee IF, Qin H, Trudeau J, Dutz J, Tan R. Regulation of autoimmune diabetes by
complete Freund's adjuvant is mediated by NK cells. J Immunol. (2004) 172:937–42.
doi: 10.4049/jimmunol.172.2.937
9. Yang Y, Day J, Souza-Fonseca Guimaraes F, Wicks IP, Louis C. Natural killer cells
in inflammatory autoimmune diseases. Clin Transl Immunol. (2021) 10:e1250.
doi: 10.1002/cti2.1250

10. Yuan D, Thet S, Zhou XJ, Wakeland EK, Dang T. The role of NK cells in the
development of autoantibodies. Autoimmunity. (2011) 44:641–51. doi: 10.3109/
08916934.2011.587852

11. Liu M, Liu J, Zhang X, Xiao Y, Jiang G, Huang X. Activation status of CD56(dim)
natural killer cells is associated with disease activity of patients with systemic lupus
erythematosus. Clin Rheumatol. (2021) 40:1103–12. doi: 10.1007/s10067-020-05306-x

12. Yang CL, Zhang P, Liu RT, Zhang N, Zhang M, Li H, et al. CXCR5-negative
natural killer cells ameliorate experimental autoimmune myasthenia gravis by
suppressing follicular helper T cells. J Neuroinflamm. (2019) 16:282. doi: 10.1186/
s12974-019-1687-x

13. Jing S, Song Y, Song J, Pang S, Quan C, Zhou L, et al. Responsiveness to low-dose
rituximab in refractory generalized myasthenia gravis. J Neuroimmunol. (2017) 311:14–
21. doi: 10.1016/j.jneuroim.2017.05.021

14. Wang X, Sun R, Hao X, Lian ZX, Wei H, Tian Z. IL-17 constrains natural killer
cell activity by restraining IL-15-driven cell maturation via SOCS3. Proc Natl Acad Sci
U.S.A. (2019) 116:17409–18. doi: 10.1073/pnas.1904125116

15. Cifaldi L, Prencipe G, Caiello I, Bracaglia C, Locatelli F, De Benedetti F, et al.
Inhibition of natural killer cell cytotoxicity by interleukin-6: implications for the
pathogenesis of macrophage activation syndrome. Arthritis Rheumatol. (2015)
67:3037–46. doi: 10.1002/art.39295
frontiersin.org

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1035806
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1035806
http://www.figdraw.com
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1397916/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1397916/full#supplementary-material
https://doi.org/10.1172/JCI29894
https://doi.org/10.1002/cti2.1450
https://doi.org/10.1016/j.clim.2022.109184
https://doi.org/10.1002/mus.27517
https://doi.org/10.3389/fimmu.2021.786190
https://doi.org/10.1016/j.jaci.2022.09.022
https://doi.org/10.1073/pnas.1524924113
https://doi.org/10.4049/jimmunol.172.2.937
https://doi.org/10.1002/cti2.1250
https://doi.org/10.3109/08916934.2011.587852
https://doi.org/10.3109/08916934.2011.587852
https://doi.org/10.1007/s10067-020-05306-x
https://doi.org/10.1186/s12974-019-1687-x
https://doi.org/10.1186/s12974-019-1687-x
https://doi.org/10.1016/j.jneuroim.2017.05.021
https://doi.org/10.1073/pnas.1904125116
https://doi.org/10.1002/art.39295
https://doi.org/10.3389/fimmu.2024.1397916
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhang et al. 10.3389/fimmu.2024.1397916
16. Rodriguez Cruz PM, Al-Hajjar M, Huda S, Jacobson L, Woodhall M, Jayawant S,
et al. Clinical features and diagnostic usefulness of antibodies to clustered acetylcholine
receptors in the diagnosis of seronegative myasthenia gravis. JAMA Neurol. (2015)
72:642–9. doi: 10.1001/jamaneurol.2015.0203

17. Liu X, Ma Q, Qiu L, Ou C, Lin Z, Lu Y, et al. Quantitative features and clinical
significance of two subpopulations of AChR-specific CD4+ T cells in patients with
myasthenia gravis. Clin Immunol. (2020) 216:108462. doi: 10.1016/j.clim.2020.108462

18. Barohn RJ. Standards of measurements in myasthenia gravis. Ann New York
Acad Sci. (2003) 998:432–9. doi: 10.1196/annals.1254.056

19. Chen AC, Tran HB, Xi Y, Yerkovich ST, Baines KJ, Pizzutto SJ, et al. Multiple
inflammasomes may regulate the interleukin-1-driven inflammation in protracted bacterial
bronchitis. ERJ Open Res. (2018) 4:00130–2017. doi: 10.1183/23120541.00130-2017

20. Fourati S, Ribeiro SP, Blasco Tavares Pereira Lopes F, Talla A, Lefebvre F,
Cameron M, et al. Integrated systems approach defines the antiviral pathways
conferring protection by the RV144 HIV vaccine. Nat Commun. (2019) 10:863.
doi: 10.1038/s41467-019-08854-2

21. Lagebro V, Piersiala K, Petro M, Lapins J, Gryback P, Margolin G, et al. A novel
method using fine needle aspiration from tumor-draining lymph nodes could enable
the discovery of new prognostic markers in patients with cutaneous squamous cell
carcinoma. Cancers (Basel). (2023) 15:3297. doi: 10.3390/cancers15133297

22. Wang Z, Guan D, Wang S, Chai LYA, Xu S, Lam KP. Glycolysis and oxidative
phosphorylation play critical roles in natural killer cell receptor-mediated natural killer
cell functions. Front Immunol. (2020) 11:202. doi: 10.3389/fimmu.2020.00202

23. Wu J, Gao FX, Wang C, Qin M, Han F, Xu T, et al. IL-6 and IL-8 secreted by
tumour cells impair the function of NK cells via the STAT3 pathway in oesophageal
squamous cell carcinoma. J Exp Clin Cancer Res. (2019) 38:321. doi: 10.1186/s13046-
019-1310-0

24. Li Q, Ye LJ, Ren HL, Huyan T, Li J, Shi JL, et al. Multiple effects of IL-21 on
human NK cells in ex vivo expansion. Immunobiology. (2015) 220:876–88.
doi: 10.1016/j.imbio.2015.01.009

25. Wong DCP, Ding JL. The mechanobiology of NK cells- 'Forcing NK to Sense'
target cells. Biochim Biophys Acta Rev Cancer. (2023) 1878:188860. doi: 10.1016/
j.bbcan.2023.188860

26. Castermans K, Tabruyn SP, Zeng R, van Beijnum JR, Eppolito C, Leonard WJ,
et al. Angiostatic activity of the antitumor cytokine interleukin-21. Blood. (2008)
112:4940–7. doi: 10.1182/blood-2007-09-113878

27. Zhang CJ, Gong Y, Zhu W, Qi Y, Yang CS, Fu Y, et al. Augmentation of
circulating follicular helper T cells and their impact on autoreactive B cells in
myasthenia gravis. J Immunol. (2016) 197:2610–7. doi: 10.4049/jimmunol.1500725

28. Uzawa A, Kuwabara S, Suzuki S, Imai T, Murai H, Ozawa Y, et al. Roles of
cytokines and T cells in the pathogenesis of myasthenia gravis. Clin Exp Immunol.
(2021) 203:366–74. doi: 10.1111/cei.13546

29. Zhang Q, Lin J, Yang M, Li Z, Zhang M, Bu B. Therapeutic potential of natural
killer cells in neuroimmunological diseases. BioMed Pharmacother. (2024) 173:116371.
doi: 10.1016/j.biopha.2024.116371

30. Sanmarco LM, Wheeler MA, Gutiérrez-Vázquez C, Polonio CM, Linnerbauer
M, Pinho-Ribeiro FA, et al. Gut-licensed IFNg+ NK cells drive LAMP1+ TRAIL+ anti-
inflammatory astrocytes. Nature. (2021) 590:473–9. doi: 10.1038/s41586-020-03116-4
Frontiers in Immunology 14
31. Chavele KM, Merry E, Ehrenstein MR. Cutting edge: circulating plasmablasts
induce the differentiation of human T follicular helper cells via IL-6 production.
J Immunol. (2015) 194:2482–5. doi: 10.4049/jimmunol.1401190

32. Niu Q, Huang ZC, Wu XJ, Jin YX, An YF, Li YM, et al. Enhanced IL-6/
phosphorylated STAT3 signaling is related to the imbalance of circulating T follicular
helper/T follicular regulatory cells in patients with rheumatoid arthritis. Arthritis Res
Ther. (2018) 20:200. doi: 10.1186/s13075-018-1690-0

33. Xu L, Chen X, Shen M, Yang DR, Fang L, Weng G, et al. Inhibition of IL-6-JAK/
Stat3 signaling in castration-resistant prostate cancer cells enhances the NK cell-
mediated cytotoxicity via alteration of PD-L1/NKG2D ligand levels. Mol Oncol. (2018)
12:269–86. doi: 10.1002/1878-0261.12135

34. Long D, Chen Y,Wu H, ZhaoM, Lu Q. Clinical significance and immunobiology
of IL-21 in autoimmunity. J Autoimmun. (2019) 99:1–14. doi: 10.1016/
j.jaut.2019.01.013

35. Zhang H, Cavazzoni CB, Podesta MA, Bechu ED, Ralli G, Chandrakar P, et al.
IL-21-producing effector Tfh cells promote B cell alloimmunity in lymph nodes and
kidney allografts. JCI Insight. (2023) 8:e169793. doi: 10.1172/jci.insight.169793

36. Jones LL, Alli R, Li B, Geiger TL. Differential T cell cytokine receptivity and not
signal quality distinguishes IL-6 and IL-10 signaling during Th17 differentiation.
J Immunol. (2016) 196:2973–85. doi: 10.4049/jimmunol.1402953

37. Zhu S, Phatarpekar PV, Denman CJ, Senyukov VV, Somanchi SS, Nguyen-
Jackson HT, et al. Transcription of the activating receptor NKG2D in natural killer cells
is regulated by STAT3 tyrosine phosphorylation. Blood. (2014) 124:403–11.
doi: 10.1182/blood-2013-05-499707

38. Skak K, Frederiksen KS, Lundsgaard D. Interleukin-21 activates human natural
killer cells and modulates their surface receptor expression. Immunology. (2008)
123:575–83. doi: 10.1111/j.1365-2567.2007.02730.x

39. Linossi EM, Babon JJ, Hilton DJ, Nicholson SE. Suppression of cytokine
signaling: the SOCS perspective. Cytokine Growth Factor Rev. (2013) 24:241–8.
doi: 10.1016/j.cytogfr.2013.03.005

40. Strengell M, Lehtonen A, Matikainen S, Julkunen I. IL-21 enhances SOCS gene
expression and inhibits LPS-induced cytokine production in human monocyte-derived
dendritic cells. J Leukoc Biol. (2006) 79:1279–85. doi: 10.1189/jlb.0905503

41. Cho DC, Brennan HJ, Johnson RW, Poulton IJ, Gooi JH, Tonkin BA, et al. Bone
corticalization requires local SOCS3 activity and is promoted by androgen action via
interleukin-6. Nat Commun. (2017) 8:806. doi: 10.1038/s41467-017-00920-x

42. Kim WS, Kim MJ, Kim DO, Byun JE, Huy H, Song HY, et al. Suppressor of
cytokine signaling 2 negatively regulates NK cell differentiation by inhibiting JAK2
activity. Sci Rep. (2017) 7:46153. doi: 10.1038/srep46153

43. Huan X, Zhao R, Song J, Zhong H, Su M, Yan C, et al. Increased serum IL-2, IL-
4, IL-5 and IL-12p70 levels in AChR subtype generalized myasthenia gravis. BMC
Immunol. (2022) 23:26. doi: 10.1186/s12865-022-00501-8

44. Akman B, Hu X, Liu X, Hatipoglu T, You H, Chan WC, et al. PRDM1 decreases
sensitivity of human NK cells to IL2-induced cell expansion by directly repressing
CD25 (IL2RA). J Leukocyte Biol. (2021) 109:901–14. doi: 10.1002/JLB.2A0520-321RR

45. Mota G, Manciulea M, Cosma E, Popescu I, Hirt M, Jensen-Jarolim E, et al.
Human NK cells express Fc receptors for IgA which mediate signal transduction and
target cell killing. Eur J Immunol. (2003) 33:2197–205. doi: 10.1002/eji.200323534
frontiersin.org

https://doi.org/10.1001/jamaneurol.2015.0203
https://doi.org/10.1016/j.clim.2020.108462
https://doi.org/10.1196/annals.1254.056
https://doi.org/10.1183/23120541.00130-2017
https://doi.org/10.1038/s41467-019-08854-2
https://doi.org/10.3390/cancers15133297
https://doi.org/10.3389/fimmu.2020.00202
https://doi.org/10.1186/s13046-019-1310-0
https://doi.org/10.1186/s13046-019-1310-0
https://doi.org/10.1016/j.imbio.2015.01.009
https://doi.org/10.1016/j.bbcan.2023.188860
https://doi.org/10.1016/j.bbcan.2023.188860
https://doi.org/10.1182/blood-2007-09-113878
https://doi.org/10.4049/jimmunol.1500725
https://doi.org/10.1111/cei.13546
https://doi.org/10.1016/j.biopha.2024.116371
https://doi.org/10.1038/s41586-020-03116-4
https://doi.org/10.4049/jimmunol.1401190
https://doi.org/10.1186/s13075-018-1690-0
https://doi.org/10.1002/1878-0261.12135
https://doi.org/10.1016/j.jaut.2019.01.013
https://doi.org/10.1016/j.jaut.2019.01.013
https://doi.org/10.1172/jci.insight.169793
https://doi.org/10.4049/jimmunol.1402953
https://doi.org/10.1182/blood-2013-05-499707
https://doi.org/10.1111/j.1365-2567.2007.02730.x
https://doi.org/10.1016/j.cytogfr.2013.03.005
https://doi.org/10.1189/jlb.0905503
https://doi.org/10.1038/s41467-017-00920-x
https://doi.org/10.1038/srep46153
https://doi.org/10.1186/s12865-022-00501-8
https://doi.org/10.1002/JLB.2A0520-321RR
https://doi.org/10.1002/eji.200323534
https://doi.org/10.3389/fimmu.2024.1397916
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Exhausted signature and regulatory network of NK cells in myasthenia gravis
	1 Introduction
	2 Materials and methods
	2.1 Participants and sample collection
	2.2 NK-cell cytotoxicity assay
	2.3 Enzyme-linked immunosorbent assay (ELISA)
	2.4 In vitro co-culture of NK cells
	2.5 RNA-sequencing
	2.6 Real-time quantitative PCR analysis (RT-qPCR)
	2.7 Western blot analysis
	2.8 Small interfering RNA (siRNA) transfection and drug treatments
	2.9 Statistical analysis

	3 Results
	3.1 Clinical characteristics
	3.2 Changes of major immune cell subsets in MG
	3.3 Exhausted signature of NK cells in MG
	3.4 Changes of cytokine profiles in MG
	3.5 Synergy effect of IL-6 and IL-21 on NK-cell exhaustion
	3.6 IL-6/IL-21 constrains NK-cell activity via SOCS2/STAT5 in vitro

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


