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Platelet activation plays a pro-inflammatory
role in myasthenia gravis

Qi Wen 1,5,6,7, Shu Zhang1,7, Yaye Wang1,7, Haoran Liu1,7, Jingsi Wang1,
Shengyao Su1, Nairong Xie1, Yan Lu1, Li Di1, Min Xu1, Min Wang1, Hai Chen1,
Suobin Wang1, Wenjia Zhu1, Xinmei Wen1, Jinming Han2, Dongshan Wan2,
Shufang Zhao2, Wanting Lu2, Zhen Tao3, Jianying Duo1, Yue Huang1,
Guoliang Chai2, Ruisheng Duan4, Xiaoli Li 4,8 , Junwei Hao 2,8 &
Yuwei Da1,8

Myasthenia gravis (MG) is an autoimmune disorder that disrupts neuromus-
cular junction function through autoantibodies. Platelets are emerging as key
players in the pathogenesis ofMG, bridging innate and adaptive immunity.We
analyze platelet transcriptome signatures and their interactions with the
immune system in AChR+ immunotherapy-naïve MG (nMG) patients using
bulk and single-cell RNA sequencing on peripheral blood mononuclear cells
(PBMC). nMG patients exhibit upregulation of genes related to activation,
inflammation, and cytoskeletal regulation. Increasedplatelet count, activation,
altered morphology, enhanced CD62P expression, and elevated plasma
CD40L levels are observed in PBMCs, which diminish with minimal clinical
status (MMS). Functionally, platelets show heightened interactions with leu-
kocytes, forming aggregates that correlate with disease severity. These fea-
tures return to baseline after intravenous immunoglobulin or prolonged
immunosuppressive therapy. This study underscores platelet activation’s cri-
tical role in MG and supports platelet-targeted therapy.

Myasthenia gravis (MG) is an autoimmunedisease characterizedby the
presence of autoantibodies, predominantly acetylcholine receptor
antibodies (anti-AChR), in 80%–85% of patients. These antibodies tar-
get functional molecules in the postsynaptic membrane, leading to
signal transmission impairment and diverse clinical symptoms,
including ptosis, dysphagia, limb weakness, and dyspnea1. While the
disease’s pathophysiology is well-established, the underlying
mechanisms driving the autoimmune response in MG remain incom-
pletely understood. Dysregulation of CD4+ T cell subtypes, particu-
larly the imbalance of T helper (Th) cells and regulatory T cells (Treg),

contributes to the aberrant immune response in MG2,3. Chronic
inflammation, a key initiator of Th cell imbalance, is believed to stem
from innate immunity activation, driving Th cell differentiation and
initiating adaptive immunity, with crucial roles played by innate
immune cells like dendritic cells and macrophages4,5.

Platelets, traditionally acknowledged for their role in primary
hemostasis, have now emerged as integral players in the innate
immune system6–8. Their involvement extends to the modulation of
CD4+ T cell immune responses9–11, aiding in T cell adhesion and
recruitment12,13, as well as influencing the differentiation and activation
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of CD4+ T effector cells through a variety of mediators11,14. Notably,
platelets have been observed to consistently augment Treg cell
responses while exerting biphasic effects on Th1 and Th17 activation15.
The release of soluble factors and expression of surface glycoproteins
by activated platelets play a significant role in modulating the func-
tions of immune cells6. Critical activation markers, notably P-selectin
(CD62P) and CD40 ligand (CD40L/CD154), are instrumental in foster-
ing interactions with leukocytes, thereby contributing to the perpe-
tuation of immune-mediated inflammation16,17. In autoimmune
disorders like systemic lupus erythematosus (SLE), heightened platelet
activation is associated with increased disease severity, where these
platelets form complexes with neutrophils and antigen-presenting
cells (APCs), including monocytes and plasmacytoid dendritic cells6,18.
Furthermore, platelet binding to neutrophils alters their phenotype,
inducing neutrophil activation and the formation of neutrophil extra-
cellular traps (NETosis), a process linked to the release of autoantigens
that are processed by APCs6. In certain disease states, changes in pla-
telet number and function are closely associated with NET
formation19,20. Overall, platelets play multifaceted roles in promoting
disease activity in autoimmune disorders.

Huang et al.21 demonstrated marked elevations in the platelet-
lymphocyte ratio (PLR) and systemic immune-inflammation index
(SII) amongMG patients, with these markers being notably increased
in generalized MG (GMG). These elevated indices suggest an inten-
sified release of platelets into the circulation, potentially contribut-
ing to the maintenance and exacerbation of systemic autoimmune
inflammation22. Despite the emerging correlation, the precise role of
platelets within MG’s pathogenic framework remains largely
unknown. Given their involvement in bridging innate and adaptive
immune responses, further investigation into the function of plate-
lets in MG may help improve our understanding of disease
mechanisms and support the development of potential therapeutic
strategies.

In this study, we investigate the activation profile of platelets in
AChR+ immunotherapy-naïve MG (nMG) and their interactions with
neutrophils and CD4+ T cells by integrating transcriptomic and func-
tional analyses. Ourfindings reveal that nMGplatelets exhibit a distinct
pro-inflammatory phenotype, driving NETs formation, which in turn
amplifies platelet activation, establishing a reciprocal activation loop.
Additionally, nMG platelets modulate CD4+ T cell responses by
enhancing Th1 cytokine production and suppressing Treg differ-
entiation. These findings highlight the role of platelets in immune
dysregulation in MG and suggest potential therapeutic avenues for
targeted intervention.

Results
Single-cell survey and laboratory data show an elevated plate-
lets count in MG
We procure PBMCs from 6 eligible individuals and subsequently
perform scRNA-seq using the 10X Genomics platform (Fig. 1). A
Schematic overview of the sequencing workflow is presented in
Fig. 2a. Post quality control, a total of 88,942 single cells (an average
of 11,118 cells per sample) are analyzed. We partition the single-cell
profiles into 16 distinct immune cell lineages based on canonical
lineage markers and cluster-specific gene expression, and visualize
using Uniform Manifold Approximation and Projection (UMAP)
(Fig. 2b). The proportional distribution of each cell population across
samples is presented in Fig. 2c.

The small population of platelets, present after isolating PBMC
preparations, attracts our interest because of their notable expansion
in MG patients (Fig. 2d). These platelets are characterized by a set of
marker genes, including PPBP, TUBB1, PF4, CAVIN2, NRGN, HIST1H2AC,
GNG11,GP9, SPARC,RGS18,CLU,TSC22D1, andMPIG6B. Cell proportion
analysis reveals a disproportionate augmentation of platelets in MG
participants, particularly notable in nMG patients with a higher

quantitative myasthenia gravis (QMG) score (nMG3). Platelets com-
prise 6.82% of the total PBMCs in nMG, compared to 2.53% in healthy
control (HC), and 2.16% in patients reaching minimal clinical status
(MMS)23 (Fig. 2e). Notably, the platelet counts decrease in the same
patients after achieving MMS, although this reduction does not reach
statistical significance (p =0.12). Additionally, there was an upsurge in
the expression of genes related to platelet degranulation in nMG
patients’ PBMCs, which reverses post-treatment (Fig. 2f).

Given that the first three nMG cases are young to middle-aged
females, we include an additional elderly male MG patient (nMG4) to
investigate whether the observed increase in platelet count is also
present inmale patients and to assess any potential influence of sex or
age on this phenomenon. The QMG score of nMG4 is comparable to
that of nMG3. However, due to the absence of matched male HC and
post-MMS samples for nMG4, these data are excluded from the pri-
mary single-cell analysis to minimize potential bias. Instead, we per-
form scRNA-seq on PBMCs from this patient and observe that nMG4
also exhibited an increased platelet count along with elevated
expression of platelet degranulation genes (Supplementary Fig. 1).
These findings indicate that the observed platelet count increase and
associated gene expression changes are independent of age and sex,
further validating the consistency of this phenomenon. The clinical
characteristics, platelet count, and percentage of platelets in PBMCs
for each patient are provided in Supplementary Tables 1 and 2 in the
Supplementary Materials.

Considering the limited sample size of scRNA-seq and the rela-
tively low number of platelets in PBMCs, along with the significant
clinical heterogeneity among nMG patients, we examine peripheral
blood platelet counts across a larger cohort with variousMG subtypes.
This cohort includes 65 nGMG (immunotherapy-naïveGMG), 25 nOMG
(immunotherapy-naïve OMG), 40 MMS patients, and 25 HC, with
demographic characteristics provided in Supplementary Table 3. The
analysis reveals that nGMG patients have elevated platelet counts
compared to MMS patients (p <0.001), implying a potential correla-
tion between platelet quantity and MG disease activity (Fig. 2g).
Additionally, platelet-related inflammatorymarkers, such as the SII and
PLR, also show corresponding elevations in nGMG patients (Supple-
mentary Fig. 2a, b).

This CellChat network analysis identifies CD8 CTLs (cytotoxic T
cells, orange) and CD14 MCs (monocytes, red) as key target cells of
platelet-mediated interactions, exhibiting substantial communica-
tion activity across all conditions. Notably, the MG and MMS groups
demonstrate heightened intercellular communication compared to
HC, suggesting a potential immune activation signature in disease
states (Fig. 2h). Platelets receive signals primarily from CD8 CTLs,
monocytes (CD14 MC, CD16 MC), and dendritic cells (pDCs, cDCs).
Among these interactions, ITGB2–CD226 and CD40LG–(ITGA2B
+ITGB3) are particularly enriched across multiple immune cell types
(Fig. 2i), suggesting their involvement in platelet activation and
immune modulation. Conversely, platelets predominantly signal
toward CD8 CTLs, engaging in interactions such as HLA-E-CD94/
NKG2A, HLA-E-CD8A, and multiple HLA class I molecules binding to
CD8B (Fig. 2j), highlighting their potential role in CD8 T cell reg-
ulation. Additionally, JAM1-(ITGA4+ITGB2) and ITGB2–CD226 inter-
actions further emphasize platelet-mediated immune cell adhesion
and activation. Moreover, strong interactions with monocytes and
dendritic cells, including PF4-CXCR3 and PECAM1-PECAM1, suggest
a role for platelets in immune recruitment and inflammatory
responses (Fig. 2j).

Bulk RNA sequencing reveals a distinct pro-inflammatory tran-
scriptional signature in nMG platelets
To further characterize platelet-associated transcriptional alterations
in MG, bulk RNA sequencing is performed on washed platelets from
three nMG patients and three age- and sex-matched HC. Clinical
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characteristics of the samples included are detailed in Supplementary
Table 4.

A total of 189 upregulated and 250 downregulated differentially
expressed genes (DEGs) were identified in nMG platelets compared to
HCs (Fig. 3a). GO analysis (Fig. 3b) reveals significant enrichment in
immune response modulation and phagocytosis. Pathways related to
Fc-gamma receptor signaling and heterotypic cell-cell adhesion are
prominently upregulated, indicating hyperactivation of immune
effector functions in MG. Additionally, upregulated genes are asso-
ciated with granule membranes (ficolin-1-rich granules, tertiary gran-
ules), lysosomal and phagocytic vesicles, and focal adhesion sites,
suggesting increased immune cell activity and intracellular trafficking.
Enrichment in actin binding, integrin binding, and antigen binding
highlights enhanced immune cell motility, adhesion, and antigen
recognition, while upregulated ATPase-coupled transmembrane
transport pathways reflect metabolic and signaling alterations in
immune processes. KEGG pathway analysis (Fig. 3c) identifies key
alterations in immune regulation andmetabolic homeostasis. Enriched
pathways, including primary immunodeficiency and Fc-epsilon RI
signaling, point to dysregulated immune activation in MG pathogen-
esis. Metabolic pathways, such as the pentose phosphate pathway,
fructose and mannose metabolism, and glyoxylate/dicarboxylate
metabolism, are also significantly enriched, indicating metabolic
reprogramming that may contribute to platelet dysfunction and
immune activation. Gene Set Enrichment Analysis (GSEA) (Fig. 3d)
further emphasizes immune activation in MG platelets. Key enriched
pathways include Fc receptor-mediated signaling (e.g., Fc-gamma and
Fc-epsilon receptor pathways), phagocytosis, and membrane invagi-
nation, all of which point to enhanced antibody-dependent cellular
responses, immune effector activation, and vesicular trafficking.
Upregulated endocytosis-related pathways suggest increased antigen
uptake and modulation of immune signaling, potentially influencing
inflammatory responses in MG. Transcription factor (TF) analysis
(Fig. 3e) reveals a distinct regulatory landscape in nMG platelets. The

zf-C2H2 family is significantlydownregulated,while thebZIP andbHLH
families are predominantly upregulated. Notably, STAT, ETS, and THR-
like TF families, though less abundant, are implicated in immune sig-
naling, suggesting their role in regulating immune cell differentiation
and activation.

These transcriptomic findings indicate a profound shift in platelet
function in MG, characterized by heightened immune activation,
metabolic reprogramming, and altered transcriptional regulation.
While these results suggest a potential role for platelet dysregulation in
MG pathophysiology, further studies are needed to validate functional
consequences at the protein level and elucidate their direct con-
tributions to disease progression.

Enhanced CD62P expression, sCD40L release, and morphologi-
cal alterations in MG platelets
To further elucidate the over-activated status of platelets in MG
patients at the protein level, we utilize peripheral blood flow cyto-
metry to assess the surface expression of CD62P on platelets and
conduct cytokine assays to measure plasma levels of soluble CD40
ligand (sCD40L). Clinical information for the included samples is
provided in Supplementary Tables 5 and 6. The gating strategy for
CD62P+ platelets is shown in Fig. 4a. The results demonstrate that
the proportion of CD62P+ platelets in nMG patients (n = 50) is sig-
nificantly elevated compared to the HC group (HC, n = 20;
p = 0.0307) and MMS group (MMS, n = 35; p = 0.0037) (Fig. 4b).
Additionally, the plasma sCD40L concentration in nMG patients
(n = 24) (Fig. 4c) is significantly higher than that in the HC group (HC,
n = 18; p = 0.0199). A significant positive correlation is observed
between plasma sCD40L levels and QMG score (n = 24, R = 0.57,
p = 0.0034) (Fig. 4d). These findings indicate a chronic state of pla-
telet activation in MG patients, which is associated with disease
activity. Within the MG cohort, the proportion of CD62P-positive
platelets does not show statistical significance (p = 0.216) between
patients who underwent antiplatelet therapy (APT) and those who

Screened

nMG: n=243
MMS: n=130
HC: n=119

Included

nMG: n=209
MMS: n=119
HC: n=114

Exclude nMG (n=34) , MMS (n=20) and HC (n=5) :

12 nMG and 7 MMS are not AChR-Ab positive
8 nMG and 5 MMS have other autoimmune diseases
6 nMG and 4 MMS incomplete clinical data
8 nMG, 4 MMS and 5 HC abnormal flow cytometry data

scRNA-seq

nMG: n=3
HC: n=3

Laboratory data

nMG: n=65
oMG: n=25
MMS: n=40
HC: n=25

Peripheral blood
FCM

nMG: n=50
MMS: n=35
HC: n=20

Plasma samples

nMG: n=24
MMS: n=18
HC: n=18

Selecting nMG patients classified as
MGFA IIa-V and MMS patients who have

not undergone CS therapy

PNAs comparison
before/after IVIG

6 MMS patients with acute
exacerbation

Platelet-CD4 T Cell co-
culture

nMG: n=17
MMS: n=17
HC: n=17

Cytokine neutrolization

nMG: n=10
HC: n=10

Platelet counts and transcriptomic
characterisitcs

Platelet activation markers and morphological analysis

Platelets modulate T cell activity

Plasma NETs detection

nMG: n=25
MMS: n=10
HC: n=25

Bidirectional Crosstalk Between
Platelets and Neutrophils

TEM

nMG: n=4
MMS: n=4
HC: n=4

Platelet-neutrophil co-
culture

nMG: n=7
MMS: n=7
HC: n=7

bulk RNA-seq

nMG: n=3
HC: n=3

Fig. 1 | Flow chart of participants screening andenrollment indifferent studyparts.nMG immunotherapy-naïvemyasthenia gravis, HChealthy controls,MMSminimal
clinical status, scRNA-seq single-cell RNA sequencing, TEM transmission electron microscopy, NETs neutrophil extracellular traps.
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did not, although the former group has a relatively lower mean value
(Fig. 4e). Stratification based on disease duration within the nMG and
MMS groups reveals that patients with a disease duration greater
than 60 months have a lower proportion of activated platelets, but
there are no significant differences compared to patients in the other
two duration categories (Supplementary Fig. 3a, b). There was also

no significant difference in the proportion of CD62P-positive plate-
lets between different gender subgroups (Supplementary Fig. 3c).

Previous studies indicate that platelet volume decreases upon
activation compared to the resting state24, likely due to the release of
platelet granule contents as platelet-derived microparticles (PMPs)
during the activation process25. In flow cytometry detection, different

MG1

MG2

MG3

HC1

HC2

HC3

MMS1

MMS3

0.00 0.25 0.50 0.75 1.00
Ratio

S
am

pl
e

Var1
CD14 MC

CD16 MC

CD4 Naïve

CD4 Tm

CD8 CTL

CD8 Naïve

CD8 Tem

cDCs

Memory B

Memory CD4 T

Naïve B

NK

pDCs

Plasma

Platelets

γδ T

a

b

d e

c f

1 0 1 5

- 1 5

- 1 0

- 5

0

5

- 1 0 - 5 0 5

UMAP_1

U
M

A
P

_2

CD14 MC
CD16 MC
CD4 Naïve
CD4 Tm
CD8 CTL
CD8 Naïve
CD8 Tem
cDCs
Memory B
Memory CD4 T
Naïve B
NK
pDCs
Plasma
Platelets
γδ T

g h

i j

Beads Cells

Lysis

AAA

AAA

AAA

mRNA

Droplet

Quality control

Cell type mapping

Circulating immune cell landscape

Monocyte Lymphocyte Dendritic cell Platelet

3 nMG

2 MMS

3 HC

IST

Anova, p = 0.12

2.
5

5
7.

5
10

HC MG
MMS

Group

Pl
at

el
et

 P
er

ce
nt

ag
e 

(%
)

M
G

1

M
G

2

M
G

3

H
C

1

H
C

2

H
C

3

M
M

S
1

M
M

S
3

RPL41
HBA1
SERPINF2
APOA1
CD109
TLN1
TIMP1
ALDOA
B2M
ACTB
FTH1
TAGLN2
MYL6
H3F3A
THBS1
SELP
NRGN
PF4
CLU
SPARC
F13A1
PGRMC1
VWF
FGB
PLG
TMSB4X
OAZ1
PPBP
NCOA4
ORM1
CLEC3B
FN1
KNG1
A2M

group
QMG_score
MGFA MGFA

IIA
IIB
IIIB

QMG_score
2 0

1 2

group
MG
HC
MMS

-2

-1

0

1

2

HC

nGMG nOMG HC MMS
0

100

200

300

400

500

pl
at

el
et

co
un

ts

✱✱✱

✱✱

-15

-10

-5

0

5

-10 -5 0 5 1 0 1 5
UMAP_1

U
M

AP
_2 HC

MG
MMS

MG MMS

APP - CD74

CD40LG - (ITGA2B+ITGB3)

ITGB2 - CD226

PECAM1 - PECAM1

C
D

14
 M

C
 ->

 P
la

te
le

ts

C
D

16
 M

C
 ->

 P
la

te
le

ts

C
D

4 
N

aï
ve

 ->
 P

la
te

le
ts

C
D

4 
Tm

 ->
 P

la
te

le
ts

C
D

8 
C

TL
 ->

 P
la

te
le

ts

C
D

8 
N

aï
ve

 ->
 P

la
te

le
ts

C
D

8 
Te

m
 ->

 P
la

te
le

ts

cD
C

s 
->

 P
la

te
le

ts

M
em

or
y 

B 
->

 P
la

te
le

ts

M
em

or
y 

C
D

4 
T 

->
 P

la
te

le
ts

N
aï

ve
 B

 ->
 P

la
te

le
ts

N
K 

->
 P

la
te

le
ts

pD
C

s 
->

 P
la

te
le

ts

Pl
as

m
a 

->
 P

la
te

le
ts

γδ
 T

 ->
 P

la
te

le
ts

Commun. Prob.

m in

m a x

p-value

p < 0.01

APP - CD74
CCL5 - CCR1

CD48 - CD244A
CLEC1B - KLRB1

GP1BA - (ITGAM+ITGB2)
HLA-A - CD8A
HLA-A - CD8B
HLA-B - CD8A
HLA-B - CD8B
HLA-C - CD8A
HLA-C - CD8B
HLA-E - CD8A
HLA-E - CD8B

HLA-E - CD94:NKG2A
HLA-E - KLRC1
HLA-E - KLRK1
HLA-F - CD8A
HLA-F - CD8B

HLA-F - LILRB1
ITGB2 - CD226

JAM1 - (ITGAL+ITGB2)
LCK - (CD8A+CD8B1)
MIF - (CD74+CXCR4)

PECAM1 - PECAM1
PF4 - CXCR3

PF4V1 - CXCR3
SEMA4D - CD72

SEMA4D - PLXNB2
THBS1 - CD36
THBS1 - CD47

Pl
at

el
et

s 
->

 C
D

14
 M

C

Pl
at

el
et

s 
->

 C
D

16
 M

C

Pl
at

el
et

s 
->

 C
D

4 
N

aï
ve

Pl
at

el
et

s 
->

 C
D

4 
Tm

Pl
at

el
et

s 
->

 C
D

8 
C

TL

Pl
at

el
et

s 
->

 C
D

8 
N

aï
ve

Pl
at

el
et

s 
->

 C
D

8 
Te

m

Pl
at

el
et

s 
->

 c
D

C
s

Pl
at

el
et

s 
->

 M
em

or
y 

B

Pl
at

el
et

s 
->

 M
em

or
y 

C
D

4 
T

Pl
at

el
et

s 
->

 N
aï

ve
 B

Pl
at

el
et

s 
->

 N
K

Pl
at

el
et

s 
->

 p
D

C
s

Pl
at

el
et

s 
->

 P
la

sm
a

Pl
at

el
et

s 
->

 γ
δ 

T

Commun. Prob.

m in

m a x

p-value

p < 0.01

Oil

Article https://doi.org/10.1038/s41467-025-63750-2

Nature Communications |         (2025) 16:8779 4

www.nature.com/naturecommunications


Fig. 2 | PBMCs scRNA-seq revealed elevated platelet count inMG and validated
by peripheral blood laboratory test. a Overview of the scRNA-seq experiment:
PBMCswere isolated from threeHCand three nMGpatients, plus samples from two
of the aforementioned MG patients when they achieved MMS post-treatment.
b UMAP representation of scRNA-seq data illustrating the 16 cell types, including
CD8+ T cells (CD8 CTL), CD4+ effector T cells (CD4 Tm), natural killer cells (NK),
naïve B cells (Naïve B), CD8+ effectormemoryT cells (CD8Tem), naïve CD8+T cells
(CD8 Naïve), gamma delta T Cells (γδ T), naïve CD4+ T cells (CD4 Naïve), CD14+
monocytes (CD14 MC), memory B Cells (Memory B), platelets, memory CD4+
T cells (Memory CD4 T), conventional dendritic cells (cDCs), plasmacytoid den-
dritic cells (pDCs), CD16+ monocytes (CD16 MC), and Plasma cells. c Stacked bar
plot showing the relative abundanceof PBMCsubsets across nine samples. Eachbar
represents the proportion of identified cell clusters. d UMAP visualization illus-
trating the cluster abundance in PBMCs across three groups. The platelet cluster
(encircled) is prominently enlarged in the MG group. e Boxplot analysis of platelet
percentage by group, with statistical significance assessed via one-way ANOVA
(two-sided, p =0.12). The boxplot shows the minimum, first quartile, median, third
quartile, and maximum values. Dashed lines indicate the comparative percentage
of platelets in the samepatient pre- and post-treatment. fAheatmap showcases the
expression of genes related to platelet degranulation across the sample set.
g Across a larger MG patient cohort, peripheral blood tests confirmed that nGMG
patients (n = 65) exhibited higher platelet counts compared to HC (n = 25,
p =0.007) and MMS patients (n = 40, p =0.0001). No significant differences were

found between nOMGpatients (n = 25) and the other groups. Data are presented as
mean ± s.d., with individual biological replicates shown. P values were determined
using ordinary one-way ANOVA followed by Tukey’s multiple comparisons test.
Significance levels are denoted by asterisks: **p <0.01; ****p <0.0001. Non-
significant results are not depicted. h The Circos plot presents the predicted cell-
cell communication network, specifically mapping platelet-derived signaling to
various immune cell populations in the MG (left, red), HC (middle, blue), andMMS
(right, orange) groups. i, j Bubble plot visualization of platelet-mediated ligand-
receptor interactions in MG. Each bubble represents an interaction between pla-
telets and a specific immune cell type, with bubble color indicating the commu-
nication probability. The statistical inference method calculates communication
probability by comparing the observed ligand-receptor expression against a null
distribution generated through cell-label permutation, and assigns p values
accordingly. i depicts incoming signals received by platelets, while j represents
outgoing signals from platelets to other immune cells. The y-axis lists specific
ligand-receptor pairs involved in these interactions, providing insight into platelet-
driven immune modulation. PBMCs peripheral blood mononuclear cells, HC heal-
thy controls, MMS minimal clinical status, nGMG immunotherapy-naïve general-
izedmyasthenia gravis, nOMG immunotherapy-naïve ocularmyasthenia gravis, IST
immunological suppressive treatment, UMAP Uniform Manifold Approximation
and Projection, Commun. Prob communication probability. Source data are pro-
vided as a Source data file.
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Fig. 3 | Differential gene expression and pathway enrichment analysis in
washed platelets from nMG patients and healthy controls using bulk RNA
sequencing. a Volcano plot depicting DEGs in platelets between nMG and HC.
Upregulated genes (p ≤ 0.05, FC ≥ 1.2) are marked in red, downregulated
genes (p ≤ 0.05, FC ≤ −1.2) are marked in blue, and gray dots represent genes
with no significant change. Genes selected for clustering analysis met the
following criteria: 1 < max{log₂(FPKM + 1)} < 20. Statistical significance was
assessed using a two-sided t-test, and no adjustments were made for multiple
comparisons. b GO enrichment analysis of the upregulated DEGs, with sig-
nificant terms categorized under biological processes, cellular components,
and molecular functions. Statistical significance for the enrichment was
determined using Fisher’s Exact Test (two-sided) for each GO term, with p

values adjusted for multiple comparisons using Benjamini-Hochberg cor-
rection. c KEGG pathway enrichment analysis of the top 20 pathways asso-
ciated with the upregulated DEGs. Pathway enrichment was assessed using
Fisher’s Exact Test (two-sided), with p values adjusted for multiple compar-
isons using Benjamini-Hochberg correction. d GSEA showing enriched path-
ways in platelets from nMG patients, with color-coded curves indicating
significance (red: high enrichment, purple: low enrichment). e Classification
of TFs based on comparison with the HumanTFDB databases. FC fold change,
GO Gene Ontology, KEGG Kyoto Encyclopedia of Genes and Genomes, FPKM
fragments per kilobase of exon model per million mapped fragments, TF
transcription factor, DEGs differentially expressed genes, nMG
immunotherapy-naïve MG, HC healthy controls, MMS minimal clinical status.
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angles of laser light hitting the cells generate forward scatter (FSC) and
side scatter (SSC). FSC reflects cell size, while SSC reflects the internal
structural complexity or granularity of the cells. Therefore, we further
assess the size and morphological changes of nMG platelets by eval-
uating the FSC and SSC levels of free platelets. The gating strategy for
free platelets in peripheral blood flow cytometry is shown in Fig. 4f,
followed by analysis of FSC and SSC values for this population using
FlowJo software. The results show that nMG patients exhibit a sig-
nificant reduction in FSC (p = 0.0124) and SSC (p =0.0032) values
compared to the healthy group (Fig. 4g, h), indicating reduced cellular
size and complexity following the release of granular contents during
platelet activation. The SSC level in MMS patients is also significantly

lower than in the HC group (Fig. 4h; p = 0.0109). There are no differ-
ences in FSC/SSC between different genders (Supplementary Fig. 3d,
e) or APT subgroups (Supplementary Fig. 3f, g). The decrease in the
FSC and SSC observed in nMG platelets using flow cytometry is not
mirrored in the mean platelet volume (MPV) and platelet distribution
width (PDW) parameters obtained from routine blood tests (Supple-
mentary Fig. 2c, d). This divergence could be attributed to the fact that
MPV and PDW reflect the average volume and distributionwidth of the
platelet population as a whole, whereas FSC and SSC provide insights
into the size and internal complexity of individual platelets. The more
detailed single-cell level information provided by FSC and SSC could
explain their sensitivity in detecting subtle alterations not apparent in
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MPV and PDW measurements. Additionally, the higher sensitivity and
resolution of flow cytometry enable the detection of minute differ-
ences in cell size and internal structure, which might be overlooked in
standard blood tests.

To visually demonstrate the platelets’ morphological changes in
nMG, we conducted transmission electron microscopy (TEM) on
washed and purified platelets from four nMG patients, four MMS
patients, and four age- and sex-matched HC. Demographic informa-
tion is provided in Supplementary Table 7. Compared to platelets from
HC and MMS, nMG-derived platelets display pronounced morpholo-
gical deformation, including extended pseudopodia, as shown in
Fig. 4i. Quantitative analysis reveals that, on average, nearly half of the
nMG-derived platelets (44.6 ± 11.3%) exhibit various morphological
signs of activation, such asmultiple filopodia or lamellipodia, deviating
from the typical discoid shape. In contrast, the proportion of non-
quiescent platelets in the HC and MMS groups is 23.2 ± 6.5% and
23.7 ± 9.9%, respectively (Fig. 4j; MG vs HC, p = 0.0266, MG vs MMS,
p =0.0295). Furthermore, compared to platelets from HC groups,
platelets derived from nMG patients display increased presence of
PMPs per platelet count (Fig. 4k; p =0.0466), indicating increased
degranulation activity.

Collectively, these data substantiate the assertion that platelets
exhibit heightened activation in untreatedMG, as evidenced by altered
characteristics.

Consequences of activated platelets and aggregation with leu-
kocyte formation
To elucidate the interactions between activated platelets and leuko-
cytes, we utilize peripheral blood flow cytometry to simultaneously
stain total and subtypes of leukocyte andplatelet surfacemarkers. This
allows us to compare the proportions of platelet-leukocyte aggregates
(PLAs) in the peripheral blood of HC, nMG, andMMS patients. Clinical
information for the samples included is provided in Supplementary
Table 6. The gating strategy is illustrated in Fig. 5a. Activated platelets
in nMG patients exhibit enhanced interactions with leukocytes, form-
ing a greater number of PLAs (Fig. 5b) compared to HC (p =0.0034)
and MMS (p = 0.0002). No apparent correlation is observed between
PLAs and disease severity as quantified by QMG score (Supplementary
Fig. 4a; R = 0.26, p =0.15). To further explore the nature of these
aggregates, we examine different types of PLAs, including platelet-
neutrophil aggregates (PNAs), platelet-monocyte aggregates (PMAs),
and platelet-lymphocyte aggregates (PLyAs) among the three groups
(Fig. 5c–e). A significant increase in circulating PNAs is observed

among nMG patients compared to healthy donors (p = 0.0002)
(Fig. 5c, right), correlating directly with the intensity of disease mani-
festation (R = 0.46, p = 0.00084) (Fig. 5f). Following immunotherapy, a
discernible decline in these aggregates is observed post-MMS
achievement (p =0.0002) (Fig. 5c, right). No significant variations are
observed inmonocyte- and lymphocyte-platelet aggregates (Fig. 5d, e,
right). There are no differences in PLAs/PNAs between different gen-
ders (Supplementary Fig. 4b, c) and APT subgroups (Supplementary
Fig. 4d, e). Additionally, no significant correlations are found between
theproportions of PLAs, PNAs, and the percentageofCD62P+platelets
(Supplementary Fig. 4f, g). The gating strategy for PNAs, PLyAs, and
PMAs is shown in Supplementary Fig. 5a–c.

To explore PLA formation in MG following short-term immu-
notherapy, we assess PLAs frequency before and after intravenous
immunoglobulin (IVIg) treatment for 5 days. IVIg has a beneficial
therapeutic effect in MG exacerbations through multiple
mechanisms26. A comparative examination of six exacerbated MG
patients (clinical information is detailed in Supplementary Table 8)
withmoderate to severe symptoms (QMGscore9–24) before and after
IVIg treatment discloses a marked decrease in the percentage of PNAs
(p = 0.0032; Fig. 5g), preceding clinical improvement as assessed by
QMG score (before: 15.67 [10.01, 21.33], after: 15.5 [9.72, 21.28]). This
highlights the sensitivity of PNAs as an indicator of pathological state
shifts over conventional clinical metrics.

Collectively, our results indicate that PNAs correlate with disease
severity and decrease post-treatment in MG, suggesting a potential
role of platelet-neutrophil interaction in promoting inflammation.

Bidirectional activation between platelets and neutrophils
Previous studies indicate that platelets can induce neutrophil activa-
tion and the production of neutrophil extracellular traps (NET)6, and in
turn, NETs can further promote platelet activation27. To explore this
reciprocal interaction, we co-culture platelets with neutrophils or
neutrophil-derived NETs induced in vitro (experimental design is illu-
strated in Fig. 5h, top panel). Clinical details of the samples included
are provided in Supplementary Table 9. Our findings reveal that pla-
telets co-cultured with neutrophils from nMG patients (n = 7) exhibit
significantly higher activation levels compared to platelets co-cultured
with neutrophils from either MMS (n = 7) or HC (n = 7) groups (Fig. 5i;
Plt+nMG_Neu vs Plt+HC_Neu, p =0.0002; Plt+nMG_Neu vs Plt
+MMS_Neu, p <0.0001). Additionally, platelets co-cultured with nMG
neutrophil-derived NETs (n = 7) show enhanced activation compared
to those co-cultured with neutrophils fromMMSor HC groups (Fig. 5i;

Fig. 4 | Activation and functional characterizationof platelets in nMGpatients.
a Gating strategy for activated platelets and representative flow cytometry scatter
plots of CD62P+ platelet populations in nMG, HC, and MMS participants. The left
panel shows the initial gating of CD61+ events, followed by further analysis of
CD62P expression (right panels). b The percentage of CD61+CD62P+ platelets is
higher in the nMG (n = 50) group compared to HC (n = 20, p =0.0307) and MMS
(n = 35, p =0.0037) groups. c A significant increase of sCD40L levels was observed
in the nMG (n = 24) group compared to the HC group (n = 18, p =0.0264). No
significant difference was found between nMG and MMS (n = 18). d Positive asso-
ciation were observed between plasma sCD40L levels and QMG score (n = 24,
R =0.57, p =0.0034). e Influence of APT on the frequency of CD62P+ platelet in
nMG patients, with no significant difference observed (n = 9 for APT and n = 41 for
N-APT; p =0.216). f Representative flow cytometry scatter plot illustrating the
gating strategy for free platelets. The CD45−CD61⁺ population was identified as free
platelets, and the FSC/SSC parameters for this specific population were auto-
matically calculated using FlowJo software. g, h Comparative analysis of FSC and
SSC profiles of platelets from nMG (n = 50), HC (n = 20), and MMS (n = 35) partici-
pants, showing significant differences in platelet size and internal complexity (FSC:
nMG vs HC, p =0.0124; SSC: nMG vs HC, p =0.0032, nMG vs MMS, p =0.0109).
i Representative transmission electron microscopy images showing platelet mor-
phology in nMG, HC, andMMSgroups. Red arrows indicate plateletmicroparticles.
Scale bars: 2μm in the left column and 1μm in the middle and right columns. j For

eachpatient, we randomly selectedfivemicroscopicfields and counted thenumber
of non-spheroid platelets (platelets exhibiting signs of activation, such as filopodia
or lamellipodia, deviating from the typical discoid shape) and total platelets within
each field. The percentage of non-spheroid platelets was determined by calculating
the ratio of non-spheroid platelets to total platelets for each field, followed by
averaging the ratios across the five fields. The percentage of non-spheroid platelets
was increased in nMG patients (n = 4) compared to both HC (n = 4, p =0.0266) and
MMS (n = 4, p =0.0295) groups. k The PMP count per platelet was obtained by
calculating the PMPs/total platelet ratio for each field and averaging these values
across the five fields. The PMPs per platelet count were also increased in the nMG
group (n = 4) compared with HC (n = 4, p =0.0466). For (b, c, e, g, h, j, k), data are
presented as mean± s.d., with individual biological replicates shown. Statistical
significance was assessed using ordinary one-way ANOVA (two-sided), followed by
Tukey’s multiple comparisons test, except for (e), where an unpaired two-tailed
Student’s t-test was used. For correlation analysis in (d), two-sided Spearman’s rank
correlation was applied, and the regression line is shown with a shaded area indi-
cating the 95% confidence interval. Significance levels are denoted by asterisks:
*p <0.05; **p <0.01. Non-significant results are not depicted. nMG immunotherapy-
naïve MG, HC healthy controls, MMS minimal clinical status, ADL activity of daily
living, QMG score quantitative myasthenia gravis scores, FSC forward scatter, SSC
side scatter, APT antiplatelet therapy, Conc. concentration, PMPs platelet-derived
microparticles. Source data are provided as a Source data file.
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Plt+NETs vs Plt+HC_Neu, p =0.0111; Plt+NETs vs Plt+MMS_Neu,
p <0.0001). However, no significant difference in platelet activation is
observedwhenplatelets are co-culturedwith neutrophils orNETs from
nMG patients.

We further examine MPO-DNA levels following overnight culture
of neutrophils from different sources (experimental design is illu-
strated in Fig. 5h, middle panel). Neutrophils isolated from nMG

patients form significantly higher levels of NETs compared to those
from HC and MMS groups (Fig. 5j; nMG_Neu vs HC_Neu, p =0.0016;
nMG_Neu vs MMS_Neu, p = 0.0005). Upon expanding the sample size
(clinical information is provided in Supplementary Table 10), we also
measure MPO-DNA levels in plasma samples from different groups,
confirming that plasma fromMGpatients (n = 25) contains significantly
higher levels of NETs compared toHC plasma (n = 25) (Fig. 5k;MG_Neu
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vs HC_Neu, p =0.0016). Collectively, these results suggest that neu-
trophils from MG patients may contribute to platelet activation via
NETs formation.

Additionally, we assess the levels of MPO-DNA complexes in the
culture supernatant following co-culture of neutrophils with platelets
from nMG, MMS, and HC groups (experimental design is illustrated in
Fig. 5h, bottom panel). Clinical details of the samples included are
provided in Supplementary Table 9. The results indicate that platelets
from nMG patients (n = 7) significantly promote the release of more
NETs from neutrophils compared to platelets from HC patients (n = 7)
(Fig. 5i; Neu+nMG_Plt vs Neu+HC_Plt, p =0.0009). These findings align
with the observations of increased platelet activation in nMG patients.
Taken together, these results suggest that activated platelets play a
crucial role in further promoting neutrophil activation and NETs
release, establishing a bidirectional interaction between nMG-derived
platelets and neutrophils. Specifically, neutrophils from nMG patients
activate platelets via NETs formation, while activated platelets further
enhance neutrophil activation. This bidirectional activation may con-
tribute significantly to the perpetuation and amplification of systemic
inflammation in MG.

Moreover, we observe a trend toward suppression of platelet
activation by neutrophils in the MMS group compared to HC (Fig. 5i).
However, platelets from the MMS group do not exhibit a similar trend
in suppressing neutrophil-mediated NETs formation (Fig. 5l), sug-
gesting that neutrophils may exert a more pronounced influence on
platelet activation and phenotype than platelets have on neutrophil
behavior.

Platelets from MG patients promote Th1 and inhibit Treg cell
responses of human naïve CD4+ T cells in vitro
To elucidate the role of platelets in modulating the adaptive immune
response in MG, we investigate the interactions between platelets and
Tn cells through in vitro co-culture experiments. For precise assess-
ment and comparison across various samples, the proliferation and
differentiation rates of CD4+ T cells are normalized against the levels
observed in activated naïve CD4+ T cells (act.Tn) cultured without
platelets within the same experimental set. The cut-off value for
determining proliferation using CFSE is established using Tn cells not
stimulated by CD3/CD28 beads as a control.

Upon activation, platelets modulate CD4+ T cell function through
both direct contact and the release of soluble factors14,28,29. In our
in vitro assays, Tn cells activated with anti-CD3/CD28 beads exhibit

substantial aggregation and a proliferation rate of 69.8%± 20.8% over
3 days, yet without significant differentiation (Supplementary Fig. 6).
The introduction of platelets or their supernatants not only intensified
T cell proliferation but also modulates Th cell differentiation, under-
scoring the intricate role platelets play in Tn cell responses withinMG.

Furthermore, we compare the proliferation and differentiation of
CD4+ T cells after 3 days of direct co-culture with platelets versus
indirect co-culture (experimental setup is illustrated in Supplementary
Fig. 7), with stimulation using PMA (50 ng/mL) and ionomycin (1μg/
mL) in the presenceof BDGolgiStop™protein transport inhibitor prior
to harvesting CD4+ T cells. The gating strategy for proliferated and
TNFα/INFγ/IL17A/+Foxp3 CD4+ T cells is shown in Supplementary
Fig. 5d–h. We observe that the supernatant from the platelet cultures
exhibits a more pronounced effect in enhancing the proliferation of
CD4+ T cells compared to direct co-culture with platelets (p = 0.0490)
(Fig. 6a). In terms of cell differentiation, the platelet supernatant sig-
nificantly promotes the differentiation of CD4+ T cells into Th1 (IFNγ,
p =0.0388; TNFα, p =0.0087) (Fig. 6b, c) and Th17 (IL17A, p =0.0068)
(Fig. 6d) subgroups. However, no significant difference is observed in
the promotion of Treg (Foxp3) differentiation under both co-culture
conditions (Fig. 6e). These findings suggest that the regulatory influ-
ence of platelets on the proliferation and differentiation of CD4+
T cells is primarily mediated through a non-direct contactmechanism,
reliant on cytokine-mediated pathways. Additionally, the potential
impact of contact inhibition effects due to interactions among cell
surface molecules should also be considered14. In subsequent investi-
gations, we also compare the proliferation of T cells following a 3-day
co-culture with platelets in a non-contact setting at various ratios
(experimental setup is illustrated in SupplementaryFig. 8), as observed
throughCFSE staining. Flow cytometry results indicate that the ratioof
1:100 (T cells to platelets) notably enhances T cell prolifera-
tion (Fig. 6f).

Based on these findings, we select the 1:100 cell ratio for sub-
sequent experiments. Employing a non-contact co-culturemethod, we
utilize platelet supernatants to explore the effects of platelets from
different sources on the proliferation and differentiation of CD4+ T
cells. We compare the impact of overnight-cultured platelet super-
natants, derived from MG, HC, and MMS patients, on the Tn cell cul-
ture system (experimental setup is illustrated in Fig. 6g). Clinical
characteristics of platelets and CD4+ T cells co-culture samples are
shown in Supplementary Table 11. Microscopy analysis and quantifi-
cation of cellular aggregate diameters using ImageJ reveal that Tn cells

Fig. 5 | Platelet-leukocyte interaction increased in MG. a A representative flow
cytometry scatter plot delineates the identificationof PLAswithin theCD61+CD45+
population. b The dot plot comparison of the percentage of PLAs reveals a statis-
tically significant increase in PLAs amongMG patients (n = 50) compared to the HC
(n = 20, p =0.0034) and MMS group (n = 35, p =0.0002). c A pronounced upsurge
in circulating PNAs is observed in MG patients (n = 50) compared to HC (n = 20,
p =0.0002) and MMS group (n = 35, p =0.0002), with no significant changes
detected in the aggregates involving monocytes and lymphocytes with platelets
(d, e). f Positive correlation was observed between the percentage of PNAs and
QMG score (n = 50, R =0.46, p =0.00084). g Significant reduction in PNAs in MG
patients following treatment with long-term IST or short-term IVIg therapy (n = 6,
p =0.0032). h Schematic representation of experimental platelet-neutrophil co-
culture design. Top row: Plateletswere co-culturedwith neutrophils fromnMG,HC,
or MMS patients, or with neutrophil-derived NETs from nMG patients to assess
platelets activation. Middle row: Neutrophils from nMG, HC, orMMS patients were
cultured overnight to assess NETs formation. Bottom row: Neutrophils were co-
cultured with platelets from nMG, HC, or MMS patients to assess NETs formation.
i Quantification of platelet activation levels (normalized CD62P MFI) after co-
culture with neutrophils or NETs fromnMG, HC, orMMS patients (n = 7 per group).
Platelets co-cultured with nMG-derived neutrophils or NETs displayed significantly
higher activation levels than those co-cultured with neutrophils from HC or MMS
groups (n = 7 per group; Plt+nMG_Neu vs. Plt+HC_Neu, p =0.0009, Plt+nMG_Neu
vs. Plt+MMS_Neu, p <0.0001, Plt+HC_Neu vs. Plt+NETs, p =0.0258, Plt+MMS_Neu

vs. Plt+NETs, p =0.0002). jMPO-DNA complex levels in the supernatant following
overnight culture of neutrophils from nMG, HC, and MMS patients (n = 7 per
group). Neutrophils from nMG patients released significantly higher levels of NETs
compared to HC or MMS groups (nMG vs. HC, p =0.0016; nMG vs. MMS,
p =0.0005). k MPO-DNA complex levels in plasma samples from MG (n = 25), HC
(n = 25), and MMS patients (n = 10). Plasma from MG patients contained sig-
nificantly elevated NETs levels compared to HC plasma (p =0.0016). l MPO-DNA
complex levels in the supernatant following neutrophil co-culture with platelets
from nMG, HC, and MMS groups (n = 7 per group). Platelets from nMG patients
significantly promoted NETs release from neutrophils compared to platelets from
theHCgroup (p <0.0001). For (b–e,g, i, j–l), data are presented asmean± s.d.with
individual biological replicates. For correlation analysis in (f), two-sided Spearman’s
rank correlation was used, and regression lines are shown with shaded 95% con-
fidence intervals. Statistical significance was assessed by ordinary one-way ANOVA
with Tukey’s multiple comparisons test (b–e, i, j–l) or paired two-tailed Student’s t-
test. Significance levels are denoted by asterisks: *p <0.05; **p <0.01; ***p <0.001;
****p <0.0001. Non-significant results are not depicted. nMG immunotherapy-naïve
MG, HC healthy controls, MMS minimal clinical status, PLAs platelet-leukocyte
aggregates, PNAs platelet-neutrophil aggregates, PLyAs platelet-lymphocyte
aggregates, PMAs platelet-monocyte aggregates, QMG score quantitative myas-
thenia gravis scores, IST immunosuppressive therapy, IVIg intravenous immu-
noglobulin, NETs neutrophil extracellular traps, MFI mean fluorescence intensity.
Source data are provided as a Source data file.

Article https://doi.org/10.1038/s41467-025-63750-2

Nature Communications |         (2025) 16:8779 9

www.nature.com/naturecommunications


co-cultured with platelet supernatant from nMG patients formed sig-
nificantly larger aggregates compared to those cultured with platelet
supernatant fromHC andMMSpatients (Fig. 6h, i). This observation is
supported by flow cytometry analysis of CFSE Fluorescence attenua-
tion,which shows amarkeddifference in cell proliferation between the
groups (Fig. 6j). Statistical analysis reveals a significant increase in the
proliferation of CD4+ T cells in the presence of nMG platelet

supernatant, with statistical differences observed when compared to
the HC (p = 0.0008) and MMS (p =0.0105) groups (Fig. 6k). Further,
we assess the differentiation into various subpopulations by evaluating
the expression of IFNγ, TNFα, IL17A, and Foxp3 inCD4+T cells through
flow cytometry. The gating strategy is shown in Fig. 6l–o. The data
indicate that the proportion of IFNγ/TNFα+ T cells is significantly
higher in the group co-cultured with MG platelet supernatant
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compared to the HC group (IFNγ, p < 0.0001; TNFα, p =0.0412)
(Fig. 6p, q). In contrast, the expressionof Foxp3, associatedwith Tregs,
is significantly suppressed (p =0.0045) (Fig. 6r). In patients who reach
MMS following immunotherapy, the pro-inflammatory capacity of
platelets is notably reduced, with decreased levels of IFNγ (p <0.0001)
and TNFα (p =0.0431) (Fig. 6p, q), while Foxp3 associated with Treg
differentiation is elevated in the MG group (p =0.0021) (Fig. 6r).
Although the platelet supernatant from MG sources appears to pro-
mote the proportion of IL17A+ T cells, no statistically significant dif-
ferences are observed among the three groups (Fig. 6s).

These findings suggest that platelets may play a pivotal role in the
pathophysiology of MG, particularly in their interactions with Th cell
subsets. This could potentially enhance Th1 cell responses while con-
currently attenuating the differentiation of Treg cells, unveiling the
potential significance of platelets in the etiology of MG.

RANTES emerges as a pivotal factor in mediating the impact of
MG platelets on Tn cell functionality
To delineate the regulatory roles of platelets mediators in Th1/Treg
responses within T cells, neutralizing agents for PF4, RANTES, and
TGFβ1 are utilized, selected for their regulatory potential and physio-
logical relevance14,30–32. Platelet cultures from MG patients and HC are
pre-treated with these neutralizing antibodies. Following overnight
incubation, platelet supernatants are introduced into Tn cell culture
medium. Over 3 days of cultivation, the proliferation and differentia-
tion of Tn cells are evaluated (experimental setup is illustrated in
Fig. 7a). Clinical characteristics of co-culture samples are shown in
Supplementary Table 12. The results reveal that RANTESneutralization
significantly suppressed Tn cell proliferation in both nMG and HC
groups (Fig. 7b Columns 1–2, Fig. 7c). This treatment abrogates the
enhanced Th1 responses induced by platelets from nMG, while it does
not impact Tn cell factors in co-cultures with HC-derived platelets
(Fig. 7b Columns 3–4, Fig. 7d, e). Additionally, RANTES neutralization
seems to augment Th17 and Treg responses in Tn cells co-cultured
with platelets from both nMG and HC, although these effects are not
statistically significant (Fig. 7b Columns 5–6, Fig. 7f, g). In the co-
culture of platelet supernatants derived from HC, neutralization of
TGFβ1 and PF4 promotes T cell proliferation (Fig. 7c). However, this
neutralization does not significantly affect the secretion of Th1 cell
cytokines (Fig. 7d, e). In the co-culture of platelet supernatants from
nMG sources, PF4 neutralization appears to decrease the IFNγ/TNFα+

cell ratio, although this change does not reach statistical significance
(Fig. 7d, e).

Furthermore, cytokine analysis reveals that RANTES levels are
notably elevated in nMG patient-derived platelet culture supernatants
(Fig. 8a; compared with HC: p =0.0476; compared with MMS:
p =0.0481), co-cultures (Fig. 8b; compared with HC: p =0.0055), and
plasma (Fig. 8c; compared with MMS: p = 0.0107). RANTES levels of
plasma (R =0.5, p =0.013) and culture supernatants (R =0.63,
p =0.0095) in MG patients correlate positively with the QMG score
(Fig. 8d, e). Similarly, compared with the HC group, sCD40L levels in
MG patient-derived platelet supernatants (Fig. 8f; p =0.0264), co-
cultures (Fig. 8g; p = 0.0159), and plasma (Fig. 4c; p =0.0199) are
concurrently elevated. Intriguingly, a significant positive correlation is
observed between plasma levels of sCD40L and RANTES (Fig. 8h;
R = 0.47, p =0.021), and RANTES neutralization results in a decrease in
sCD40L levels (Fig. 8i; p = 0.0033) in CD3/CD28-stimulated platelet-Tn
cell co-cultures, indicating that the heightened plasma RANTES levels
might be attributed to platelet activation.

These observations suggest that RANTES may represent one of
the pivotal factors in the platelet supernatant responsible for mod-
ulating the inflammatory phenotype of T cells. Neutralization of these
cytokines, particularly RANTES, significantly alters the patterns of T
cell proliferation and differentiation induced by MG platelet
supernatant.

Discussion
In this study, we investigate the role of platelet activation in the
pathogenesis of MG. Our findings demonstrate dysregulated platelets
activation in MG patients, which correlates with disease severity and is
characterized by abnormal morphology, elevated activation markers,
and increased PLA formation. Notably, we identify a bidirectional
interaction between platelets and neutrophils, wherein neutrophils
fromnMGpatients induce platelet activation viaNETs formation,while
activated platelets further enhance neutrophil activation and NETs
release, perpetuating a pro-inflammatory loop. Additionally, we show
that platelets from MG patients modulate Tn cell function by pro-
moting Tn cell proliferation and enhancing Th1 cytokines (IFNγ and
TNFα) production, while simultaneously suppressing Treg differ-
entiation (Foxp3). Importantly, RANTES neutralization effectively
mitigates these effects, leading to reduced platelet activation and Th1
cytokine production. Collectively, these findings highlight platelet

Fig. 6 | Platelet influenceonTCell proliferation anddifferentiation.Tocompare
the proliferation and differentiation of CD4+ T cells, stimulation with PMA (50 ng/
mL) and ionomycin (1μg/mL) in the presence of BD GolgiStop™ protein transport
inhibitor was performed for 6 h prior to harvesting CD4+ T cells on the fourth day
of co-culture. Platelet supernatants, compared to direct co-culture (n = 18 per
group), significantly amplified the proliferation (a) and effector differentiation
(b–e) ofTn cells. A notable increase in the frequencies of proliferated (a,p =0.049),
IFNγ+ (b, p =0.0388), TNFα+ (c, p =0.0087), and IL17A+ (d, p =0.0068) CD4+
T cells was observed, indicating enhanced inflammatory potential. No significant
differences were observed in the frequencies of Foxp3+ CD4+ T cells (e). The
dashed line represents a baseline value normalized to act.Tndata (normalized to 1).
f In a separation-based co-culture assay, a platelet-to-Tn cell ratio of 1:100 sig-
nificantly potentiated the proliferative response of Tn cells, as demonstratedby the
dilution of CFSE intensity. g We selected the 1:100 cell ratio and employed a non-
contact co-culture method for subsequent experiments to compare the impact of
overnight-cultured platelet supernatants, derived fromMG,HC, andMMS patients,
on the proliferation and differentiation of Tn cells. Experimental groups include Tn
cells without anti-CD3/CD28 magnetic bead activation; Tn cells cultured alone
following activation with anti-CD3/CD28 beads; and activated Tn cells co-cultured
with supernatants from washed platelets derived fromMG, HC, and MMS patients,
at a cell-to-supernatant ratio of 1:100. h Representative Microscopy images show
that Tn cells co-cultured with washed platelet supernatants from nMG patients
(act.Tn + nMG_w.Ps, D3) formedmoreand larger cell aggregates compared to those
co-cultured with HC (act.Tn+HC_w.Ps, D3) and MMS (act.Tn+MMS_w.Ps, D3)

supernatants. Scale bar = 200 µm. The statistical analysis of aggregate diameter,
measured using ImageJ, is shown in (i; n = 14 for nMG group, n = 18 for HC group,
n = 16 for MMS group; nMG vs. HC, p <0.0001; nMG vs. MMS, p <0.0001).
j Corresponding flow cytometry analysis of CFSE fluorescence decay indicates a
significant enhancement in CD4+ T cell proliferation in the presence of nMG pla-
telet supernatants. k The CFSE subset percentages are shown for each condition,
demonstrating the highest proliferation in the nMG group (n = 17 for each group,
nMG vs. HC, p =0.0008; nMG vs. MMS, p =0.0105). Flow cytometry gating stra-
tegies for identifying IFNγ+ (l), TNFα+ (m), Foxp3+ (n), and IL17A+ (o) subsets
within the live CD3+ T cell population. Comparative analyses of normalized per-
centages across groups (n = 10 per group) show the relative abundanceof IFNγ+ (p)
(nMG vs. HC, p <0.0001; nMG vs. MMS, p <0.0001), TNFα+ (q) (nMG vs. HC,
p =0.0412; nMG vs. MMS, p = 0.0431), Foxp3+ (r) (nMG vs. HC, p =0.0045; nMG vs.
MMS, p =0.0021), and IL17A+ (s) CD4+ T cells upon co-culture with platelet
supernatants from various sources. For (i, k,p–s), data are presented asmean± s.d.
with individual biological replicates. Statistical significance was assessed by paired
two-tailed Student’s t-test (a–e) or ordinary one-way ANOVA with Tukey’s multiple
comparisons test (i, k, p–s). Notions of statistical significance are as follows:
*p <0.05; **p <0.01; ***p <0.001; ****p <0.0001; Non-significant results are not
depicted. nMG immunotherapy-naïve MG, HC healthy controls, MMS minimal
clinical status, Pro. proliferation, Tn cells naïve CD4+ T cells, act.Tn activated naïve
CD4+ T, w.P washed platelets, w.Ps washed platelet supernatant. Source data are
provided as a Source data file.
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Fig. 7 | Effects of cytokine neutralization on T cell proliferation and differ-
entiation. a Experimental group setup for the platelet cytokine neutralizing anti-
body experiment. Groups include Tn cells without anti-CD3/CD28 magnetic bead
activation; Tn cells cultured alone post-activation with anti-CD3/CD28 beads;
activated Tn cells co-cultured with supernatants from washed platelets derived
from MG or HC sources, pre-treated with anti-RANTES/PF4/TGFβ1 antibodies, at a
cell-to-supernatant ratio of 1:100. b Microscopy images reveal less pronounced T
cell clustering in conditions where RANTES is neutralized, compared to non-
neutralized environments (Column 1). Scale bar: 100μm. Corresponding flow
cytometry profiles demonstrate increased CFSE dilution, indicating suppressed
proliferation (Column 2). RANTES neutralization leads to a decrease in IFNγ+ and
TNFα+ T cell populations, indicating inhibition of Th1 polarization (Columns 3–4).
c Quantitative analysis shows that neutralization of TGFβ1 and PF4 in HC-derived
platelets enhances Tncell proliferation (n = 10per group) (IFNγ+T cell populations:
act.Tn+MG_w.Ps vs. act.Tn+MG_w.Ps+RANTES n.Ab, p <0.0001; TNFα+ T cell
populations: act.Tn+HC_w.Ps vs. act.Tn+HC_w.Ps+RANTES n.Ab, p =0.0278; act.Tn

+HC_w.Ps vs. act.Tn+HC_w.Ps+PF4 n.Ab, p =0.0067; act.Tn+HC_w.Ps vs. act.Tn
+HC_w.Ps+TGFβ1 n.Ab, p =0.022).d, eThe impact of neutralizing antibodies on the
frequency of IFNγ+ and TNFα+ T cells is shown (n = 10 per group), indicating that
neutralization of RANTES suppresses Th1 responses (act.Tn+MG_w.Ps vs. act.Tn
+MG_w.Ps+RANTES n.Ab, p =0.0064; act.Tn+MG_w.Ps vs. act.Tn+MG_w.Ps
+RANTES n.Ab, p =0.038), while TGFβ1 and PF4 neutralization do not significantly
affect Th1 response in either MG patient-derived or control groups. f, g The fre-
quency of IL17A+ and Foxp3+ Treg cells within Tn cell cultures is depicted,
demonstrating the effects of different neutralizing antibodies. For (c–g), data are
presented as mean± s.d. with individual biological replicates, and statistical sig-
nificance was assessed by ordinary one-way ANOVA with Tukey’s multiple com-
parisons test. Notions of statistical significance are as follows: *p <0.05; **p <0.01;
****p <0.0001. nMG immunotherapy-naïveMG, HC healthy controls, MMSminimal
clinical status, Pro. proliferation, Tn naïve CD4+ T, act.Tn activated naïve CD4+ T,
w.Ps washed platelet supernatant, n.Ab neutralization antibody. Source data are
provided as a Source data file.
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activation as a key contributor to MG-associated inflammation and
suggest a potential therapeutic target for modulating immune
dysregulation in MG.

Platelets originate from megakaryocytes (MKs) in the bone
marrow and, despite lacking a nucleus or DNA, inherit a full tran-
scriptome from their precursor cells. Under physiological condi-
tions, platelet gene expression and splicing remain remarkably stable
within individuals over time33. However, inflammatory stimuli can
trigger the release of platelets with a more complex transcriptomic
profile into the circulation. The active spliceosome inherited from
megakaryocytes (MKs) dynamically responds to inflammatory cues,
invading pathogens, or other stressors, leading to proteomic
diversification34,35. Our scRNA-seq analysis reveals a significant
upregulation of degranulation-related genes in peripheral blood
platelets of MG patients compared to HCs and post-treatment con-
ditions. Additionally, bulk RNA-seq highlights a profound shift in
platelet function in MG, characterized by heightened immune acti-
vation and metabolic reprogramming, indicative of extensive func-
tional remodeling. These findings underscore the critical role of
platelets in MG pathophysiology, aligning with previous studies
implicating platelet dysfunction in autoimmune disorders36. Jin
et al.37 identify significant differences in bone marrow-derived cell
populations in MG patients compared to HC using single-cell PBMC
analysis. This finding suggests a potential dysregulation of the bone
marrow microenvironment, which may contribute to the peripheral
expansion of functionally active platelets in MG. Given the emerging
recognition of platelets as central mediators of immune regulation
and inflammation, it is plausible that these hyperactive platelets

further amplify inflammatory cascades in MG, thereby exacerbating
disease pathology.

Our study reveals morphological alterations in MG platelets,
notably a reduction in cell size and heightened microparticle release,
which are aligned with the enhanced degranulation activity detected
through transcriptome analysis. Such changes, specifically the
decrease in size and granularity reflected by FSC and SSC, are indica-
tive of a platelet activation-dependent mechanism. Activation is char-
acterized by the release of intraplatelet calcium, leading to the actin-
myosin cytoskeleton activation. This process results in a transforma-
tion from the typical discoid shape to a spherical conformation with
lamellipodia extensions38, a pattern also observed in patients with
active SLE and chronic rheumatic disease, where diminished platelet
size correlates with microparticle formation and disease activity39–41.
Additionally, we observe that patients with a higher proportion of
CD62P-positive platelets tend to exhibit lower granularity, as indicated
by reduced platelet SSC measurements. This supports the notion that
smaller platelet size is associated with activation and degranulation
processes in autoimmune diseases.

Platelet activation triggers the translocation of CD62P from α-
granules to the membrane surface, facilitating aggregate formation
through binding to the high-affinity counter-ligand PSGL-1 on
leukocytes33. Given the high expression of PSGL-1 on neutrophils and
their substantial presence in peripheral blood42,43, PNAs emerge as a
key biomarker for disease severity in various autoimmune
disorders41,44–46. In MG, we observe a significant elevation in PNAs,
underscoring their involvement in disease pathology. Notably,
immunotherapy targeting MG effectively reduces platelet activation
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Fig. 8 | RANTES and sCD40L levels in platelet supernatants and co-cultures.
a RANTES levels were notably elevated in MG (n = 16) patient-derived platelet cul-
ture supernatants compared toHC andMMS groups (n = 10 per group;MG vsMMS
p =0.0481; MG vs MMS p =0.0476). b Co-culture supernatants show elevated
RANTES levels in MG patient-derived platelets co-cultured with Tn compared to
HC-derived platelets (n = 7 per group, p =0.0055). c RANTES levels in plasma were
elevated in MG patients (n = 24), with a significant increase observed compared to
the MMS group (n = 18; p =0.0187). No significant differences were detected
betweenMG and HC or between HC andMMS (n = 18 for HC). Positive correlations
were observed between QMG scores and RANTES concentrations in plasma
(d, n = 24) and platelet supernatants (e, n = 16). Correlations were assessed using
Spearman’s rank correlation (R =0.5, p =0.013 for plasma; R =0.63, p =0.0095 for
platelet supernatants). f sCD40L levels in MG (n = 16) patient-derived platelet
supernatants were significantly higher compared to the HC group (n = 10,
p =0.0264). g Co-culture supernatants also exhibit increased sCD40L levels in MG
patient-derived platelets co-cultured with Tn cells compared to HC-derived plate-
lets (n = 7 per group; p =0.0159). A significant positive correlation was observed

between plasma levels of sCD40L and RANTES (h, n = 24), suggesting a potential
regulatory relationship. Correlation was assessed using Spearman’s rank correla-
tion (R =0.47, p =0.021). i RANTES neutralization in CD3/CD28-stimulated platelet-
CD4+ T cell co-cultures (n = 11) led to a significant reduction in sCD40L levels
(p =0.0033), indicating that RANTES influences sCD40L secretion. For (a–c, f, g),
data are presented as mean± standard deviation (s.d.) with biologically indepen-
dent data points shown. For (i), data aredisplayed as individual biological replicates
with paired analysis. Statistical comparisons were performed using unpaired two-
tailed Student’s t-tests (a,g), one-tailedMann–WhitneyU test (b), ordinary one-way
ANOVA followed by Tukey’s multiple comparisons test (c, f), and paired two-tailed
Student’s t-test (i). In all correlation plots (d, e, h), regression lines are shown with
shaded 95% confidence intervals. Notions of statistical significance are as follows:
*p <0.05; **p <0.01. Non-significant results are not depicted. nMG immunotherapy-
naïve MG, HC healthy controls, MMS minimal clinical status, QMG score quantita-
tive myasthenia gravis scores, w.Ps washed platelet supernatant, Tn naïve CD4+ T,
Conc. concentration, n.Ab neutralization antibody. Source data are provided as a
Source data file.
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and consequently decreases PNAs, highlighting their potential as both
a disease marker and a therapeutic target. Mechanistically, in vitro
studies demonstrate that PNAs mediate platelet-driven modulation of
neutrophil chemotactic and cytotoxic functions25,47. In both in vitro
and immunocompromised mouse models, activated platelets interact
with neutrophils to enhance autophagy, characterized by granule
mobilization, enhanced proteolytic activity, prolonged cell survival,
and NETs formation45. Furthermore, platelet membrane molecules
such as GPIV, GPIIb/IIIa, and CD40L serve as synergistic stimulators of
neutrophil activation, exacerbating inflammation48. In contrast,
platelet-monocyte and PLyAs exhibit no significant alterations, sug-
gesting that neutrophils, rather than monocytes or lymphocytes, are
the predominant mediators of platelet-driven inflammation in MG.
This distinction likely stems from the pivotal role of neutrophils in the
inflammatory cascade, as they aremore readily activated and prone to
forming aggregates with platelets, particularly in systemic
inflammation49. Conversely, platelet interactions with monocytes and
lymphocytes may require more specific activation conditions to elicit
measurable effects50. Importantly, the dynamic interplay between
platelets and neutrophils appears highly responsive to the immuno-
modulatory effects of MMS therapy, further reinforcing the critical
role of neutrophils in MG pathogenesis.

Through further investigation into platelet-neutrophil interac-
tions, we identify a bidirectional and mutually reinforcing interplay
between these cells in the pathogenesis of MG. Notably, platelets co-
cultured with neutrophils from nMG patients exhibit a heightened
activation state comparable to that induced by direct exposure to
NETs, underscoring the pivotal role of NETs in platelet activation.
Moreover, significantly elevated levels of NETs were detected in both
the co-culture supernatant and plasma of nMG patients, further sub-
stantiating this association. These findings align with previous studies
that demonstrate NETs, by exposing pro-inflammatory molecules and
promoting platelet aggregation, contribute to an inflammatory
milieu51,52. Interestingly, compared to platelets from MMS or HC
groups, platelets from nMG patients exhibit an enhanced capacity to
induce NETs formation in neutrophils. This suggests that platelet
activation in MG potentiates neutrophil activation and NETs release,
which, in turn, further amplifies platelet activation. Such a positive
feedback loop may play a critical role in sustaining and exacerbating
systemic inflammation in MG, potentially driving disease progression.
Notably, while neutrophils from MMS patients exhibit a degree of
suppressive effect on platelet activation, MMS platelets did not reci-
procally suppress NET formation in neutrophils. This asymmetry sug-
gests that, within the MG pathophysiological process, the influence of
neutrophils on platelets may be more pronounced than the reverse
effect. Of course, Platelet activation is a complex process driven by an
array of surface receptors that respond to diverse stimuli6, with
neutrophil-mediated activation representing only one such mechan-
ism. In MG, platelet activation appears to be a secondary event fol-
lowing systemic immune-inflammatory responses. However, once
activated, platelets may further modulate both innate and adaptive
immune cells, thereby intensifying inflammation and perpetuating
disease progression.

Beyond the aforementioned cell membrane interactions gov-
erned by ligand-receptor dynamics, platelet activation also modulates
immune cell functionality via secreted soluble factors53. In our study,
we observe that platelets fromMGpatients significantly boost CD4+ T
cell proliferation and modulate Th1 and Treg cell responses in vitro.
Interestingly, the platelet supernatant proves more potent in pro-
moting Tn cell proliferation and differentiation than direct co-culture,
highlighting the significance of these soluble factors. While RANTES
neutralization dose not affect Th1 responses in platelet co-cultures
derived from healthy individuals, it considerably reduces such
responses in the MG patient-derived platelets group, aligning IFNγ/
TNFα+ T cell levels with those in Tn cells co-cultured with HC-derived

platelets. This variant impact on modulating immune responses
depending on the different platelet sources, and the elevated RANTES
levels in MG platelet cultures and plasma indicate its potential role in
fostering an inflammatory T cell phenotype in MG. Previous studies
show that RANTES interaction with the CCR5 receptor on T cells acti-
vates crucial pathways like JAK/STAT and AKT/mTOR, vital for T cell
responses54,55. The heightened expression of RANTES in MG patients’
thymus suggests its involvement in thymic inflammation and lym-
phocyte recruitment56. This is supported by the effectiveness of JAK2
inhibitors in experimental autoimmune MG, implicating a role for the
JAK/STATpathway inMGpathogenesis57. Given these observations, we
speculate that activated platelets in MG might trigger the JAK/mTOR
pathway in T cells via the RANTES-CCR5 axis, influencing the TFs
associated with T cell-mediated immunity in MG, whichmerits further
exploration.

While the MMS group demonstrates improvements in many
measures (e.g., platelet count, formation of PLAs) and does not show
statistically significant differences compared to the HC group, it is
possible that platelet activation states do not completely revert to the
HC phenotype due to residual disease activity or incomplete resolu-
tion of inflammation. Additionally, the treatments used in the MMS
group may directly or indirectly modulate platelet activation, leading
to persistent differences. In fact, we observe other indications sug-
gesting that MMS platelets have not fully returned to the normal
phenotype. For example, electron microscopy shows that MMS pla-
telets have a higher level of PMPs number per platelet (Fig. 4k), and the
NETs formed by neutrophils co-cultured with MMS platelets remain
slightly elevatedcompared toHCgroup (Fig. 5h). Furthermore, CD4+T
cell proliferation in the presence ofMMSplatelet supernatant is higher
than in the HC group (Fig. 6k). Taken together, these findings suggest
that platelets in theMMSgroupmay remainmildly activated or exhibit
a tendency for activation compared to HCs. This tendency may relate
to the potential for relapse in MMS patients and warrants further
investigation in future studies.

In conclusion, our investigation pioneers the examination of pla-
telet involvement in the mechanism of MG. We elucidate the pivotal
and previously unexplored role of activated platelets as central con-
tributors to MG pathogenesis, particularly through the mediation of
Th cell inflammatory responses. Our innovative findings reveal that
PNAs and cytokines from activated platelets hold promise as innova-
tive biomarker candidates for the development and prognosis of MG.
Further inquiries into the precipitators of platelet activation inMG, the
impact of platelet-derived molecules on disease progression, and the
identification of other critical ligands, in conjunction with RANTES,
that drive Th1 differentiation and Treg dysfunction, are anticipated to
deepen our understanding of MG pathogenesis. These investigations
may enhance our understanding of MG pathophysiology and inform
the development of targeted therapeutic approaches.

Methods
Study participants and sample collection
In this study, we enrolled 209 nMG, 119 patients in minimal manifes-
tation status (MMS) following treatment, and 114 age- and sex-matched
HCs. The sex of participants was recorded, and participants’ sex was
determined based on self-report. The participant screening and
enrollment process is illustrated in Fig. 1. For nMG and MMS patients,
they were recruited from the Department of Neurology at Xuanwu
Hospital, between June 2021 to October 2023. All patients were above
35 years old, with an average age of 53–55 years, as presented in the
supplementary tables. Patients were excluded based on the following
criteria: (1) non-AChR-MG; (2) less than 18 or more than 80 years old;
(3) history of malignant tumors (except thymoma) and other auto-
immune diseases; (4) pregnancy; (5) incomplete clinical data or
abnormal flow cytometry data. The diagnosis of MG was made in
accordance with international guidelines58. We collected data on sex,
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age, disease course, Myasthenia Gravis Foundation of America
classification23, MG subtypes (including GMG, ocular MG[OMG], and
thymus status), and laboratory data (including platelet count, neu-
trophil count, lymphocyte count, MPV, PDW, and serum antibody
assay). The QMG score was used to evaluate disease severity at the
time of enrollment and the therapeutic effect after immunotherapy
treatment. The HCs were selected from the hospital medical staff,
nurses, and their family members. All controls underwent thorough
medical examinations to rule out any autoimmune diseases, cancer,
chronic infections, and other underlying health conditions.

The first cohort was utilized for the 10× genomics scRNA-seq,
including three HCs and three GMG who had not yet commenced
immunosuppressive therapy. These three patients received corticos-
teroids and/or immunosuppressant for treatment, with two of them
achieving andmaintainingMMS. These two patients (nMG1 and nMG3)
underwent scRNA-seq again to analyze the overall cell proportional
and transcriptional changes related to MG disease activity. The vali-
dation cohort was used for bulk RNA sequencing, laboratory data
analysis, flow cytometry analysis, morphological examination, and
functional assays, comprising age- and sex-matched HCs (n = 111),
newly diagnosed nMG (n = 201), andMGpatients who reachedMMSor
better (n = 119). Detailed patient demographics and clinical char-
acteristics are outlined in Supplementary Tables 1 and 3–12.

All uses of human material were approved by the Ethics Com-
mittee of Xuanwu Hospital, Capital Medical University (Approval No.
2017084). Participants provided written informed consent to partici-
pate in the study before taking part. Healthy volunteers disclosed not
taking any medication during the 2 weeks prior to blood sampling.

10X Genomics single-cell sequencing of peripheral blood
mononuclear cells
For each participant, 6mL of venous blood was drawn into tubes
containing EDTA as an anticoagulant and promptly transported to the
laboratory under refrigerated conditions. PBMCs were then isolated
from these samples utilizing density gradient centrifugation via Ficoll-
Paque medium (Dakewe, 7111011). This was followed by three succes-
sive washes in 0.04% BSA DPBS, ensuring thorough cleansing. Cell
viability was ascertained to be in excess of 95% using the Countess® II
Automated Cell Counter. For each sample, cell suspensions were
calibrated to contain approximately 13,000 cells.

Single-cell RNA sequencing libraries were constructed using
Chromium Single Cell 5′ Reagent Kits v3 (10x Genomics), following the
manufacturer’s guidelines. The libraries, consisting of paired-end
reads with a length of 150bp, were sequenced on the NovaSeq 6000
(Illumina). Raw data of Fastq files underwent initial quality control,
with demultiplexing and alignment to the GRCh38 V3.0.0 human
reference genome, using the 10x Genomics Cell Ranger pipeline.
Unique molecular identifiers (UMIs) were mapped to genes, and bar-
codes were assigned to cells. Anchor-based integration was used to
harmonize single-cell data across multiple experimental conditions.
Aggregated data were further analyzed using Seurat (v3.1.2) in R
(v3.6.3). Secondary data filtering was performed, retaining genes
expressed in aminimumof three cells and cells expressing at least 200
genes. Cells expressing less than 500 or more than 3500 genes, or
those with over 7% of UMIs mapped to mitochondrial or ribosomal
genes, were excluded.

The expression data was followed by log-normalization and scal-
ing of single-cell transcriptome data to enable a thorough analysis. For
dimensionality reduction, we conducted Principal Component Analy-
sis employing the Seurat package, retaining 20 principal components
based on the Jackstraw method. For identification of cluster-specific
marker genes within transcriptional subpopulations, the FindAllMar-
kers function in Seurat was utilized, applying the Wilcoxon rank-sum
test. A p value threshold of <0.05 post-Benjamini-Hochberg False
Discovery Rate correction was set for statistical significance. The

identities of the clusters were manually annotated by leveraging
known marker genes, as cited in high-quality scRNA-seq
publications37,59, which are listed in Supplementary Table 13. The
results were visually rendered using the ggplot2 package (v3.4.2).
Beyond profiling cell-intrinsic states, scRNA-seq data were further
analyzed to infer cell-extrinsic signaling interactions. For this, we used
the CellChat package (v2.1.2) to explore platelet-associated inter-
cellular communication among MG, HC, and MMS groups. Default
settings were used to predict ligand-receptor interaction pairs, and
results were visualized using circle and bubble plots.

Bulk RNA sequencing of purified, washed platelets
Obtaining purified, washed platelets. Blood was collected in sodium
citrate tubes and used within 15min. Platelets isolation involved pro-
cessing 6mL of citrated blood immediately post-collection. The initial
centrifugation step (190 g, 20min, 22 °C) yielded platelet-rich plasma
(PRP), from which the upper 2/3 was collected. A fraction of these
sampleswas preserved at −80 °C for subsequent cytokine analysis. The
remaining PRP underwent further centrifugation (190 g, 10min, 22 °C)
in the presence of 0.1μg/mL prostacyclin I2 (PGI2) (MedChemExpress,
HY-A0126A). The secondary PRP was collected and re-spun (1,000 g,
10min, 22 °C), and the pellet obtained was resuspended in Tyrode’s-
HEPES buffer (Procell, PB180340) supplemented with 10μM indo-
methacin (MedChemExpress, HY-14397A) and 0.1μg/ mL PGI2. Finally,
the platelets were pelleted, resuspended in Roswell Park Memorial
Institute (RPMI) 1640 (HyClone, SH30027.01) culture medium at a
density of 1 ×108 platelets/mL, and maintained at RT for 30min to
allow the restoration of platelet responsiveness.

Bulk RNA seq. For bulk RNA sequencing, purified, washed platelets
were isolated from three nMG and three HC individuals. Full-length
cDNA and sequencing libraries were prepared using the Illumina
Smart-seq2 protocol60. The concentration of the amplified cDNA pro-
ducts was measured using the Qubit® 3.0 Fluorometer (Life Technol-
ogies, CA, USA). The fragment distribution of the amplified cDNA
samples was assessed using the Fragment Analyzer 1.0.2.9. The
libraries were then sequenced on the Illumina MiSeq platform to
generate 35-basepaired-end reads.Hisat2was used for read alignment,
and featureCounts v1.5.0-p3 was employed to quantify the number of
reads mapped to each gene. The fragments per kilobase of transcript
permillionmapped reads (FPKM) for each genewere calculated based
on gene length and the read count for each gene.

DEGs were identified using the DESeq2 R package (v1.16.1) with a
significance threshold of p < 0.05 and a fold change >2 or <−2. GO
enrichment analysis and statistical testing of DEGs in KEGG pathways
were performed using the clusterProfiler R package (v4.6.1). Addi-
tionally, GSEA was implemented with clusterProfiler to identify enri-
ched biological pathways.

Peripheral blood flow cytometry analysis
Peripheral blood flow cytometry analysis was utilized to evaluate the
expression of CD62P on platelets and the formation of aggregates.
Peripheral blood samples were collected through venipuncture at the
antecubital vein using siliconized vacutainers containing 3.8% sodium
citrate (1/10 volume) and processed within 15min. Whole blood sam-
ples underwent red blood cell lysis buffer (Solarbio, R1010) to remove
erythrocytes. The remaining leukocytes and platelets were washed in
phosphate-buffered saline (PBS) (Solarbio, P1020) with 1% BSA (Mil-
tenyi, 130-091-376) and resuspended for further analysis. Briefly, per-
ipheral blood samples were incubated with fluorochrome-conjugated
anti-human antibody mix, including FITC-labeled anti-CD62P (1:100
dilution; Biolegend, 304903), BV421-labeled anti-CD15 (1:50 dilution;
Biolegend, 323039), PE/Cyanine7-labeled anti-CD14 (1:300 dilution;
Biolegend, 325617), PerCP-labeled anti-CD45 (1:100 dilution; Biole-
gend, 368505), and PE-labeled anti-CD61 (1:100 dilution; Biolegend,
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336405), for 30min in the dark at room temperature (RT). After
staining, cells were washed in 1x PBS and acquired at BD FACSAria III
(BD Biosciences) using BD FACSDiva™ Software v8.0 (BD Biosciences).
Data were analyzed using FlowJo software v10.8.0 (TreeStar).

Morphological examination
TEM was employed to scrutinize the ultrastructural characteristics
of platelets directly isolated from whole blood of individuals with
MG, HC, and MMS, as described in “Obtaining purified washed pla-
telets.” For this analysis, purified platelet cell pellets were collected
and fixed with 4% paraformaldehyde (Solarbio, P1110) at 4 °C for a
duration of 2 h. Subsequent to fixation, the pellets underwent a
series of washes with PBS (Solarbio, P1020) at pH 7.2, three times,
each for 10min. For further fixation, 1% osmium tetroxide was
employed at 4 °C for 2 h, followed by triple rinsing with distilled
water, with each rinse lasting for 10min. A graded dehydration
process was implemented using ethanol (General Reagent,
P3223264) concentrations of 50%, 70%, and 90%, for 10min at each
concentration, followed by dehydration in 100% ethanol twice, each
for 15min. The samples were then subjected to two 15-min exchan-
ges in propylene oxide (HUSHI, 80059118), followed by infiltration
with amixture of propylene oxide and resin in ratios of 1:1 and 1:4 for
1 h each, and finally in pure resin for 2 h. Embedding was carried out
using EPON 812 pure resin (SPI, 1280505), with polymerization
stages set at 45 °C, 60 °C, and 80 °C, each for a duration of 5 h.
Ultrathin sections of 90 nm were prepared and stained with uranyl
acetate (SPI-CHEM, 1121018) and lead citrate (Electron Microscopy
Sciences, 17800). Finally, cellular morphology was examined using a
JEM-1400 electron microscope.

To quantify the percentage of activated platelets and PMPs, blind
counting was independently performed by different researchers. The
final values were obtained by calculating the average from these
double-blind counts.

Platelet-neutrophil ex vivo interaction
Neutrophil isolation. Neutrophils were isolated using the CD66abce
MicroBeadKit (Miltenyi, 130-092-393) according to themanufacturer’s
protocol. Briefly, neutrophils were extracted from lysed whole blood
using Blood Cell Lysis Buffer (Solarbio, R1010), followed by positive
selection of CD66b-expressing cells with biotinylated anti-human
CD66b antibody (1:5 dilution). After incubation and washing, CD66b-
positive cells were enriched using anti-BiotinMicroBeads. The isolated
neutrophils, with a purity >95% confirmed by flow cytometry, were
suspended in RPMI-1640 medium at 1 × 106 cells/mL.

Platelet-neutrophil co-culture. To investigate the potential role of
platelet-neutrophil interactions in the pathogenesis of MG, we per-
formed platelet-neutrophil co-culture experiments. Isolated platelets
and neutrophils were co-cultured at a ratio of 100:1 in RPMI-1640
culture medium supplemented with 10% fetal bovine serum (FBS;
Gibco, 26170043) and 1% penicillin-streptomycin (Beyotime, C0222),
under standard conditions (37 °C, 5% CO2) for 24 h. The supernatants
were collected and stored at −80 °C for NETs detection.

In certain experiments, we extended our analysis to include co-
cultures of platelets with neutrophil-derived NETs to evaluate the
impact of NETs on platelet activation. Neutrophils from nMG patients
were cultured overnight at a concentration of 1 × 106 cells/mL. The
culture supernatant was collected by centrifugation at 300 × g for
10min, removing cell debris, resulting in the isolation of NETs. The
supernatant containing the NETs was then added to the platelet cul-
ture system. This approach allowed for the examination of the role of
NETs in modulating platelet activation.

Platelet activationassay. After 24 hof co-culture, cellswereharvested
for flow cytometric analysis to assess platelet activation. Platelets were

identified by the surface marker CD61 (PE-labeled anti-CD61; 1:100
dilution; Biolegend, 336405), and platelet activation was assessed by
measuring the mean fluorescence intensity (MFI) of the activation
marker CD62P (FITC-labeled anti-CD62P; 1:100 dilution; Biolegend,
304903). The level of CD62P expression, which is a well-established
marker of platelet degranulation and activation, was compared across
the different experimental groups to determine the extent of platelet
activation.

NETs detection. Plasma samples fromMG, MMS, and HC patients, as
well as platelet-neutrophil co-culture supernatants, were collected
for NETs analysis. MPO-DNA complexes, which serve as markers of
NET formation, were quantified, with an increase in their levels
indicating enhanced NET formation. To capture MPO-DNA com-
plexes, 5 µg/mL of anti-MPO monoclonal antibody (Proteintech,
22225-1-AP) was coated onto a 96-well plate and incubated overnight
at 4 °C. After blocking with 1% BSA, 100 µL of diluted serum was
added to each well and incubated at room temperature for 2 h on a
shaker. Following incubation, the plates were washed five times with
PBST (Solarbio, P1033). According to the manufacturer’s instruc-
tions, PicoGreen dsDNA Quantitation Reagent (Yeasen, 12641ES01)
was then added. The fluorescence intensity of the samples was
measured using a fluorometer with an excitation wavelength of
480 nm and an emission wavelength of 520 nm. The MPO-DNA
complexes in the samples were quantified using DNA standards for
semi-quantitative analysis.

Platelet-Tn ex vivo interaction
NaïveCD4T cell isolation. PBMCswere isolated as outlined in section
“10X genomics single-cell sequencing of peripheral blood mono-
nuclear cells.” Subsequently, naïve CD4+ T (Tn) cells were purified
using MojoSort™ Human CD4 Naïve T Cell Isolation Kit (Biolegend,
480041), following the manufacturer’s instructions. The isolated Tn
cells, with a purity >95% as verified by flow cytometry, were suspended
in RPMI-1640 medium at a concentration of 1 × 106 cells/mL.

Preparationofwashedplatelets andovernight culture supernatant.
To mitigate the potential impact of non-platelet-derived mediators
present in platelet-rich plasma or preservatives in platelet con-
centrates, washed platelets were utilized for the co-culture experi-
ments. Purifiedwashedplateletswereplaced in aCO2 incubator set at a
constant temperature. The supernatant was collected the following
day, with a portion allocated for co-culturing with Tn cells, and the
remainder was collected and centrifuged at 3000× g for 10min, fil-
tered with 0.22 μm filters (Sigma-Aldrich, USA), and stored at −80 °C
for cytokine analysis.

Co-culture experimental setup. Purified Tn cells were obtained and
pre-labeled using CFSE (Carboxyfluorescein Succinimidyl Ester)
staining as described in the CFSE Cell Division Tracker Kit (5 µM; Bio-
legend, 423801). The activation of Tn cells was induced using Dyna-
beads™ Human T-Activator CD3/CD28 for T Cell Expansion and
Activation (Gibco, 11161D; at a concentration of 1 × 106/mL). To pre-
cisely determine the optimal cell ratio and co-culture conditions
between Tn cells and platelets, washed platelets were prepared at
varying concentrations according to the Tn cells to platelets ratios
tested (1:10, 1:100, 1:500, and 1:1000) in a total volume of 200 µL. After
comparing the results of direct co-culture across different ratios, we
identified 1:100 as the optimal ratio for Tn cell activation and platelet
interaction. Using this ratio, we compared the effects of direct (phy-
sical contact) and indirect (supernatant-dependent) co-culture (Sup-
plementary Figs. 7 and 8).

In the formal experiments, a non-contact co-culture approachwas
adopted. Platelet supernatants collected after overnight incubation
were added to the Tn cell culture wells, with control groups
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established. The cellswere then incubated at 37 °C in 5%CO2 for 3 days,
during which cell aggregation and proliferation were monitored daily
under a microscope and documented through photography.

Stimulation and cell staining. On the fourth day of co-culture, the
supernatant was collected and centrifuged at 3000 × g for 10min,
filtered with 0.22 μm filters, and stored at −80 °C for subsequent
cytokine analysis. Fresh culture medium was added to the CD4+
T cells, followed by stimulation with Phorbol 12-myristate 13-acet-
ate (PMA, 50 ng/mL) and ionomycin (1 μg/mL) (Cell Activation
Cocktail; Biolegend, 423302) in the presence of BD GolgiStop™
protein transport inhibitor (BioLegend, 420701) for 6 h. After sti-
mulation, cells were transferred to EP tubes and subjected to a
magnetic field to attract magnetic beads, then moved to flow
cytometry tubes. The cells were washed, stained with Zombie dye
(1:500 dilution; BioLegend, 423105) to assess viability, and labeled
with PerCP-labeled anti-CD3 (1:100 dilution; BioLegend, 300427).
For intracellular cytokine staining, the cells were then treated with
Fix/Perm solution (Biolegend, 420801) and re-stained with PE/
Cyanine7-labeled anti-IFNγ (1:100 dilution; Biolegend, 502527), PE-
labeled TNFα (1:100 dilution; Biolegend, 502908), and Brilliant
Violet 421™-labeled IL17A (1:100 dilution; Biolegend, 512321). For
TF staining, the cells were treated with True-Nuclear™ Transcrip-
tion Factor Buffer Set (Biolegend, 424401) after surface staining
and re-stained with Alexa Fluor® 647-labeled anti-Foxp3 (1:200
dilution; Biolegend, 320013).

Flow cytometry analysis. Flow cytometry analysis was performed
using aBDFACSAria III cytometer (BDBiosciences). Following staining,
cells were acquired and analyzed using FlowJo software v10.8.0
(TreeStar). The proliferation and differentiation of T cells were quan-
tified as the percentage of proliferated or differentiated T cells and
normalized against anti-CD3/CD28 bead controls. The cytokine pro-
duction of CD4+ T cells (IFNγ, TNFα, IL17A) was assessed to evaluate
inflammatory responses, while Foxp3 expression was used to deter-
mine Treg differentiation.

Cytokine neutralization experiment. Washed platelets sourced
identically were seeded into 96-well plates at a concentration of
1 × 108/mL. Each well then received neutralizing antibodies target-
ing RANTES (Biolegend, 515502, 1ug/mL), PF4 (Sino Biological,
10874-RP01, 1:300 dilution), and TGF-β (Biolegend, 146703,
13.5 μg/mL), with corresponding control groups established. Sub-
sequently, the plate was incubated overnight in a CO2-regulated
incubator. The following day, the supernatant was collected; a
portion was utilized for co-culture with Tn cells, while the
remainder was collected and centrifuged at 3000 × g for 10min,
filtered with 0.22 μm filters, and stored at −80 °C for cytokine
analysis. The isolation of unstimulated Tn cells was carried out as
described in “Naïve CD4 T cell isolation,” with four replicate wells
established for each group. The collection of cells and preparation
of samples for flow cytometry were conducted in accordance with
the guidelines set forth in “Stimulation and cell staining” and “Flow
cytometry analysis.”

Detection of cytokines. Cytokines (RANTES and sCD40L) in cell cul-
ture supernatants and plasma were simultaneously measured using
LEGENDplexTM customed assay kit (Biolegend, San Diego, USA) and
the assay was performed in a V-bottom plate according to the manu-
facturer’s protocol. Following incubation and wash steps, data acqui-
sition was performed with BD FACSAria III (BD Biosciences) and
analyzed using the LEGENDplexTMData Analysis Software provided as
an online cloud-based program (Biolegend). The sensitivity of the
assay is provided in parentheses: RANTES (28.01 pg/mL) and sCD40L
(11.27 pg/ mL).

Statistical analysis
Data are presented as mean± standard error of the mean (SEM). Sta-
tistical analyses were conducted using GraphPad Prism 9 (GraphPad
Software, San Diego, CA, USA) and R software (v4.2.1). For the
assessmentof differences between twomatchedgroups, a paired t-test
was employed. The comparison between two independent groups was
performed using an unpaired Student’s t-test orMann−WhitneyU test.
For comparison of multiple groups, one-way analysis of variance
(ANOVA) was used, followed by Tukey’s honest significant difference
post hoc test. These tests were followed by corresponding multiple
comparisons tests. Correlation analysis was performed using Spear-
man’s rank correlation. A p value of less than 0.05 was considered to
indicate statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The scRNA-seq data generated in this study have been deposited in the
OMIX database under accession code OMIX006794 (https://ngdc.
cncb.ac.cn/omix/select-edit/OMIX011097). Source data for the figures
are provided with this paper. Access to the raw trial data is subject to
controlled access due to legal and ethical restrictions related to par-
ticipant privacy. Qualified researchers may request access by con-
tacting the corresponding author. Requests will be evaluated by the
institutional data access committee, and a response will be provided
within 30 days. Access will be granted upon signing a data use agree-
ment that limits the use of data to non-commercial, ethically approved
research purposes only. Source data are provided with this paper.
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