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Sepsis, the leading cause of morbidity, mortality and healthcare 
utilization in children worldwide, is characterized by a dysreg-
ulated inflammatory response to infection1. The incidence of 

sepsis varies substantially by age, peaking in early childhood2. The 
development of inflammation-related thrombocytopathy during 
sepsis is recognized as a significant event associated with increased 
severity of sepsis, leading to higher mortality3. Platelets have 
emerged as key inflammatory cells implicated in the pathophysiol-
ogy of sepsis4; however, their role in exacerbating severe sepsis has 
not been clearly defined.

Pyroptosis, a form of inflammation or infection-induced cell 
death, is critical for immunity5. Pyroptosis plays a pivotal role in 
the defense against viral and microbial infections6. Platelets have 
the necessary components for pyroptosis, including NOD-like 
receptors containing domain pyrin 3 (NLRP3) inflammasome, 
adaptor-apoptosis-associated speck-like protein (ASC), caspase 1 
and interleukin-1β (IL-1β)7,8. The NLRP3 inflammasome is impli-
cated in sensing intracellular danger signals in innate immunity 
and pathogenic inflammation9. During pyroptosis, activation of 
the NLRP3 inflammasome results in GSDMD-pore formation, 
cell swelling, and a burst of inflammatory cytokine and cytosolic 
content release. Of note, mitochondria, a source of reactive oxygen 
species (ROS) and mitochondrial DNA (mtDNA), have recently 
been implicated in inflammatory responses10,11. Ox-mtDNA is 

proinflammatory, participating in the formation of polymorpho-
nuclear neutrophil (PMN) NETs in autoimmune diseases12. NETs 
are described as a double-edged sword in innate immunity: they 
serve to defend against bacterial infection, and they produce pro-
inflammatory molecules that amplify the inflammatory response13. 
However, there is no direct evidence that platelet pyroptosis occurs 
in sepsis, and if present, whether it is involved in NET formation 
and the immune host response in severe sepsis.

Previous studies have suggested that an abundance of S100A8/
A9 (calprotectin, myeloid-related protein-8/14) protein is released 
from PMNs14 and NETs15 at the site of inflammation. Heterodimer 
S100A8/A9 is a molecular pattern associated with alarmin damage 
that is rapidly released from myeloid lineage cells upon stress or cell/
tissue damage, acting as a secondary amplifier of inflammation16. A 
recent study has demonstrated that a high plasma level of S100A8/
A9 at the early stage of sepsis is linked to a higher risk of death 
in patients with septic shock17. Moreover, S100A8/A9 is an endoge-
nous activator of TLR4, regulating the inflammatory cascade during 
sepsis16. Platelet TLR4 detects its ligands in blood, inducing platelet 
binding to adherent PMNs and the formation of NETs18. However, 
the interaction between S100A8/A9 and platelets in the develop-
ment of inflammation during sepsis remains unclear.

In the current study, we provide evidence for GSDMD-
dependent platelet pyroptosis in severe sepsis using platelet-specific 
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Gsdmd knockout (KO) mice. In severe sepsis, elevated S100A8/A9 
induces GSDMD-dependent pyroptosis via a TLR4/NLRP3 axis. 
Pyroptotic platelet-derived ox-mtDNA potentially promotes NET 
formation, which in turn contributes to platelet pyroptosis via  
the release of S100A8/A9, forming a positive feedback loop that 
exacerbates inflammation in severe sepsis.

Results
Cohort features and proteomic analysis of septic platelets. On 
retrospective examination of the electronic medical records of 
patients with sepsis (n = 37), severe sepsis (n = 22) and septic shock 
(n = 34) and healthy subjects (HS; n = 75), we found that children 
with severe sepsis/septic shock had moderate/severe complications 
(peripheral vascular, cerebrovascular, lung, liver, kidney and heart) 
and high mortality rates (14% and 50%) on admission (Fig. 1a and 
Supplementary Table 1). By contrast, patients with sepsis (without 
severe sepsis/septic shock) had few complications and low death 
rates after appropriate treatment (Fig. 1a). Plasma levels of proin-
flammatory cytokines (IL-1β, tumor necrosis factor-α (TNF-α) 
and interleukin-6 (IL-6)), procalcitonin and C-reactive protein in 
patients with sepsis, especially those in severe sepsis/septic shock, 
were significantly increased compared with the HS group (Fig. 1b 
and Supplementary Table 1). In addition, patients with severe sep-
sis/septic shock had evidence of thrombocytopathy (high mean 
platelet volume, high platelet distribution width and high platelet 
large cell ratio) and coagulopathy (high activated partial throm-
boplastin time, prolonged prothrombin time and low fibrinogen)  
(Fig. 1c, Supplementary Tables 1 and 2).

Platelet counts in patients with severe sepsis/septic shock were 
gradually increased after admission, but remained lower compared 
with the HS or sepsis (without severe sepsis/septic shock) groups 
(Fig. 1d). Based on the consistent features of severe sepsis/septic 
shock, and the difference from moderate sepsis, we focused on 
patients with severe sepsis (with or without septic shock), who are 
collectively referred to as ‘severe sepsis’ patients in the following 
context unless otherwise indicated. Collectively, these results sup-
port that the assessment of platelet counts and morphology closely 
correlate with inflammation and pathology severity in patients with 
sepsis. Key questions arise as to whether abnormal platelets could 
potentially offer an additional biomarker to assess sepsis severity in 
patients, and the role of platelets in exacerbating severe sepsis.

To identify platelet changes associated with severe sepsis, puri-
fied platelet (Extended Data Fig. 1a) samples from three patients 
with severe sepsis (with or without septic shock) and three HS were 
subjected to high-throughput proteomics analysis using data-inde-
pendent acquisition mass spectrometry (DIA-MS) (Fig. 1e). A total 
of 3,892 proteins were identified and 3,542 proteins were quantified 
across all the samples (see the source data for Fig. 1e,f). Among all 

the 185 differentially expressed proteins (DEPs), 160 were signifi-
cantly upregulated and 25 were downregulated in the sepsis group 
compared with HS (Fig. 1e). Pathway analysis of DEPs in platelets 
showed apoptosis (including pyroptosis (pyroptosis-related pro-
teins also have been classified into apoptosis)) and necroptosis 
pathways were significantly upregulated in patients compared with 
HS (Fig. 1f). Representative proteins related to different cell death 
signal pathways were displayed as a heatmap. Proteins involved in 
apoptosis (BAK, P = 0.002, among others) and autophagy (LAMP2, 
P = 0.034, among others) were increased (Extended Data Fig. 1b). 
Key pyroptosis-related proteins, including GSDMD (P = 0.007), 
were also increased in severe sepsis platelets (Fig. 1g). Because of 
the heterogeneity of platelets in patients with sepsis, fluorescence-
activated cell sorter (FACS) analysis was performed to delineate the 
type of cell death pathway that was primarily present in the sep-
tic platelets. As shown in Fig. 1h, 30.5% of platelets were apoptotic  
(caspase 3/7 positive), 2.2% were autophagic (LC3B positive) and 
51.2% were pyroptotic (caspase 1 positive). Platelet pyroptosis also 
ensued in sepsis, although mainly in severe sepsis (with or with-
out septic shock) (Extended Data Fig. 1c). These data demonstrate 
pyroptosis to be the predominant form of cell death in platelets 
from severe sepsis.

GSDMD-dependent pyroptosis ensues in severe sepsis platelets. 
Transmission electron microscopy (TEM) was used to determine 
the ultrastructure of platelets from patients with severe sepsis (with 
or without septic shock) and HS. First, platelets were treated with 
different cell death agonists in vitro to identify the features of dif-
ferent cell deaths by TEM (Extended Data Fig. 2a). In severe sepsis 
platelets (with or without septic shock), in addition to some features 
of apoptosis (Extended Data Fig. 2b), cell swelling, loss of cellular 
architecture, plasma membrane rupture and release of cytosolic 
contents, all characteristics of end-stage pyroptosis6 were found 
(Fig. 2a). Immunofluorescence showed that NLRP3 inflammasomes 
assembled with ASC in platelets from patients with severe sepsis 
(with or without septic shock) (Fig. 2b and Extended Data Fig. 3a).  
In addition, caspase 1 activation was significantly increased in plate-
lets from severe sepsis (with or without septic shock) compared 
with HS platelets (Fig. 2c,e). Consistent with the results of DIA-MS, 
activated GSDMD (cleaved GSDMD-N) was significantly increased 
in platelets from severe sepsis (with or without septic shock) com-
pared with HS platelets (Fig. 2d). Compared with HS, the level of 
platelet-derived IL-1β was significantly increased in platelets from 
severe sepsis (with or without septic shock) (Fig. 2f). These results 
suggest that platelet pyroptosis is activated in severe sepsis.

To further investigate the requirement of GSDMD for platelet 
pyroptosis, platelet-specific Gsdmd KO (Gsdmdfl/fl PF4-Cre) mice 
were produced by crossing Gsdmdfl/fl mice with PF4-Cre mice 

Fig. 1 | Cohort features and proteomic analysis of septic platelets. a, Pie charts showing mortality and complications in the HS (n = 75) and sepsis groups 
(sepsis, n = 37; severe sepsis without septic shock, n = 22; septic shock, n = 34). b, Boxplots showing the levels of IL-1β (HS, n = 53; sepsis, n = 15; severe sepsis 
without septic shock, n = 17; septic shock, n = 17), TNF-α (HS, n = 53; sepsis, n = 13; severe sepsis without septic shock, n = 15; septic shock, n = 18) and IL-6 
(HS, n = 53; sepsis, n = 15; severe sepsis without septic shock, n = 14; septic shock, n = 11). The boxes indicate the 25% quantile, median and 75% quantile. 
c, Violin plots showing the platelet parameters: mean platelet volume (HS, n = 75; sepsis, n = 37; severe sepsis without septic shock, n = 21; septic shock, 
n = 31); platelet distribution width (PDW) (HS, n = 73; sepsis, n = 37; severe sepsis without septic shock, n = 21; septic shock, n = 30); and high platelet large 
cell ratio (P-LCR) (HS, n = 75; sepsis, n = 37; severe sepsis without septic shock, n = 21; septic shock, n = 31) among sepsis groups. d, Scatterplots showing 
platelet counts for sepsis, severe sepsis without septic shock and septic shock patients along the time (28 d) axis (sepsis, n = 37; severe sepsis without septic 
shock, n = 21; septic shock, n = 30). The dotted line indicates the lower limit of platelet counts for HS (150 × 109 to 399 × 109 per liter). e, Schematic diagram 
of the experimental design for DIA-MS (HS, n = 3; severe sepsis, n = 3). Volcano plot with significantly increased (red) and decreased (blue) expression of 
proteins from the HS and sepsis groups. Fold change cutoff >2 and P value <0.05. f, Bar plots of the enriched GO biological processes, KEGG or Reactome 
terms of highly expressed genes from sepsis groups. g, Heatmap of representative proteins related to different cell death signal pathways in severe sepsis 
(with or without septic shock) and HS samples. h, Bar graphs displaying the percentage activation of caspase 3/7 (HS, n = 27; severe sepsis, n = 27), LC3B 
(HS, n = 15; severe sepsis, n = 15) and caspase 1 (HS, n = 27; severe sepsis, n = 27) in septic and HS platelets using FACS. Data were presented as mean ± s.d. 
or median with interquartile range. Statistical analysis was conducted using Kruskal–Wallis test and Dunn’s multiple comparisons test (b,c), and two-tailed 
Mann–Whitney test (h). PLT, platelet.
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(Extended Data Fig. 4a,b). The parameters and classic functions 
(platelet activation and thrombosis/hemostasis) of platelets were 
not significantly different between platelet-specific Gsdmd KO 
mice and Gsdmdfl/fl mice (Supplementary Table 3 and Extended 
Data Fig. 4c,d). After lipopolysaccharide (LPS) and Nigericin (NIG) 
treatment19 (used as classical pyroptosis stimuli), the morphologic 
features of rapid swelling and membrane rupture were observed 
in platelets from the littermate controls, but were absent in the 
Gsdmd KO platelets (Fig. 2g and Supplementary Videos 1 and 2). 
Moreover, to assess the role of GSDMD in platelets pyroptosis in 
vivo, Gsdmdfl/fl PF4-Cre mice and Gsdmdfl/fl mice were subjected to 
the CLP-induced sepsis murine model. Swollen ruptured platelets 
with release of contents were observed via TEM in Gsdmdfl/fl mice, 
but these changes were not seen in Gsdmdfl/fl PF4-Cre mice (Fig. 2h). 
These data suggest that GSDMD is required to trigger pyroptosis in 
septic platelets.

S100A8/A9 induces platelet pyroptosis via the TLR4 pathway. 
Consistent with previous studies20, S100A8/A9 was significantly 
increased in severe sepsis (with or without septic shock) (Extended 
Data Fig. 5a). Similarly, S100A8/A9 was also significantly elevated in 
CLP- or LPS-induced sepsis mice (Extended Data Fig. 5b,c). The per-
centage of pyroptotic platelets (activated caspase 1 positive) was posi-
tively correlated with the plasma levels of S100A8/A9 in severe sepsis 
(with or without septic shock) (Fig. 3a). Our in vitro result showed 
that NLRP3 inflammasomes were assembled with ASC in platelets 
treated with recombinant human S100A8/A9 (rhS100A8/A9) com-
pared with vehicle control (Fig. 3b and Extended Data Fig. 3b).  
Furthermore, activated caspase 1 (Fig. 3c) and GSDMD (Fig. 3d) 
were significantly increased in platelets treated with rhS100A8/A9 
compared with vehicle control. In vivo, recombinant mouse S100A8/
A9 (rmS100A8/A9) could induce platelet pyroptosis (activated  
caspase 1 positive platelets) like CLP (Extended Data Fig. 5d).

Having observed that S100A8/A9-induced platelet pyroptosis, 
we sought to identify candidate platelet receptors of S100A8/A9. 

S100A8/A9 can regulate cell function by binding to cell-surface 
receptors such as TLR4 (ref. 16), advanced glycation end products21 
and CD36 (ref. 22). To determine which receptor participates in 
S100A8/A9-induced platelet pyroptosis, we evaluated platelet 
pyroptosis in the presence of neutralizing antibodies for CD36, 
advanced glycation end products or TLR4. Platelet pyroptosis was 
significantly suppressed by anti-TLR4 antibody compared with with 
the other neutralizing antibodies and isotype control (percentage 
inhibition = 36.79, P = 0.0025) (Extended Data Fig. 6a). In addition, 
platelet activation was significantly inhibited by anti-CD36 anti-
body compared with that observed with other neutralizing antibod-
ies and isotype control (Extended Data Fig. 6b), which is consistent 
with a previous report22. Paquinimod (also known as ABR-215757) 
can prevent the binding of S100A9 to TLR4 (ref. 23). Blockade of 
S100A9 by Paquinimod significantly attenuated NLRP3 inflamma-
some formation (Fig. 3b and Extended Data Fig. 3b), the activation 
of caspase 1 (Fig. 3c) and GSDMD (Fig. 3d) in platelets.

To further determine whether TLR4 is involved in S100A8/
A9-induced platelet pyroptosis, platelets (wild type (WT) or global 
Tlr4 deficient (Tlr4−/−), no significant differences in the parameters 
of platelets) (Supplementary Table 4) were treated with rmS100A8/
A9. Compared with the vehicle group, activation of caspase 1 was 
significantly attenuated in Tlr4−/− platelets treated with rmS100A8/
A9 in vitro (Extended Data Fig. 7a). Furthermore, Tlr4−/− platelets 
were transfused into mice to determine TLR4 function in vivo. 
To monitor transfused platelet dynamics, purified platelets from 
Tlr4−/− or WT mice were transfused intravenously into a mT/
mG:PF4-Cre mouse24, where PF4-Cre drives membrane green 
fluorescent proteins (GFP) expression. After LPS treatment, a 
greater percentage of transfused Tlr4−/− platelets (GFP negative and 
CD41 positive cells) over total platelet counts (CD41 positive cells) 
were retained and detected compared with mice transfused with  
WT platelets (Extended Data Fig. 7b–d). NLRP3 inflammasome 
formation and activation of caspase 1 were significantly attenuated 
following Tlr4−/− platelet transfusion compared with transfusion 

Fig. 2 | GSDMD-dependent pyroptosis ensues in septic platelets. a, Representative low- and high-power TEM fields showing platelet ultrastructures from 
patients with severe sepsis (with or without septic shock) (n = 5) and HS (n = 5). Red arrowheads indicate swelling and rupture of the platelet plasma 
membrane during severe sepsis. The magnified TEM showed a swollen platelet that had ruptured (region around red arrow) and released its cellular 
contents. Scale bars, 1 μm and 500 nm. b, Colocalization of CD41 (green), ASC (red) and NLRP3 (blue) in platelets from severe sepsis (with or without 
septic shock) (HS, n = 8; severe sepsis, n = 8). Purple indicates overlap. Scale bars, 5 μm and 1 μm. c, Expression and quantification of pro-caspase 1 and 
activated caspase 1 in platelets from severe sepsis (with or without septic shock) (HS, n = 6; severe sepsis, n = 6). d, Expression and quantification of 
GSDMD and GSDMD N terminus proteins in platelets from severe sepsis (with or without septic shock) (HS, n = 6; severe sepsis, n = 6). e, FACS analysis 
of the activated caspase 1 in platelets from severe sepsis (with or without septic shock) (HS, n = 13; severe sepsis, n = 23). f, Expression of IL-1β in platelets 
from HS and sepsis groups (HS, n = 8; severe sepsis, n = 8). g, Live-imaging of platelets from Gsdmdfl/fl PF4-Cre mice and Gsdmdfl/fl mice induced by LPS 
(10 μg ml−1) and NIG (5 μM) for 20 min (n = 6). Scale bars, 10 μm. h, Representative TEM field of platelets from Gsdmdfl/fl PF4-Cre mice and Gsdmdfl/fl mice 
with or without CLP operation (n = 6). Scale bar, 1 μm. Data were presented as mean ± s.d. or median with interquartile range. Statistical analysis was 
conducted using unpaired two-tailed t-test (b–g), and Kruskal–Wallis test and Dunn’s multiple comparisons test (h). Sham, sham-operated mice.

Fig. 3 | S100A8/A9 induces platelet pyroptosis via the TLR4 pathway. a, Scatterplot displaying correlation of platelet pyroptosis (activated caspase 1 
positive platelets) with plasma levels of S100A8/A9 in severe sepsis (with or without septic shock) patients and HS (n = 49). r, correlation coefficient.  
b, Coexpression of CD41 (green), ASC (red) and NLRP3 (blue) in platelets (n = 6). Purple indicates overlap. Scale bars, 5 μm and 1 μm. c, FACS analysis and 
bar graphs displaying the caspase 1 activity of platelets (n = 6). d, Human platelets were treated with 1 μg ml−1 rhS100A8/A9 or 10 μM Paquinimod for 4 h, 
or LPS (10 μg ml−1) priming for 3.5 h and then NIG (5 μM) for 30 min. Expression and quantification of GSDMD and GSDMD N terminus in human platelets 
(n = 3). e,f, In the LPS-induced murine model, mice depleted of platelets were transfused with 1.2 × 107 purified platelets (200 μl, 6 × 1010 platelets per 
liter) from Tlr4−/− or WT mice (n = 6). Bar graphs show the percentage of NLRP3-ASC inflammasome (e) and caspase 1 activity (f). g, Boxplots displaying 
abundant mitochondrial ROS production in platelets from severe sepsis (with or without septic shock) (HS, n = 18; severe sepsis, n = 19). The boxes 
indicate the 25% quantile, median and 75% quantile. h, Bar graphs displaying caspase 1 activity in septic platelets by FACS analysis (n = 6). i, Bar graphs 
displaying mitochondrial ROS production in platelets (n = 6). Data were presented as mean (or fluorescence) ± s.d. Statistical analysis was conducted 
using two-tailed Pearson’s correlation test (a), two-tailed Mann–Whitney test (g), and one-way ANOVA and Tukey’s multiple comparisons test (b–f,h,i). 
LPS + saline, LPS-injected mice transfused with normal saline; LPS + Tlr4−/− PLTs, LPS-injected mice transfused with Tlr4−/− platelets; LPS + WT PLTs, LPS-
injected mice transfused with WT platelets; Paq, Paquinimod; PBS, PBS-injected mice; rhS100A8/A9 + Paq, platelets from HS treated with rhS100A8/A9 
and Paquinimod; rhS100A8/A9, platelets from HS treated with rhS100A8/A9; vehicle control, platelets from HS treated with HBSS.
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with WT platelets (Fig. 3e,f and Extended Data Fig. 7e,f). Taken 
together, our results suggest that TLR4 is required for S100A8/
A9-induced platelet pyroptosis.

Because mitochondrial ROS are activators of the NLRP3 
inflammasome25, we then assessed the mitochondrial function of 

septic platelets. Platelets isolated from severe sepsis (with or with-
out septic shock) patients exhibited mitochondrial dysfunction, as 
indicated by dissipation of the mitochondrial membrane potential 
(Δψm) (Extended Data Fig. 8a) and increased mitochondrial ROS 
production (Fig. 3g). Blockade of mitochondrial ROS production 
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with the mitochondrial-specific antioxidant MitoTempo signifi-
cantly attenuated induction of caspase 1 activity in septic platelets 
(Fig. 3h). Dissipation of Δψm and increased mitochondrial ROS 

production were observed in platelets treated with rmS100A8/A9 
in vitro (Fig. 3i and Extended Data Fig. 8b,c) and in vivo (Extended 
Data Fig. 8d,e); however, these changes were not found in Tlr4−/− 
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platelets (Extended Data Fig. 8). Our results suggest that mito-
chondrial ROS are required for the activation of caspase 1 and the 
NLRP3 inflammasome.

Pyroptotic platelets promote NET formation through ox-mtDNA. 
NET formation (as assessed by myeloperoxidase (MPO)–DNA 
complexes and double-stranded DNA (dsDNA)) was significantly 
increased in the plasma of patients with severe sepsis (with or with-
out septic shock) (Fig. 4a). NET formation was positively correlated 
with the percentage of pyroptotic platelets (activated caspase 1 posi-
tive platelets) in patients with severe sepsis (with or without septic 
shock) (Fig. 4b). When incubated with purified PMNs, pyroptotic 
platelets induced by either phorbol myristate acetate (PMA, used as 
a classical NET stimuli) or rhS100A8/A9, induced NET formation 
(DNA and MPO double-positive cells) with a concomitant increase 
in MPO–DNA complexes and dsDNA, compared with PBS-treated 
and resting platelet-treated groups (Fig. 4c,d), but not rhS100A8/A9 
alone (Extended Data Fig. 9a). In the case of equivalent cells, pyrop-
totic platelets could induce more NET formation than activated 
platelets (Extended Data Fig. 9b,c). Because S100A8/A9-induced 
platelet pyroptosis via TLR4 (Fig. 3), murine PMNs were incubated 
with rmS100A8/A9-treated murine platelets (WT or Tlr4−/−) to 
assess NET formation. rmS100A8/A9-induced Tlr4−/− platelets had 
significantly reduced NET formation compared with WT platelets 
(Fig. 4e,f). These results suggest that S100A8/A9-induced platelet 
pyroptosis contributes to NET formation.

Because ox-mtDNA participates in NET formation12, we won-
dered whether platelet-derived ox-mtDNA could induce NET for-
mation. First, we found that supernatants of rhS100A8/A9-induced 
platelets could induce NET formation (Extended Data Fig. 9a), 
indicating pyroptotic platelets may induce NET formation with-
out direct interaction with PMNs. Moreover, we found that levels 
of DNA 8-oxo-2′-deoxyguanosine (8-OHdG) were significantly 
increased in the supernatant of rmS100A8/A9-treated platelets 
(Fig. 4g), indicative of platelet-derived ox-mtDNA release. The 
increased DNA 8-OHdG was significantly attenuated in rmS100A8/
A9-induced Gsdmd KO platelets compared with controls (Fig. 4g). 
Furthermore, the ox-mtDNA level was significantly increased 
in the plasma of patients with severe sepsis (with or without sep-
tic shock) (Fig. 4h) and CLP-induced mice (Fig. 4i). Blockade of 
mitochondrial ROS with the mitochondrial-specific antioxidant 
MitoTempo significantly attenuated the increase in ox-mtDNA 
(DNA 8-OHdG) in S100A8/A9-induced platelets (Extended Data 

Fig. 9d). Moreover, NET formation (MPO–DNA and dsDNA) was 
also significantly decreased in S100A8/A9-induced platelets with 
MitoTempo (Extended Data Fig. 9e). These results suggest that 
S100A8/A9-induced platelet pyroptosis releases ox-mtDNA, which 
may induce NET formation in severe sepsis.

NETs induce platelet pyroptosis via releasing S100A8/A9. 
Consistent with previous studies14, S100A8/A9 was significantly 
increased in PMA- or rhS100A8/A9-induced pyroptotic plate-
let-induced NETs (Fig. 5a). To determine whether NET-derived 
S100A8/A9 induce platelet pyroptosis, murine platelets were incu-
bated with PMA-treated murine PMNs (WT or global S100a9 
deficient (S100a9−/−)). Immunofluorescence demonstrated pyrop-
totic platelets (caspase 1 positive cells) in the net structure of NETs  
(Fig. 5b and Extended Data Fig. 10a). Platelet pyroptosis, as indi-
cated by mitochondrial ROS, NLRP3 inflammasome and activated 
caspase 1, was significantly reduced when incubated with S100a9−/− 
PMNs compared with WT PMNs (Fig. 5c–f). These results suggest 
that NET-derived S100A8/A9 contributes to platelet pyroptosis.

GSDMD-deficient platelets ameliorate excessive inflammation. 
To address the role of GSDMD-dependent platelet pyroptosis in 
NET formation in severe sepsis, platelets isolated from Gsdmdfl/fl 
PF4-Cre mice and Gsdmdfl/fl mice were treated with rmS100A8/
A9 to induce pyroptosis, followed by incubation with murine 
PMNs. Incubation with rmS100A8/A9-treated Gsdmdfl/fl platelets 
induced NET formation, as indicated by DNA and MPO double-
positive cells, but this was not observed in the Gsdmdfl/fl KO plate-
lets (Fig. 6a). Moreover, NET formation was also significantly 
decreased in rmS100A8/A9-induced Gsdmd KO platelets (Fig. 6b).  
In vivo, NET formation in Gsdmdfl/fl PF4-Cre mice was signifi-
cantly attenuated by CLP compared with Gsdmdfl/fl mice (Fig. 6c,d).  
After 6 h of CLP, plasma levels of heterodimer S100A8/A9 were 
significantly increased in Gsdmdfl/fl mice, and significantly 
reduced in Gsdmdfl/fl PF4-Cre mice (Fig. 6e). Consistent with 
the patient results (Fig. 1b), the proinflammatory cytokines in 
Gsdmdfl/fl mice were significantly increased by CLP, whereas they 
were significantly reduced in Gsdmdfl/fl PF4-Cre mice (Fig. 6f–h). 
Moreover, mortality in Gsdmdfl/fl PF4-Cre mice was significantly 
reduced by CLP compared with in Gsdmdfl/fl mice (Fig. 6i). Our 
results suggest that GSDMD-dependent platelet pyroptosis con-
tributes to NET formation, enhanced inflammation and mortality 
associated with severe sepsis.

Fig. 5 | NETs induce platelet pyroptosis via releasing S100A8/A9. a, S100A8/A9 released from NETs determined by ELISA (n = 5). b, Representative 
immunofluorescence images of pyroptotic platelets incubated with PMA-treated murine PMNs (WT or S100a9−/−). Cells were stained with Hoechst 
for DNA (blue), anti-MPO for PMNs or NETs (cyan), CD41 for platelets (red) and caspase 1 for pyroptosis (green). Scale bars, 25 μm and 5 μm. c, Bar 
graphs displaying mitochondrial ROS production in platelets cocultured with PMA-treated murine PMNs (WT or S100a9−/−) using FACS analysis (n = 5). 
d, Immunofluorescence analysis showing coexpression of CD41 (green), ASC (red) and NLRP3 (blue) in platelets cocultured with PMA-treated murine 
PMNs (WT or S100a9−/−) (n = 5). Purple indicates overlap. Scale bars, 5 μm and 1 μm. e, Quantified results for the NLRP3 inflammasome are shown. f, Bar 
graphs displaying the caspase 1 activity of platelets cocultured with PMA-treated murine PMNs (WT or S100a9−/−) by FACS analysis (n = 5). Data were 
presented as mean ± s.d. Statistical analysis was conducted using one-way ANOVA and Tukey’s multiple comparisons test (a,c,e,f).

Fig. 6 | GSDMD-deficient platelets ameliorate excessive inflammation. a, Immunofluorescence analysis showing NET formation induced by platelets 
from Gsdmdfl/fl PF4-Cre mice and Gsdmdfl/fl mice treated with S100A8/A9 (n = 5). Cells were stained with Hoechst for DNA (blue), anti-MPO for PMNs 
or NETs (red) and CD41 for platelets (green). Scale bars, 25 μm and 7.5 μm. b, Bar graphs displaying the levels of MPO–DNA and dsDNA in supernatant 
of rmS100A8/A9-induced platelets from Gsdmdfl/fl PF4-Cre mice and Gsdmdfl/fl mice using PicoGreen fluorescent dye and MPO–DNA–ELISA, respectively 
(n = 5). c–h, In the CLP-induced sepsis murine model, levels of NETs, heterodimer S100A8/A9 and proinflammatory cytokines in plasma of Gsdmdfl/fl PF4-
Cre mice and Gsdmdfl/fl mice were detected using ELISA kits after 6 h. c,d, Bar graphs displaying plasma levels of MPO–DNA complexes (c) and dsDNA 
(d) in mice (n = 5). e, Bar graphs showing plasma levels of heterodimer S100A8/A9 in mice (Gsdmdfl/fl + sham, n = 7; Gsdmdfl/fl + CLP, n = 8; Gsdmdfl/fl 
PF4-Cre+sham, n = 8; Gsdmdfl/fl PF4-Cre+CLP, n = 6). f–h, Bar graphs showing plasma levels of IL-1β (f), TNF-α (g) and IL-6 (h) in mice (n = 5). i, Survival 
analysis of Gsdmdfl/fl PF4-Cre mice and Gsdmdfl/fl mice in CLP-induced sepsis model for 7 d (n = 11). Data were presented as mean ± s.d. Statistical analysis 
was conducted using one-way ANOVA and Tukey’s multiple comparisons test (b–h) and the log-rank (Mantel–Cox) test (i).
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Fig. 7 | Paquinimod ameliorates inflammation and improves survival. In the CLP-induced sepsis model, mice were given Paquinimod (10 mg per kg (body 
weight) per d) or PBS by oral gavage for 5 d (n = 6 mice per group). a, Bar graphs showing the plasma levels of heterodimer S100A8/A9 in mice. b,c, Bar 
graphs showing mitochondrial ROS production (b) and caspase 1 activity (c) in murine platelets using FACS analysis. d,e, Quantification of MPO–DNA (d) 
and dsDNA (e) in the plasma of mice was assessed using PicoGreen fluorescent dye and MPO–DNA ELISA kit, respectively. f–h, Bar graphs displaying the 
levels of IL-1β (f), TNF-α (g) and IL-6 (h) in plasma of mice. i, Survival analysis of mice with CLP-induced sepsis treated with Paquinimod for 5 d. Data were 
presented as mean (or fluorescence) ± s.d. Statistical analysis was conducted using one-way ANOVA and Tukey’s multiple comparisons test (a–h) or the 
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In addition to inflammation, development of thrombocyto-
penia during a septic episode is recognized as a significant event 
associated with multiple organ failure and increased mortality3. 
Upon admission, 60% of patients with sepsis in whom platelet 
counts remained low over 28 d developed into severe sepsis (with or 
without septic shock) (Fig. 1d), consistent with previous studies26. 
Gsdmdfl/fl PF4-Cre mice demonstrated a small but nonsignificant 
increase in platelet counts (Extended Data Fig. 10b), suggesting that 
GSDMD-dependent pyroptosis is not a major contributor to throm-
bocytopenia. Our data support a key role for GSDMD-dependent 
platelet pyroptosis in NET formation and inflammation in severe 
sepsis, but not in thrombocytopenia.

Paquinimod ameliorates inflammation and improves survival. To 
establish whether a platelet S100A8/A9–TLR4 axis may have thera-
peutic benefit for inflammation progression in severe sepsis, pharma-
cologic inhibition of S100A9 (Paquinimod) was introduced in mice 
with CLP-induced sepsis. In accordance with previous studies14,27, 
mice were given Paquinimod (10 mg per kg (body weight) per d) 
(or PBS) by oral gavage for 5 d in the CLP-induced sepsis model. 
Consistent with the result in patients (Extended Data Fig. 5a and 
Figs. 2e and 3g), we found that plasma S100A8/A9, mitochondrial 
ROS and caspase 1 activity were significantly increased in mice with 
sepsis, but significantly reduced in mice with sepsis and Paquinimod 
treatment (Fig. 7a–c). Administration of Paquinimod also signifi-
cantly reduced NET formation in the plasma of mice with sepsis  
(Fig. 7d,e), and significantly suppressed plasma levels of proinflamma-
tory cytokines (Fig. 7f–h). Compared with PBS-treated mice, admin-
istration of Paquinimod significantly increased the survival rate in 
mice with sepsis (Fig. 7i). Taken together, these results indicate that 
pharmacological inhibition of the S100A8/A9 with Paquinimod sup-
presses platelet pyroptosis, thereby ameliorating NET formation and 
inflammation, consequently leading to increased survival in sepsis.

Discussion
Sepsis is a time-critical emergency that can rapidly spiral into severe 
sepsis28. Thus, early recognition is required. The underlying mecha-
nisms for such rapid progression are poorly understood, leading to 
a lack of effective therapies. With the use of three different geneti-
cally modified murine models (Gsdmd−/−, Tlr4−/− and S100a9−/−), 
we now demonstrate that sepsis-derived S100A8/A9 induces 
GSDMD-dependent platelet pyroptosis via the TLR4/ROS/NLRP3/
caspase 1 pathway, leading to the release of ox-mtDNA to mediate 
NET formation. Furthermore, we find that NETs, in turn, release 
S100A8/A9 and accelerate platelet pyroptosis, forming a positive 
feedback loop, thereby amplifying production of proinflamma-
tory cytokines. GSDMD deficiency in platelets or pharmacological 
inhibition of S100A9 using Paquinimod can break this detrimental 
feedback loop, ameliorating excessive NET-mediated inflammation 
in severe sepsis (Fig. 8).

The first report of platelet pyroptosis in sepsis. Pyroptosis, a 
form of inflammatory cell death, has been well documented in 
different cell types of various diseases6,29. However, it remains 
uncertain whether pyroptosis ensues in platelets during sepsis. In 
CLP-induced sepsis, NLRP3 inflammasome was activated in plate-
lets and levels of IL-1β/IL-18 were significantly increased, which was 
associated with inflammation and multiple organ injury7. Moreover, 
NLRP3 inflammasome inhibition normalized these cytokine levels 
and prevented multiple organ injury30. A recent study indicated 
that the activated NLRP3 inflammasome may be involved in pri-
mary immune thrombocytopenia via the ROS–NLRP3–caspase 
1 pathway8. By contrast, another study suggested that human and 
mouse platelets did not express components (NLRP3, ASC, caspase 
1 or IL-1β) of the canonical pathways of inflammasome activation31, 
and the discrepancy may be due to the severity of different diseases. 
Thus, it is important to verify whether platelets have NLPR3 inflam-
masomes and if so whether platelet pyroptosis has a pathophysi-
ological role. Using DIA-MS, immunofluorescence and western 
blotting, we confirmed the expression of NLRP3, ASC and GSDMD 
in platelets. Furthermore, using platelet-specific Gsdmd KO mice, 
we provided direct evidence that GSDMD is a key component of 
platelet pyroptosis in sepsis (Fig. 2).

Our study demonstrates the importance of the S100A8/A9–TLR4 
signaling pathway in platelet pyroptosis during sepsis. By blocking 
TLR4 signaling with TLR4 antibody, Tlr4−/− platelet transfusion or 
Paquinimod, we suppressed platelet pyroptosis and improved the 
survival rate in mice with CLP-induced sepsis. A recent study also 
showed that S100A8/A9 mediated activation of aberrant PMNs and 
immune disorder through TLR4 in the pathogenesis of COVID-19 
(ref. 32). Although many studies have realized the important role of 
S100A8/A9 in sepsis33,34, the underlying mechanism was not clear. 
Here, we found the role of S100A8/A9 in platelet pyroptosis during 
severe sepsis via the TLR4 signaling pathway.

The clinical outcomes of pediatric severe sepsis, including 
excessive inflammation and thrombocytopenia, are major causes 
of mortality3. Our finding that substantial platelet pyroptosis 
leads to increased IL-1β release (Fig. 2f) is supported by recent 
studies showing that platelet-derived IL-1β mediates endothe-
lium permeability in dengue35, which amplifies proinflamma-
tory cytokine production in the plasma of patients with severe 
sepsis (Fig. 1b). However, in our cohort, the platelet counts in 
patients with severe sepsis remained low after admission (Fig. 1d). 
Thrombocytopenia in severe sepsis is caused by altered platelet 
production, hemophagocytosis, antibodies, disseminated intra-
vascular coagulation or platelet scavenging in the circulation due 
to platelet–leukocyte or platelet–pathogen interactions, vessel 
injury or desialylation36. A recent report suggested that elevated 
angiotensin II induced platelet apoptosis, leading to sepsis-asso-
ciated thrombocytopenia37. In our study, GSDMD-dependent 
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Fig. 8 | Platelet pyroptosis exacerbates NETs and inflammation. Sepsis-
derived S100A8/A9 induces GSDMD-dependent platelet pyroptosis via 
the TLR4/ROS/NLRP3/caspase 1/GSDMD pathway in severe sepsis. 
Pyroptotic platelets promote NET formation via ox-mtDNA, whereas NETs, 
in turn, lead to more platelet pyroptosis via release of S100A8/A9, forming 
a platelet pyroptosis–NET feedback loop.
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pyroptosis slightly reduced platelet counts, but was not a major 
contributor to thrombocytopenia in sepsis.

A positive feedback loop between platelets and NETs. Crosstalk 
between PMNs and platelets depends on cell-to-cell contact and 
secreted substances, which activate each other38. Activated plate-
lets have been shown to be potent activators of NETs by platelet-
derived high mobility group box 1, von Willebrand factor, platelet 
factor 4 and exosomes38,39. Clark et al. reported that platelet TLR4 
could induce robust PMN activation and NET formation to 
ensnare bacteria18, suggesting a bacterial trapping mechanism in 
severe sepsis. Another study has also indicated that platelet TLR4 
can trigger NET formation; histones 3 and 4 released from NET 
can, in turn, enhance platelet activation in a continuous loop40. In 
our study, using Tlr4 deficiency in platelets and pharmacological 
inhibition of S100A9 by Paquinimod, we demonstrated that plate-
let pyroptosis can ensue in severe sepsis via S100A8/A9–TLR4 
signaling. NETs have a key role in killing pathogens, although 
excessive formation of NETs might lead to tissue damage38,41. It has 
also been reported that NETs release S100A8/A9 (ref. 14). Here, 
we propose that activated platelets promote NET formation to 
kill pathogens during the early stage of sepsis. However, with the 
occurrence of platelet pyroptosis in the later stage of sepsis, exces-
sive formation of NETs exacerbates the inflammatory response 
(for example, release of S100A8/A9), which further induces plate-
let pyroptosis, forming a positive feedback loop between plate-
lets and NETs (Figs. 4–6). Our study provides an insight into the 
mechanism of S100A8/A9-induced platelet pyroptosis inducing 
NET formation in sepsis.

Therapeutic implications in severe sepsis. Rapidly dysregulated 
immune systems and prolonged excessive inflammation induce 
multiorgan failure and increased mortality42. Standard treatments 
require a combination of antimicrobial therapy, supportive care 
including fluid therapy, and/or vasoactive pressor medications1. 
Despite such therapies, 60% of our recruited patients with sepsis 
developed into severe complications, suggesting that alternative 
therapies are urgently needed for such severe sepsis. The potent 
disease-inhibitory effects of Paquinimod have been suggested for 
experimental models of autoimmune and inflammation disease43 
and for systemic lupus erythematosus44. Moreover, a recent study 
has suggested that inhibition of S100A9 with Paquinimod may 
reduce mortality and improve learning and memory performance in 
mice with sepsis45. We now provide an unusual mechanism involv-
ing a platelet pyroptosis positive feedback loop that contributes to 
the development of severe sepsis. In mice with CLP-induced sepsis, 
our results showed that administration of Paquinimod effectively 
suppressed platelet pyroptosis and NET formation, with a concomi-
tant reduction in inflammation, resulting in an improved survival 
rate (Fig. 7). Therefore, targeting the S100A8/A9–TLR4 pathway 
may provide adjunct therapy for inflammation progression in 
patients with sepsis. However, we should note that the reduction in 
inflammation induced by Paquinimod could also be via additional 
mechanisms (for example, inhibition of S100A9 by Paquinimod 
attenuated neuroinflammation and cognitive impairment via sup-
pressing microglia M1 polarization in CLP or LPS-induced sepsis 
survivor mice45) and requires further investigation.

In summary, S100A8/A9 induces GSDMD-dependent platelet 
pyroptosis via a TLR4/NLRP3 pathway in severe sepsis, which 
exacerbates NET formation via the release of ox-mtDNA. NETs, 
in turn, release S100A8/A9, thereby inducing platelet pyroptosis 
in severe sepsis (Fig. 8). This positive feedback mechanism con-
tributes to the amplification of inflammation following infection. 
Thus, assessment of platelet pyroptosis may serve as a diag-
nostic and prognostic tool for the progression of severe sepsis. 
Particularly in patients with severe sepsis and with substantial 

platelet pyroptosis, targeting S100A8/A9 or platelet-specific 
GSDMD may provide a much needed adjunct therapy.

Methods
Patient recruitment and isolation of human platelets. We recruited 93 pediatric 
sepsis patients (aged 0–18 years) and 75 age-matched HS, from Guangzhou 
Women and Children’s Medical Center, Guangzhou Medical University, China 
between November 2019 and August 2021 (Supplementary Table 1). According 
to guidelines from the Pediatric Sepsis Consensus Congress46, pediatric sepsis is 
defined as a suspected or proven infection caused by any pathogen or a systemic 
inflammatory response syndrome associated with a high probability of infection. 
The age-specific vital signs and laboratory variables of pediatric sepsis were 
divided into six distinct categories as listed in Supplementary Table 5 (ref. 47). In 
accordance with the clinical spectrum of severity, it encompasses sepsis (systemic 
inflammatory response syndrome in the presence of infection), severe sepsis 
(sepsis in the presence of cardiovascular dysfunction, acute respiratory distress 
syndrome or dysfunction of two or more organ systems) and septic shock (sepsis 
with cardiovascular dysfunction persisting after at least 40 ml per kg (body weight) 
of fluid resuscitation in 1 h). For subjects aged 18 and under informed consent 
was obtained from their parents or legal guardians. The study was approved by 
the Institutional Review Board of Guangzhou Women and Children’s Medical 
Center. Informed consent was obtained from each subject (Human Investigation 
Committee No. 2019-44102-1) and the human studies conformed to the principles 
set out in the World Medical Association Declaration of Helsinki.

After admission, all patients with sepsis were treated with antibiotics including 
cephalosporin, vancomycin and broad-spectrum penicillin. Venous blood samples 
were drawn from patients with sepsis when they were enrolled on the first day. 
Venous blood samples (3 ml) were drawn from HS and patients with severe sepsis 
using blood collection tubes containing 3.8% trisodium citrate (w/v). Briefly, 
platelet-rich plasma (PRP) was centrifuged at 250g at 25 °C for 15 min. PRP was 
then treated with 100 nM prostaglandin E1 (Sigma, catalog no. 745-65-3) and 
centrifuged at 1,000g for 5 min. After discarding the supernatant, the platelet 
pellet was washed and resuspended with 3 ml Hank’s Balanced Salt Solution 
(HBSS; Gibco, catalog no. 14025092). The purity of the platelet preparation was 
determined by FACS (BD FACSCanto; BD Biosciences) analysis using platelet 
markers (>90% fluorescein isothiocyanate (FITC) anti-human CD41a, 1:200;  
BD Biosciences, catalog no. 555466).

Animals and treatment. The Gsdmdflox/flox murine model used in this study was 
designed and developed by Shanghai Model Organisms Center, Inc. Briefly, 
the targeting construct was designed to flank exon 3 with loxP sites and a 
pGK-Neomycine-polyA cassette. The targeting vector was electroporated 
into C57BL/6J embryonic stem cells (ES), which were used to perform double 
drug selection with G418 and ganciclovir for screening the homologous 
recombination clones. ES clones with the correct homologous recombination 
were identified by PCR and confirmed by sequencing. Positive ES cell clones 
were expanded and microinjected into C57BL/6J blastocysts to generate 
chimeric offspring. Platelet-specific Gsdmd KO mice (Gsdmdflox/flox PF4-
Cre) were generated by crossing Gsdmd flox and PF4-Cre mice. Mice were 
genotyped using primers P8 (5′-AGGGCGTCAGATCTCATTACAG-3′) and P9 
(5′- TTCCCATCGACGACATCAGAGACT-3′).

The global S100a9-deficient (S100a9−/−) mouse model used in 
this study was designed and developed by Shanghai Model Organisms 
Center, Inc. Briefly, Cas9 messenger RNA was in vitro transcribed with 
the mMESSAGE mMACHINE T7 Ultra Kit (Ambion) according to the 
manufacturer’s instructions. Two single guide RNAs targeted to delete exons 
2–3 were in vitro transcribed using the MEGAshortscript Kit (Thermo 
Fisher Scientific, catalog no. B135410). One sgRNA targeted to intron 1 of 
gene S100a9 was 5′- CAGTGGCCAGAGACTAGGTCAGG-3′. The other 
sgRNA targeted to the 3′ downstream sequence of gene S100a9 was 5′- 
GGTTCTCACATGAATGGGAATGG-3′. In vitro transcribed Cas9 mRNA and 
sgRNAs were injected into zygotes of C57BL/6J mice, which were transferred to 
pseudopregnant recipients. The obtained F0 mice were validated by PCR and 
sequencing using the primer pairs: F (5′-TCAGATGCAAGGGGGAGAATG-3′) 
and R (5′-GGGGGTCACTTGATCTCTTTGGTC-3′). Positive F0 mice were 
chosen and crossed with C57BL/6J mice to obtain F1 heterozygous S100a9−/− mice. 
The genotype of the F1 mice was identified by PCR and confirmed by sequencing. 
Male and female F1 heterozygous mice were intercrossed to produce homozygous 
S100a9−/− mice.

Global Tlr4-deficient (Tlr4−/−) mice, mT/mG:PF4-Cre mice and WT mice 
were obtained from the Jackson Laboratory and backcrossed to C57BL/6 
mice. Genotyping was performed via PCR using standard methods. To block 
the S100A8/A9–TLR4 axis, 5-week-old mice were gavaged with Paquinimod 
(synonym: ABR-215757; 10 mg per kg (body weight) per d; MedChemExpress, 
catalog no. HY-100442) or PBS (HyClone, catalog no. SH30258.01) every 24 h 
over 5 d (n = six per group). To build a murine septic model, 5-week-old mice 
were induced by CLP with a 19-gauge needle. Briefly, the cecum was ligated at 
the designated position for the desired severity grade, and ligation of the ileocecal 
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valve was subjected to a single through-and-through puncture with a 19-gauge 
needle. Sham-operated mice underwent the same surgical procedure except for 
ligation and perforation of the cecum. To build the LPS-induced septic shock 
model, 5-week-old mice (n = 6 per group) were injected with a single dose of 
LPS (20 mg per kg; Sigma, catalog no. L4391). All mice (5 weeks old, male) were 
housed at a density of three per cage in a controlled environment at a constant 
temperature of 18–22 °C and a humidity of 55%–60% on a 12:12 h light/dark 
cycle. After acclimation for 7 d, mice were freely supplied with food and water 
every day. Procedures were approved by the Institutional Animal Care and Use 
Committee of Guangzhou Medical University (No. SYXK2018-266). All mouse 
experiments complied with the principle of animal protection, welfare, ethics and 
3R (replacement, reduce and refine).

Data-independent acquisition. Protein extraction and digestion. Protein extraction 
was performed as follows. Purified platelets were obtained from patients with 
severe sepsis and HS. Appropriate amounts of L3 lysis buffer (7 M urea, 2 M 
thiourea, 20 mM Tris–HCl, pH 8.0) without SDS were added to the samples, 
followed by 2 mM ethylenediamine tetra acetic acid (Amersco) and 1% protease 
inhibitor cocktail (Roche), and incubated on ice for 5 min. Dithiothreitol (10 mM ; 
Amersco) was then added. Samples were ground with a grinder (60 Hz, 2 min) 
and centrifuged at 25,000g for 15 min at 4 °C. Next 10 mM dithiothreitol was 
added, and the mixture was reacted at 56 °C for 1 h. Next, 55 mM iodoacetamide 
was added and reacted for 45 min in the dark at room temperature. Quantitative 
electrophoresis was then performed. The concentration of protein extract was 
measured using the Bradford assay48. The purity of the extracted proteins (10 μg) 
was verified and the proteins were separated by 12% SDS–PAGE, followed by 
Coomassie blue staining. For protein enzymatic digestion, 100 μg of protein per 
sample was digested with 2.5 μg of trypsin enzyme (protein/enzyme ration of 40:1) 
for 4 h at 37 °C. Finally, enzymatic peptides were desalted using a Strata X column 
and vacuum dried prior to MS.

Data-dependent acquisition (DDA) and DIA analysis by nanoscale liquid 
chromatography coupled to tandem mass spectrometry. All proteomic experiments 
were performed using an UltiMate 3000 UHPLC liquid chromatograph 
(Thermo Fisher Scientific). In accordance with previous studies49,50, the dried 
peptide samples were redissolved with a buffer comprising mobile phase A (2% 
acetonitrile, 0.1% formic acid v/v), centrifuged at 20,000g for 10 min at 4 °C. The 
supernatant from the samples was first enriched in the trap column and desalted. 
The supernatant from the samples was loaded onto a tandem column (150 μm 
internal diameter, 1.8 μm column size, 35 cm column length), and separated at a 
flow rate of 500 nl min−1 using the following effective gradient: 5% mobile phase 
B (98% acetonitrile, 0.1% formic acid v/v) at 0–5 min; increase in mobile phase 
B from 5% to 25% at 5–120 min; increase in mobile phase B from 25% to 35% at 
120–160 min; increase in mobile phase B from 35% to 80% at 160–170 min; 80% 
mobile phase B at 170–175 min; and 5% mobile phase B at 175–180 min.

For DDA analysis, LC separated peptides underwent nano-electrospray 
ionization and were injected into a tandem MS Q-Exactive HF X (Thermo Fisher 
Scientific) with DDA detection mode. The MS parameters were as follows: 1.9 kV 
ion source voltage; 350–1,500 m/z scan range, 120,000 resolution, 100 ms maximal 
injection time (MIT), 3 × 106automatic gain control (AGC) target. The high 
collision energy desolation coupled to tandem mass spectrometry parameters were: 
28 collision energy normalized collision energies; 30,000 resolution, 100 ms MIT, 
1 × 105 AGC target, 30 s dynamic exclusion duration, isolation window 2.0 m/z. 
For DIA analysis, the same nano-LC system and gradient was used as for the DDA 
analysis. The main settings were: MS 400–1,250 m/z scan range; 120,000 resolution, 
50 ms MIT; 3 × 106 AGC target, 45 loop count (400–1,250 m/z). For high collision 
energy desolation coupled to tandem mass spectrometry, fragment ions were 
scanned in Orbitrap, 30,000 resolution, automatic MIT, 1 × 106 AGC target, 45 loop 
count, 30 s dynamic exclusion duration, stepped normalized collision energies: 
22.5, 25, 27.5.

DIA-MS data analysis. The spectral library was generated from MaxQuant 
(v.1.5.3.30)51 DDA search results using Spectronaut with default settings. With 
the established spectral library, the acquired DIA data were processed and 
analyzed by Spectronaut (12.0.20491.14.21367)52, with retention time prediction 
type set to dynamic indexed retention time, decoy generation set to scrambled, 
peptide and protein level Q-value cutoff set to 1% and normalization strategy 
set to local normalization. The precursor level of the Spectronaut normal report 
was exported, and downstream data processing including log-transformed 
intensities, median normalization across conditions and protein summarization 
were performed using MSstats53. Based on the preset comparison groups, the 
mixed linear model in MSstats R package (v.3.2.1) was employed to assess DEPs 
(http://www.bioconductor.org/packages/3.2/bioc/html/MSstats.html). A DIA 
secondary fragment ion was used for the peak areas. A minimum of one unique 
peptide and at least three transitions per peptide were used to obtain the peak 
area. For bioinformatics analysis, identified proteins from platelets were annotated 
and classified into pathways using the Gene Ontology (GO) database (2018 
version), Reactome database (2016 version) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) database (2019 version), respectively. Criteria of fold change 

>2 and P < 0.05 were used to determine statistically significant differences.  
A heatmap of all significant DEPs was performed using the Euclidean distance 
and hierarchical cluster.

TEM. To distinguish morphologic features of pyroptosis from apoptosis, platelets 
were examined by TEM. Platelets were fixed and stained as previously described54. 
The ultrastructural sections were examined with the TEM (Japan Electron Optics 
Laboratory, JEM-1400), followed captured with an Advantage CCD camera 
(MORADA, EMSIS) using RADIUS AII 2.2 (build 21230) software.

In vivo platelet depletion and transfusion assay. Blocking TLR4 signaling by 
transfusion of Tlr4−/− platelets into WT mice can be an effective method to verify 
the role of TLR4 in platelets during sepsis55,56. Briefly, before the experiments, 
5-week-old mice were injected intravenously at 5 μl per mouse with rabbit anti-
mouse thrombocyte polyclonal antibody (Mybiosource, catalog no. MBS524066) 
or normal saline (200 μl). After 24 h post ablation, blood samples (approximately 
0.8 ml) were directly obtained from the right cardiac ventricle into 3.8% trisodium 
citrate in mice. The obtained blood samples were diluted with an equal volume of 
HBSS buffer. PRP was centrifuged at 250g and 25 °C for 5 min. PRP with 100 nM 
prostaglandin E1 was recentrifuged at 1,000g for 5 min. After discarding the 
supernatant, the platelet pellet was washed and resuspended in 3 ml HBSS. In 
accordance with Xu et al.57, 1.2 × 107 purified platelets (200 μl, 6 × 1010 platelets 
per liter) were transfused intravenously into recipient mice. Tlr4−/− platelets and 
WT platelets were transfused intravenously into recipient mice, followed by LPS-
induced sepsis for 6 h (n = 6 per group). Mice were euthanized postinfection using 
chloral hydrate in PBS at a dose of 400–500 mg per kg (body weight), and then 
used for retro-orbital blood drawls. After finishing all experiments, mice were 
euthanized by CO2 asphyxiation. Platelet count in whole blood was measured using 
a hematology analyzer55 (Sysmex Corporation, XN-350).

To monitor transfused platelet dynamics, purified platelets were prepared and a 
total of 1.2 × 107 purified platelets (200 μl, 6 × 1010 platelets per liter) from Tlr4−/− or 
WT mice were transfused intravenously into mT/mG:PF4-Cre mice, in which PF4-
Cre drives membrane GFP expression in megakaryocytes and platelets, whereas all 
other cells are labeled with mT24. After depletion, platelet counts in mice transfused 
with WT or Tlr4−/− platelets were detected at 0, 0.5, 2, 4 and 6 h using a hematology 
analyzer and FACS stained with PE-Cy7 anti-mouse CD41 (Thermo Fisher 
Scientific, 1:200, catalog no. 25-0411-82).

Isolation of human and murine PMNs. Human PMNs were obtained with 
Ficoll Hypaque gradient centrifugation (δ = 10,771, Sigma), according to the 
manufacturer’s instructions. The red blood cell layer was then ablated by hypotonic 
lysis. Cell suspensions contained 95% PMNs, as determined by FACS (APC anti-
human CD66b antibodies; BioLegend, 1:200, catalog no. 305118). Murine PMNs 
were obtained with Ficoll Hypaque gradient centrifugation (δ = 1,090, Sigma), 
according to the manufacturer’s instructions. The red blood cell layer was then 
ablated by hypotonic lysis. Cell suspensions contained 90% PMNs, as determined 
by PE anti-mouse Ly6G (BioLegend, 1:200, catalog no. 127607) staining and FACS. 
Human and murine PMNs were washed in PBS and resuspended with RPMI 1640 
(in 2% FBS; Gibco, catalog no. 10099141C) and used for immunofluorescence assays.

NET formation and imaging assay. Purified human PMNs (2 × 105 per ml) 
were prestimulated with PMA (50 nM; Sigma, catalog no. P1585)58,59 that used as 
classical NET stimuli for subsequent assessments, resting platelets or pyroptotic 
platelets (1 μg ml−1 rhS100A8/A9-induced; BioLegend, catalog no. 753404) 
(0.04 × 105 per ml) for 4 h. To further confirm that pyroptotic platelets triggered 
NET formation, purified murine PMNs (2 × 105 per ml) were cocultured with 
resting WT platelets or with rmS100A8/A9-induced (1 μg ml−1; BioLegend, catalog 
no. 765506) Tlr4−/− platelets (0.04 × 105 per ml) for 4 h. Use of S100A8/A9 was 
determined according to previous studies14.

Measurement of NETs. MPO–DNA complexes and dsDNA in plasma of 
human/mice and medium supernatant were detected by anti-MPO polyclonal 
(biotin conjugated) primary antibody (Bioss, 1:500, bs-4943R-Biotin) with a 
Cell Death Detection enzyme-linked immunosorbent assay (ELISA) kit (Roche, 
11774425001)60 and Quant-iT PicoGreen dsDNA reagent (Invitrogen, catalog 
no. P7581) according to the manufacturer’s protocol. The data were presented as 
percent control ± s.d., arbitrarily set at 100%.

ELISA. Levels of S100A8/A9, IL-1β, TNF-α and IL-6 in human plasma 
(S100A8/A9, CUSABIO CSB-E12149; IL-1β, BOSTER EK0392; IL-6, CUSABIO 
CSB-E04638h; TNF-α, CSB-E04740h) or plasma from mice (S100A8/A9, 
CUSABIO CSB-EQ013485MO; TNF-α, CSB-E04741m; IL-6, CSB-E04639m; 
IL-1β, EK0394) were detected using ELISA kits according to the manufacturer’s 
instructions. To measure the release of IL-1β from septic platelets through pore 
formation, purified platelets (from HS and patients with sepsis, 500 μl, 1 × 108 
platelets per ml) were incubated at room temperature. After 12 h, IL-1β in the 
supernatant was measured using ELISA kits. DNA 8-OHdG was measured 
using a general 8-OHdG ELISA kit (Develop, dl-8-OHdG-Ge) according to the 
manufacturer’s instructions.
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Immunofluorescence. Platelets or PMNs were fixed and incubated with antibodies 
including anti-NLRP3 (Abcam, 1:100, catalog no. ab4207), anti-ASC (Novusbio, 
1:100, catalog no. NBP1-78978), anti-CD41 (Abcam, 1:200, catalog no. ab134131), 
Alexa Fluor 488 anti-mouse CD41 (BioLegend, 1:200, catalog no. 133908), Hoechst 
(Thermo Fisher Scientific, 1:3,000, catalog no. H3570), anti-myeloperoxidase 
(Genetx, 1:200, catalog no. gtx75318), anti-myeloperoxidase (Abcam, 1:200, 
catalog no. ab208670) and anti-histone H3 (citrulline R2 + R8 + R17, 1:200, 
Abcam, catalog no. ab5103) at 4 °C overnight. Secondary antibodies included Alexa 
Fluor 647-conjugated anti-goat antibody (Abcam, 1:200, catalog no. ab150135), 
Alexa Fluor 647-conjugated anti-rabbit IgG antibody (Abcam, 1:200, catalog no. 
ab150079), Alexa Fluor 594-conjugated anti-rabbit IgG antibody (Abcam, 1:200, 
catalog no. ab150084), Alexa Fluor 594-conjugated anti-mouse IgG antibody 
(Abcam, 1:200, catalog no. ab150116), Alexa Fluor 488-conjugated anti-goat IgG 
antibody (BioLegend, 1:200, catalog no. 405508), Alexa Fluor 488-conjugated 
anti-rabbit IgG antibody (Abcam, 1:200, catalog no. ab150077) and Alexa Fluor 
488-conjugated anti-mouse IgG antibody (Abcam, 1:200, catalog no. ab150113). 
Cells were captured using immunofluorescence confocal microscopy (×63 oil 
immersion lens, Leica SP8).

Flow cytometric analysis. The purity of the platelet preparation was determined 
by FACS analysis using FITC anti-human CD41a (BD Biosciences, 1:200, catalog 
no. 555466) and PE anti-human CD45 (eBioscience, 1:200, catalog no. 12-9459-42) 
antibodies. The caspases 1, caspase 3/7, LC3B and GSDMD activity of platelets was 
determined using a Pyroptosis/Caspase-1 Assay Kit (Green) (ImmunoChemistry 
Technologies, 1:200, catalog no. 9146), FAM-FLICA Caspase-3/7 Assay Kit 
(ImmunoChemistry Technologies, 1:200, catalog no. 94), FLICA 660 Caspase-3/7 
Assay Kit (ImmunoChemistry Technologies, 1:200, catalog no. 9125), LC3B 
antibody Alexa Fluor 405 (Novus Biologicals, 1:200, catalog no. NB100-
2220AF405) and Alexa Fluor 594-conjugated anti-rabbit IgG secondary antibody 
(Abcam, 1:200, catalog no. ab150084). Data were collected from 20,000 platelets on 
a BD FACSCanto and analyzed using FlowJo-V10 software.

Measurement of mitochondrial function. ∆Ψm was detected using 100 nM 
tetramethylrhodamine methyl ester (Invitrogen, catalog no. T668) by FACS. ROS 
levels were measured by a mitochondrial ROS detection kit according to the 
manufacturer’s instructions. Mitochondrial superoxide production was labeled 
with 5 µM MitoSOX Red (Invitrogen, catalog no. M36008) for 30 min at 37 °C. 
Suspensions of purified platelets (isolated from HS and patients with sepsis, 500 μl, 
1 × 108 platelets per ml) were incubated with 5 mM MitoTempo for 1 h. Caspase 1 
activity was then determined by FACS analysis.

Western blotting. Cells were collected and lysed using protein lysis buffer 
containing a protease inhibitor cocktail (Millipore). Total proteins were separated 
by SDS–PAGE and then transferred to polyvinylidene difluoride membranes. 
Nonspecific binding was blocked with 5% nonfat milk at room temperature 
for 2 h. The membranes were incubated with the following primary antibodies 
overnight at 4 °C: anti-GSDMD (Cell Signaling Technology, 1:1,000, catalog no. 
96458S), anti-NLRP3 (Cell Signaling Technology, 1:1,000, catalog no. 15101S), 
anti-TMS1/ASC (Abcam, 1:1,000, catalog no. ab151700), anti-pro-caspase 
1 + p10 + p12 (Abcam, 1:1,000, catalog no. ab179515), α-actinin (Abcam, 1:3,000, 
catalog no. ab68194) and β-actin (Abcam, 1:3,000, catalog no. ab6276). The 
membranes were incubated with appropriate secondary antibodies (1:2,000). 
Relative intensities were quantified using Image Lab (Bio-Rad) using enhanced 
chemiluminescence (Millipore).

Statistical analysis. For the experimental data, statistical analyses and graphics 
production were performed using GraphPad Prism v.8.0. Continuous variables 
were expressed as mean and s.d. or median with interquartile range. The 
Shapiro–Wilk test was used to determine the normality of the data. For normally 
distributed data, comparisons between two groups were analyzed using unpaired 
nonparametric Student’s t-test. Comparisons between more than two groups were 
analyzed using one-way analysis of variance (ANOVA) with Tukey’s multiple 
comparisons. For data that were not distributed normally, values were expressed as 
medians and interquartile ranges. Comparisons between two groups were analyzed 
using the Mann–Whitney test and comparisons between more than two groups 
were performed using Kruskal–Wallis with Dunn’s multiple test. Comparisons 
between more than two groups were analyzed using two-way ANOVA. Categorical 
variables were presented as frequency rates and percentages and were analyzed 
using the chi-squared test or Fisher’s exact test, as appropriate. Pearson’s correlation 
test was used to analyze the linear relationship between two variables. The log-
rank (Mantel–Cox) test was used for survival curves. A P value of 0.05 or less was 
considered statistically significant.

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

Data availability
The primary and processed proteomics data reported in this paper have been 
deposited in the OMIX, China National Center for Bioinformation/Beijing Institute 

of Genomics, Chinese Academy of Sciences (https://ngdc.cncb.ac.cn/omix: 
accession no. OMIX001255 (https://ngdc.cncb.ac.cn/omix/release/OMIX001255). 
Source data are provided with this paper. All other data supporting the finding in 
this study are included in the main article and associated files.

Received: 17 March 2022; Accepted: 22 June 2022;  
Published online: 4 August 2022

References
	1.	 Weiss, S. L. et al. Surviving Sepsis Campaign international guidelines for the 

management of septic shock and sepsis-associated organ dysfunction in 
children. Intensive Care Med. 46, 10–67 (2020).

	2.	 Rudd, K. E. et al. Global, regional, and national sepsis incidence and 
mortality, 1990–2017: analysis for the Global Burden of Disease Study. Lancet 
395, 200–211 (2020).

	3.	 Kaukonen, K. M., Bailey, M., Pilcher, D., Cooper, D. J. & Bellomo, R. 
Systemic inflammatory response syndrome criteria in defining severe sepsis. 
N. Engl. J. Med. 372, 1629–1638 (2015).

	4.	 Vardon-Bounes, F. et al. Platelets are critical key players in sepsis. Int. J. Mol. 
Sci. 20, 3494 (2019).

	5.	 Shi, J. et al. Cleavage of GSDMD by inflammatory caspases determines 
pyroptotic cell death. Nature 526, 660–665 (2015).

	6.	 Jorgensen, I. & Miao, E. A. Pyroptotic cell death defends against intracellular 
pathogens. Immunol. Rev. 265, 130–142 (2015).

	7.	 Cornelius, D. C. et al. NLRP3 inflammasome activation in platelets in 
response to sepsis. Physiol. Rep. 7, e14073 (2019).

	8.	 Wang, S. et al. Reduced intracellular antioxidant capacity in platelets 
contributes to primary immune thrombocytopenia via ROS-NLRP3-caspase-1 
pathway. Thromb. Res. 199, 1–9 (2021).

	9.	 Neuwirt, E. et al. NLRP3 as a sensor of metabolism gone awry. Curr. Opin. 
Biotechnol. 68, 300–309 (2021).

	10.	Oka, T. et al. Mitochondrial DNA that escapes from autophagy causes 
inflammation and heart failure. Nature 485, 251–255 (2012).

	11.	Shimada, K. et al. Oxidized mitochondrial DNA activates the NLRP3 
inflammasome during apoptosis. Immunity 36, 401–414 (2012).

	12.	Lood, C. et al. Neutrophil extracellular traps enriched in oxidized 
mitochondrial DNA are interferogenic and contribute to lupus-like disease. 
Nat. Med. 22, 146–153 (2016).

	13.	Kaplan, M. J. & Radic, M. Neutrophil extracellular traps: double-edged 
swords of innate immunity. J. Immunol. 189, 2689–2695 (2012).

	14.	Sreejit, G. et al. Neutrophil-derived S100A8/A9 amplify granulopoiesis after 
myocardial infarction. Circulation 141, 1080–1094 (2020).

	15.	Nagareddy, P. R. et al. NETosis is required for S100A8/A9-induced 
granulopoiesis after myocardial infarction. Arterioscler. Thromb. Vasc. Biol. 40, 
2805–2807 (2020).

	16.	Vogl, T. et al. Mrp8 and Mrp14 are endogenous activators of Toll-like 
receptor 4, promoting lethal, endotoxin-induced shock. Nat. Med. 13, 
1042–1049 (2007).

	17.	Dubois, C. et al. High plasma level of S100A8/S100A9 and S100A12 at 
admission indicates a higher risk of death in septic shock patients. Sci. Rep. 9, 
15660 (2019).

	18.	Clark, S. R. et al. Platelet TLR4 activates neutrophil extracellular traps to 
ensnare bacteria in septic blood. Nat. Med. 13, 463–469 (2007).

	19.	Evavold, C. L. et al. The pore-forming protein gasdermin D regulates 
interleukin-1 secretion from living macrophages. Immunity 48,  
35–44 e36 (2018).

	20.	Gao, S., Yang, Y., Fu, Y., Guo, W. & Liu, G. Diagnostic and prognostic value 
of myeloid-related protein complex 8/14 for sepsis. Am. J. Emerg. Med. 33, 
1278–1282 (2015).

	21.	Boyd, J. H., Kan, B., Roberts, H., Wang, Y. & Walley, K. R. S100A8  
and S100A9 mediate endotoxin-induced cardiomyocyte dysfunction  
via the receptor for advanced glycation end products. Circ. Res. 102, 
1239–1246 (2008).

	22.	Wang, Y. et al. Platelet-derived S100 family member myeloid-related 
protein-14 regulates thrombosis. J. Clin. Invest. 124, 2160–2171 (2014).

	23.	Bjork, P. et al. Identification of human S100A9 as a novel target for treatment 
of autoimmune disease via binding to quinoline-3-carboxamides. PLoS Biol. 
7, e97 (2009).

	24.	Muzumdar, M. D., Tasic, B., Miyamichi, K., Li, L. & Luo, L. A global 
double-fluorescent Cre reporter mouse. Genesis 45, 593–605 (2007).

	25.	Wu, X. et al. Nicotine promotes atherosclerosis via ROS-NLRP3-mediated 
endothelial cell pyroptosis. Cell Death Dis. 9, 171 (2018).

	26.	Claushuis, T. A. et al. Thrombocytopenia is associated with a dysregulated 
host response in critically ill sepsis patients. Blood 127, 3062–3072 (2016).

	27.	Kraakman, M. J. et al. Neutrophil-derived S100 calcium-binding proteins A8/
A9 promote reticulated thrombocytosis and atherogenesis in diabetes. J. Clin. 
Invest. 127, 2133–2147 (2017).

	28.	Plunkett, A. & Tong, J. Sepsis in children. BMJ 350, h3017 (2015).

Nature Cardiovascular Research | VOL 1 | August 2022 | 732–747 | www.nature.com/natcardiovascres746

https://ngdc.cncb.ac.cn/omix
https://ngdc.cncb.ac.cn/omix/release/OMIX001255
http://www.nature.com/natcardiovascres


ArticlesNATURE CARDIovAScULAR RESEARcH

	29.	Zhaolin, Z., Guohua, L., Shiyuan, W. & Zuo, W. Role of pyroptosis in 
cardiovascular disease. Cell Prolif. 52, e12563 (2019).

	30.	Carestia, A., Davis, R. P., Davis, L. & Jenne, C. N. Inhibition of 
immunothrombosis does not affect pathogen capture and does not  
promote bacterial dissemination in a mouse model of sepsis. Platelets 31, 
925–931 (2020).

	31.	Rolfes, V. et al. Platelets fuel the inflammasome activation of innate immune 
cells. Cell Rep. 31, 107615 (2020).

	32.	Guo, Q. et al. Induction of alarmin S100A8/A9 mediates activation of 
aberrant neutrophils in the pathogenesis of COVID-19. Cell Host Microbe 29, 
222–235 e224 (2021).

	33.	Dubois, C. et al. Top-down and bottom-up proteomics of circulating  
S100A8/S100A9 in plasma of septic shock patients. J. Proteome Res. 19, 
914–925 (2020).

	34.	Pirr, S. et al. S100A8/A9 is the first predictive marker for neonatal sepsis. 
Clin. Transl. Med. 11, e338 (2021).

	35.	Hottz, E. D. et al. Platelets mediate increased endothelium permeability  
in dengue through NLRP3-inflammasome activation. Blood 122,  
3405–3414 (2013).

	36.	Assinger, A., Schrottmaier, W. C., Salzmann, M. & Rayes, J. Platelets in sepsis: 
an update on experimental models and clinical data. Front. Immunol. 10, 
1687 (2019).

	37.	Xu, D. F. et al. Elevated angiotensin II induces platelet apoptosis through 
promoting oxidative stress in an AT1R-dependent manner during sepsis.  
J. Cell. Mol. Med. 25, 4124–4135 (2021).

	38.	Carestia, A., Kaufman, T. & Schattner, M. Platelets: new bricks in  
the building of neutrophil extracellular traps. Front. Immunol. 7,  
271 (2016).

	39.	Jiao, Y. et al. Platelet-derived exosomes promote neutrophil extracellular trap 
formation during septic shock. Crit. Care 24, 380 (2020).

	40.	Palacios-Acedo, A. L. et al. Platelets, thrombo-inflammation, and cancer: 
collaborating with the enemy. Front. Immunol. 10, 1805 (2019).

	41.	Chen, Z. et al. Review: The emerging role of neutrophil extracellular traps in 
sepsis and sepsis-associated thrombosis. Front. Cell. Infect. Microbiol. 11, 
653228 (2021).

	42.	Cecconi, M., Evans, L., Levy, M. & Rhodes, A. Sepsis and septic shock. Lancet 
392, 75–87 (2018).

	43.	Boros, F. & Vecsei, L. Progress in the development of kynurenine and 
quinoline-3-carboxamide-derived drugs. Expert Opin. Investig. Drugs 29, 
1223–1247 (2020).

	44.	Bengtsson, A. A. et al. Pharmacokinetics, tolerability, and preliminary efficacy 
of paquinimod (ABR-215757), a new quinoline-3-carboxamide derivative: 
studies in lupus-prone mice and a multicenter, randomized, double-blind, 
placebo-controlled, repeat-dose, dose-ranging study in patients with systemic 
lupus erythematosus. Arthritis Rheum. 64, 1579–1588 (2012).

	45.	Liao, Y. L. et al. S100A9 upregulation contributes to learning and memory 
impairments by promoting microglia M1 polarization in sepsis survivor mice. 
Inflammation 44, 307–320 (2021).

	46.	Goldstein, B., Giroir, B. & Randolph, A., International Consensus Conference 
on Pediatric Sepsis. International pediatric sepsis consensus conference: 
definitions for sepsis and organ dysfunction in pediatrics. Pediatr. Crit. Care 
Med. 6, 2–8 (2005).

	47.	Mathias, B., Mira, J. C. & Larson, S. D. Pediatric sepsis. Curr. Opin. Pediatr. 
28, 380–387 (2016).

	48.	Bradford, M. M. A rapid and sensitive method for the quantitation of 
microgram quantities of protein utilizing the principle of protein–dye 
binding. Anal. Biochem. 72, 248–254 (1976).

	49.	Ma, J. et al. Quantitative proteomics analysis of young and elderly skin with 
DIA mass spectrometry reveals new skin aging-related proteins. Aging 
(Albany NY) 12, 13529–13554 (2020).

	50.	Zhu, W. et al. Proteomic characterization and comparison of ram (Ovis aries) 
and buck (Capra hircus) spermatozoa proteome using a data independent 
acquisition mass spectometry (DIA-MS) approach. PLoS ONE 15,  
e0228656 (2020).

	51.	Cox, J. & Mann, M. MaxQuant enables high peptide identification rates, 
individualized p.p.b.-range mass accuracies and proteome-wide protein 
quantification. Nat. Biotechnol. 26, 1367–1372 (2008).

	52.	Bruderer, R., Bernhardt, O. M., Gandhi, T. & Reiter, L. High-precision iRT 
prediction in the targeted analysis of data-independent acquisition and its 
impact on identification and quantitation. Proteomics 16, 2246–2256 (2016).

	53.	Choi, M. et al. MSstats: an R package for statistical analysis of quantitative 
mass spectrometry-based proteomic experiments. Bioinformatics 30, 
2524–2526 (2014).

	54.	Zhang, Y. et al. Reduced platelet miR-223 induction in Kawasaki disease leads 
to severe coronary artery pathology through a miR-223/PDGFRbeta vascular 
smooth muscle cell axis. Circ. Res. 127, 855–873 (2020).

	55.	Angelou, A. et al. Platelet depletion/transfusion as a lethal factor in a 
colitis-associated cancer mouse model. Anticancer Res. 39, 2443–2446 (2019).

	56.	Salzmann, M. et al. Genetic platelet depletion is superior in platelet transfusion 
compared to current models. Haematologica 105, 1738–1749 (2020).

	57.	Xu, M. et al. GPIbα is required for platelet-mediated hepatic thrombopoietin 
generation. Blood 132, 622–634 (2018).

	58.	Fuchs, T. A. et al. Novel cell death program leads to neutrophil extracellular 
traps. J. Cell Biol. 176, 231–241 (2007).

	59.	Chen, L. et al. Neutrophil extracellular traps promote macrophage pyroptosis 
in sepsis. Cell Death Dis. 9, 597 (2018).

	60.	Middleton, E. A. et al. Neutrophil extracellular traps contribute to 
immunothrombosis in COVID-19 acute respiratory distress syndrome. Blood 
136, 1169–1179 (2020).

Acknowledgements
This work was supported by the National Natural Science Foundation of China 
(Grant nos. 82100141, 82101655, 82022003, 81970437 and 81903605), Natural Science 
Foundation of Guangdong Province (Grant no. 2021A1515011304), Guangzhou Science 
and Technology Project (Grant nos. 202102020164 and 202102010151), Guangzhou 
Science and Post-doctoral Research Project (Grant no. 2180157 and 011302031), China 
Postdoctoral Science Foundation (2021M700934) and Guangzhou Women and Children’s 
Medical Center/Guangzhou Institute of Pediatrics (Grant nos. 3001076 and 3001149).

Author contributions
M.S., J.H. and W.H.T. conceptualized the project. M.S. designed and performed most of 
the experiments. C.C., S.L., Z.Z., L.X., X.F., Q.L., Y.W., Y.L., Y.B., Y.Z., J.Q., M.G., M.Q. and 
L.S. performed, or helped in the interpretation and design of some key experiments. M.S., 
C.C. and W.H.T. wrote the original manuscript draft. P.W., M.L., X.L., W.L., F.C. and D.Z. 
recruited and provided patient care and clinical assessments. R.L., J.H. and W.H.T. reviewed 
and edited the manuscript. W.H.T., M.S., C.C. and Z.Z. acquired funding. W.H.T. and J.H. 
provided resources and supervised the study. All authors provided critical comments on 
the manuscript.

Competing interests
W.H.T., M.S. and C.C. are named inventors on a technical patent under review 
related to the therapeutic evaluation of the inhibitors of platelets pyroptosis in sepsis 
(202210225079.2). All other authors declare no competing interests.

Additional information
Extended data is available for this paper at https://doi.org/10.1038/s44161-022-00108-7.

Supplementary information The online version contains supplementary material 
available at https://doi.org/10.1038/s44161-022-00108-7.

Correspondence and requests for materials should be addressed to Wai Ho Tang.

Peer review information Nature Cardiovascular Research thanks Koichi Yuki,  
Angel Garcia Alonso and the other, anonymous, reviewer(s) for their contribution  
to the peer review of this work.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

© The Author(s), under exclusive licence to Springer Nature Limited 2022, Springer 
Nature or its licensor holds exclusive rights to this article under a publishing agreement 
with the author(s) or other rightsholder(s); author self-archiving of the accepted manu-
script version of this article is solely governed by the terms of such publishing agreement 
and applicable law.

Nature Cardiovascular Research | VOL 1 | August 2022 | 732–747 | www.nature.com/natcardiovascres 747

https://doi.org/10.1038/s44161-022-00108-7
https://doi.org/10.1038/s44161-022-00108-7
http://www.nature.com/reprints
http://www.nature.com/natcardiovascres


Articles NATURE CARDIovAScULAR RESEARcHArticles NATURE CARDIovAScULAR RESEARcH

Extended Data Fig. 1 | Identified purity of platelet, representative proteins related to different cell death signal pathways and platelet pyroptosis in 
sepsis. a, Purified platelets were obtained from human. Purity of platelet preparation was determined by FACS analysis using FITC anti-human CD41a 
and PE anti-human CD45 (n = 3). b, Heatmap of representative proteins expression related to different cell deaths signal pathways in purified platelet 
samples from HS (n = 3) and severe sepsis (with or without septic shock) (n = 3) using high-throughput proteomics analysis. c, Bar graphs displaying the 
percentage of activations of caspase 1 in platelets from sepsis and severe sepsis (with or without septic shock) and HS using FACS (HS: n = 13, Sepsis: 
n = 10, Severe sepsis with or without septic shock: n = 13). Data was presented as mean ±  s.d. Kruskall-Wallis test and Dunn’s multiple comparisons test 
for c. HS, healthy subjects; Severe sepsis, severe sepsis/septic shock; PLTs, platelets.
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Extended Data Fig. 2 | TEM images of platelets induced by apoptosis, autophagy or pyroptosis agonists and apoptosis in severe sepsis patients.  
a, Platelets were induced to apoptosis (10 μM ABT-737 induces apoptosis), autophagy (10 μM FCCP induces autophagy) and pyroptosis (10 μg/ml LPS 
and 5 μM Nigericin induces pyroptosis). TEM imaging of different states in platelets. b, Representative lower and higher power TEM field demonstrating 
loss of platelet ultrastructure in severe sepsis (with or without septic shock) patients (n = 5), with reduced granules/organelles and increased vacuolation. 
Apoptosis, red arrowheads indicate shrinkage of cell membrane and apoptotic bodies in apoptosis of platelet. Scale bars: 1 μm and 500 nm. Severe sepsis, 
severe sepsis/septic shock; PLTs, platelets.
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Extended Data Fig. 3 | The expression and localization of NLRP3 and ASC in severe sepsis platelets or rhS100A8/A9-induced platelets. a, b, 
Immunofluorescence analysis showing the co-localization of CD41 (green), ASC (red) and NLRP3 (blue) in platelets from severe sepsis (with or without 
septic shock) patients (a) (n = 8); and platelets treated with 1 μg/ml rhS100A8/A9 or 10 μM Paquinimod (b) (n = 6); purple indicates overlap. Scale bars: 5 
μm and 1 μm. HS, healthy subjects; Severe sepsis, severe sepsis/septic shock; NLRP3, NOD-like receptors containing domain pyrin 3 inflammasome; ASC, 
adaptor-apoptosis-associated speck-like protein; Paq, Paquinimod.
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Extended Data Fig. 4 | The identification and classic functions of platelets from platelet-specific Gsdmd KO mice. a, b, The Gsdmdfl/fl PF4-Cre mice 
were identified by PCR (a) and confirmed by western blot (b), respectively (n = 6). c, The platelet (isolated from mice) suspensions were incubated 
with 0.1 U/ml thrombin for 30 minutes. P selectin translocation to membrane was assessed by FACS after stimulation with thrombin. The representative 
plots were presented as the number of counts over the log of associated fluorescence (baseline refers to the group without thrombin). Quantification 
of data presented as percentage of platelet activation. Data are expressed as mean ± SD (Gsdmdfl/fl + HBSS, n = 5; Gsdmdfl/fl + Thrombin, n = 6; Gsdmdfl/

fl PF4-Cre+Thrombin, n = 4). d, Tail bleeding times of mouse was measured with the tail dipped into warmed saline to assess haemostasis using a tail-
guillotine. Data are expressed as mean ± SD (Gsdmdfl/fl mice, n = 7; Gsdmdfl/fl PF4-Cre mice, n = 6). One-way ANOVA and Tukey’s multiple comparisons test 
for c. Unpaired t test with two-tailed for d. MT, mutation; WT, wild type; Tg, transgene; Ctrl, control; GSDMD, Gasdermin D; PLTs, platelets; HBSS, hank’s 
balanced salt solution.
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Extended Data Fig. 5 | The levels of S100A8/A9 in sepsis patients/mice and the caspase 1 activity in platelets from the CLP or rmS100A8/A9-injected 
mice. a-c, Boxplots displaying the level of heterodimer S100A8/A9 in plasma from (a) severe sepsis (with or without septic shock) patients (HS: n = 53, 
Severe sepsis: n = 51), (b) CLP-induced sepsis mice (Sham, n = 10, CLP: n = 20) and (c) LPS-induced sepsis mice (PBS, n = 8, LPS: n = 8) by ELISA. The 
boxes indicate the 25% quantile, median, and 75% quantile. d, In a mouse model, mice that were injected intravenously with rmS100A8/A9 (30 μg/kg) or 
normal saline (n = 4 mouse/group) for 6 hours. Another mouse model, mice were induced CLP for 6 hours. FACS analysis displaying the caspase 1 activity 
in platelets. Mann Whitney test with two-tailed for a-b. Unpaired t test with two-tailed for c. One-way ANOVA and Tukey’s multiple comparisons test for 
d. Data was presented as mean ± SD. HS, healthy subjects; Severe sepsis, severe sepsis/septic shock; Sham, sham-operated mice; CLP, CLP-induced sepsis 
mice; PBS, PBS-injected mice; LPS, LPS-injected mice.
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Extended Data Fig. 6 | Putative receptors for S100A8/A9-induced platelet pyroptosis. The platelet (isolated from HS) suspensions were incubated  
in the presence of neutralizing monoclonal antibodies (20 μg/ml) against control IgG, CD36, RAGE, or TLR4, and then treated with 1 μg/ml rmS100A8 
/A9 for 4 hours. a, FACS analysis displaying the caspase 1 activity in human platelets after stimulation. The quantified results are shown on the below.  
b, P selectin translocation to membrane (CD62P) was assessed by flow cytometry after stimulation. The quantified results are shown on the below.  
Data was presented as mean ± SD, n = 4. One-way ANOVA and Tukey’s multiple comparisons test for a, b. HS, healthy subjects; TLR4, toll-like receptor 4; 
RAGE, advanced glycation end products.
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Extended Data Fig. 7 | NLRP3 inflammasome and caspase 1 activity of platelets in mice transfused with Tlr4-/- or WT platelets. a, In vitro, FACS 
analysis displaying the caspase 1 activity in platelets (Tlr4-/- or WT) treated with 1 μg/ml rmS100A8/A9 for 4 hours (n = 5). The quantified results are 
shown on the right. b-f, In vivo, a total of 1.2 ×107 purified platelets (volume: 200 μl, concentration: 6 ×1010 platelets/L) from Tlr4-/- or WT mice were 
intravenously transfused to mT/mG: PF4-Cre mouse. (b) After platelet depletion, platelet counts in mice were assessed at 0, 2, 4, 6, 8, 24 and 26 hours 
using a hematology analyzer (n = 3). (c) Platelet counts in mice before and after transfused with WT or Tlr4-/- platelets were detected at 0, 0.5, 2, 4 
and 6 hours using a hematology analyzer (n = 3). (d) The percentages of transfused Tlr4-/- platelets in total platelets of mice were detected at 0, 0.5, 
2, 4 and 6 hours using FACS analysis (n = 3). (e) Caspase 1 activity was measured using FACS analysis (n = 6). (f) The association of ASC and NLRP3 
inflammasome in murine platelets was measured by immunofluorescence analysis. Platelets were stained for CD41 (green), ASC (red) and NLRP3 (blue); 
scale bars: 5 μm and 1 μm; n = 6. Data was presented as mean ± SD. One-way ANOVA and Tukey’s multiple comparisons test for a. Two-way ANOVA test 
for c, d. Abbreviation is as follow: HBSS, hank’s balanced salt solution; Saline, mice transfused with normal saline; WT PLTs, LPS-injected mice transfused 
with WT platelets; Tlr4-/- PLTs, LPS-injected mice transfused with Tlr4-/- platelets. PBS, PBS-injected mice; LPS + saline, LPS-injected mice transfused with 
normal saline; LPS + WT PLTs, LPS-injected mice transfused with WT platelets; LPS + Tlr4-/- PLTs, LPS-injected mice transfused with Tlr4-/- platelets; LPS, 
lipopolysaccharide; NLRP3, NOD-like receptors containing domain pyrin 3 inflammasome; ASC, adaptor-apoptosis-associated speck-like protein.
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Extended Data Fig. 8 | The function of mitochondria in septic platelets and S100A8/A9-induced platelets. a, In platelets from severe sepsis (with or 
without septic shock) patients, bar graphs displaying change of mitochondrial membrane potential (∆Ψm) by staining with 40 nM TMRM using FACS 
analysis (HS: n = 20, Severe sepsis: n = 25). b, c, In vitro, bar graphs displaying change of mitochondrial ∆Ψm (b) and ROS production (c) in platelets (Tlr4-

/- or WT) treated with 1 μg/ml rmS100A8/A9 for 4 hours using FACS analysis (n = 5). d, e, In the LPS induced murine model, mice with platelets depletion 
were transfused with a total of 1.2 ×107 purified platelets (volume: 200 μl, concentration: 6 ×1010 platelets/L) from Tlr4-/- or WT mice (n = 6/group). After 
6 hours, bar graphs displaying change of mitochondrial ∆Ψm (d) and ROS production (e) in platelets (Tlr4-/–or WT) using FACS analysis (n = 6). Data was 
presented as mean fluorescence ± SD. Unpaired t test with two-tailed for a. One-way ANOVA and Tukey’s multiple comparisons test for b-e. Abbreviation 
is as follow: HS, healthy subjects; Severe sepsis, severe sepsis/septic shock; HBSS, hank’s balanced salt Solution. PBS, PBS-injected mice; LPS + saline, 
LPS-injected mice transfused with normal saline; LPS + WT PLTs, LPS-injected mice transfused with WT platelets; LPS + Tlr4-/- PLTs, LPS-injected mice 
transfused with Tlr4-/- platelets; TMRM, tetramethylrhodamine methyl ester; ROS, reactive oxygen species.
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Extended Data Fig. 9 | The formation of NET with different treatments and the release of ox-mtDNA from S100A8/A9-induced platelets after 
MitoTempo treatment. a, Representative immunofluorescence of platelets treated with rhS100A8/A9 alone or supernatants of rhS100A8/A9-induced 
platelets for 4 hours. Cells were stained with Hoechst for DNA (blue), anti-citrullinated H3 for PMNs or NETs (cyan); scale bars: 5 μm; n = 4. b-c, PMNs 
isolated from HS were incubated with PBS, 50 nM PMA, and resting platelets, 0.1 U/ml thrombin activated platelets or 1 μg/ml S100A8/A9-induced 
platelets for 4 hours. Representative immunofluorescence of NET formation treated with PMA, resting platelets, thrombin or S100A8/A9-induced 
platelets (b). Cells were stained with Hoechst for DNA (blue), anti-citrullinated H3 for PMNs or NETs (green), CD41 for platelet (red). (c) Quantification 
of MPO-DNA and dsDNA in the supernatant of NET formation using PicoGreen fluorescent dye and MPO-DNA-ELISA, respectively (n = 6). d-e, Purified 
platelets suspensions were treated with rhS100A8/A9 (1 μg/ml) and MitoTempo (5 mM) for 4 hours, and then 50 nM PMA, S100A8/A9-induced platelets 
or MitoTempo-S100A8/A9-induced platelets induced NET formation. (d) The levels of ox-mtDNA in supernatant of S100A8/A9-induced platelets were 
determined by General 8-OHdG ELISA Kit (n = 4). (e) Quantification of MPO-DNA and dsDNA (NETosis) in the supernatant of cells using PicoGreen 
fluorescent dye and MPO-DNA-ELISA, respectively (n = 3). Data was presented as mean ± SD. One-way ANOVA and Tukey’s multiple comparisons test 
for c-e. Abbreviation is as follow: HS, healthy subjects; PLTs, platelets; PMNs, polymorphonuclear neutrophils; PMA, phorbol myristate acetate; MPO, 
myeloperoxidase; dsDNA, double-stranded DNA; NET, neutrophil extracellular trap; ox-mtDNA, oxidized mitochondrial DNA.
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Extended Data Fig. 10 | Immunofluorescence of pyroptotic platelets in NETs and the change of platelet counts in Gsdmdfl/fl PF4-Cre mice by CLP.  
a, PMNs (S100a9-/- or WT) were incubated with 50 nM PMA to induced NET formation for 4 hours, and then incubated with platelets for another 4 hours. 
Representative immunofluorescence of PMNs incubated with platelets. Cells were stained with Hoechst for DNA (blue), anti-MPO for PMNs or NETs 
(cyan), CD41 for platelet (red) and activated caspase 1 for pyroptosis (green); scale bars: 25 μm and 5 μm. b, In the CLP-induced sepsis model, platelet 
counts in Gsdmdfl/fl PF4-Cre mice and littermate control Gsdmdfl/fl mice were assessed at 0, 2, 4, and 6 hours using a hematology analyzer (n = 5). Data 
was presented as mean ± SD. Two-way ANOVA and Tukey’s multiple comparisons test for b. Abbreviation is as follow: PLT, platelet; NS, not statistically 
significant; PMNs, polymorphonuclear neutrophils; PMA, phorbol myristate acetate; MPO, myeloperoxidase; Sham, sham-operated mice; CLP,  
CLP-induced sepsis mice; GSDMD, Gasdermin D.
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Methods
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Antibodies
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No sample size calculation was performed. For the cohort, the maximum number of patients available were included for the study. For animal
and cell culture experiments, sample size was approximated based on prior experiments and available data, which provide sufficient sample
numbers to statistically detect differences between multiple experimental groups.

No data was excluded from the analyses in our study.

The in vitro and in vivo experiments were performed by at least five replicates respectively, and all attempts at replication were successful.
The details were described in the Figure Legends and Method sections.

The samples/organisms/participants were allocated into experimental groups by random assignment.

The investigators were blinded to group allocation during data collection and analyses.

Flow Cytometry: FITC anti-human CD41a (BD, 555466), PE anti-human CD45 (ebioscience, 1:200, 12-9459-42), rabbit anti-mouse
thrombocyte polyclonal antibody (Mybiosource, MBS524066), PE-Cy7 anti-mouse CD41 (Thermo Fisher, 25-0411-82), APC anti-
human CD66b antibodies (BioLegend, 305118), PE anti-mouse Ly6G (BioLegend, 127607), Pyroptosis/Caspase-1 Assay (Green) kit
(Immuno Chemistry, #9146), FAM-FLICA Caspase-3/7 Assay Kit (Immuno Chemistry, #94), FLICA 660 Caspase-3/7 Assay Kit (Immuno
Chemistry, #9125), LC3B antibody Alexa Fluor 405 (NOVUSBIO, NB100-2220AF405) and Alexa Fluor 594-conjugated anti-rabbit IgG
secondary antibody(Abcam, ab150084).

Immunofluorescence: goat polyclonal anti-NLRP3 (Abcam, ab4207), rabbit polyclonal anti-ASC (Novusbio, NBP1-78978), rabbit
monoclonal anti-CD41 (Abcam, ab134131), Alexa Fluor 488 Anti-mouse CD41 (BioLegend, 133908), Hoechst (Thermo, H3570),
mouse monoclonal anti-myeloperoxidase (Genetx, gtx75318), rabbit monoclonal anti-myeloperoxidase (Abcam, ab208670) and
rabbit polyclonal anti-Histone H3 (citrulline R2 + R8 + R17, Abcam, ab5103), Alexa Fluor 488-conjugated anti-goat IgG antibody
(BioLegend, 405508), Alexa Fluor 647-conjugated anti-rabbit IgG secondary antibody (Abcam, ab150079), Alexa Fluor 594-conjugated
anti-rabbit IgG secondary antibody (Abcam, ab150084), Alexa Fluor 594-conjugated anti-mouse IgG secondary antibody (Abcam,
ab150116), Alexa Fluor 488-conjugated anti-goat IgG secondary antibody (Abcam, ab150113), Alexa Fluor 488-conjugated anti-rabbit
IgG secondary antibody (Abcam, ab150077) and Alexa Fluor 488-conjugated anti-mouse IgG secondary antibody (Abcam, ab150113).

ELISA: anti-MPO polyclonal (Biotin Conjugated) primary antibody (Bioss, bs-4943R-Biotin).

WB: polyclonal rabbit anti-GSDMD (Cell Signaling Technology, 1:1000, #96458S), anti-NLRP3 (Cell Signaling Technology, #15101S),
anti-TMS1/ASC (Abcam, ab151700), anti-pro Caspase 1 + p10 + p12 (Abcam, ab179515), -Actinin (Abcam, ab68194) and -Actin
(Abcam,ab6276).
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Methodology

Sample preparation

Antibodies used for flow cytometry, Immunofluorescence, and Western blotting were previously validated for the respective
application by the distributor. Anti-MPO polyclonal (Biotin Conjugated) primary antibody (Bioss, bs-4943R-Biotin) used for ELISA was
validated for this application by the investigators in preceding study (Middleton, E.A., et al., Blood, 136, 1169-1179, 2020).

The platelet-specific Gsdmd KO (Gsdmd^fl/fl PF4-Cre) mice (by crossing Gsdmd^fl/fl mice with PF4-Cre mice) and global S100a9
deficient mice (using CRISPR/Cas9) were designed and generated (Shanghai Model Organisms Center, China). The global Tlr4
deficient (mice, mT/mG: PF4-Cre mice and wild type (WT) mice were obtained from the Jackson Laboratory. The C57BL/6J mice
were obtained from the Jackson Laboratory and backcrossed to C57BL/6 mice (Bar Harbor, USA). All mice (five-week-old, male) were
housed three per cage in controlled environment with a constant temperature of 18 °C–22 °C and a humidity of 55%–60% on a
12:12-h light/dark cycle. After acclimation for seven days, mice were supplied with food and water freely every day.

No wild animals were used in the study.

No field collected samples were used in the study.

Procedures were approved by the Institutional Animal Care and Use Committee of Guangzhou Medical University (No.
SYXK2018-266).

All participants were enrolled from Guangzhou Women and Children’s Medical Center, Guangzhou, China (Table 1).
According to international guidelines (Pediatr Crit Care Med 6, 2-8 (2005)), pediatric sepsis is defined by a suspected or
proven infection caused by any pathogen or a systemic inflammatory response syndrome associated with a high probability
of infection. The age specific vital signs and laboratory variables of pediatric sepsis were divided into six distinct categories in
Supplementary Table 3 (Curr Opin Pediatr 28, 380-387 (2016)). According to clinical spectrum of severity, it encompasses
sepsis (systemic inflammatory response syndrome in the presence of infection), severe sepsis (sepsis in the presence of
cardiovascular dysfunction, acute respiratory distress syndrome, or dysfunction of  2 organ systems) and septic shock (sepsis
with cardiovascular dysfunction persisting after at least 40 ml/kg of fluid resuscitation in one hour). The ages of patients with
sepsis were 0 to 18 years old, which are divided into 0~1 year, 1~5 years, 5-12 years and 12-18 years. All the patients with
sepsis were treated with antibiotics including cephalosporin, vancomycin and broad-spectrum penicillin after admission.

93 pediatric sepsis patients (0-18 ages) and 75 age-matched HS, who were from Guangzhou Women and Children's Medical
Center, were recruited in this study. Our medical center is a major tertiary transfer medical center in China, and thus the
patients transferred to our center are more severe than that in other hospitals. The mortality of sepsis, severe sepsis, and
septic shock was 0%, 14%, and 50% respectively (Table 1). However, the mortality of sepsis (including sepsis, severe sepsis,
and septic shock) (22%) in our cohort is consistent with that of the previous international study (25%).

The study was approved by the Institutional Review Board of Guangzhou Women and Children's Medical Center and
informed consent was obtained from each subject (Human Investigation Committee No. 2019-44102-1). Implementations
followed the International Ethical Guidelines for Research Involving Human Subjects as stated in the Helsinki Declaration.The
legal guardians of all participants signed the consent forms.

Venous blood samples were drawn from septic patients when they were enrolled first day. Venous blood samples (3 ml) were
drawn from HS and severe sepsis patients with blood collection tubes containing 3.8% trisodium citrate (w/v). In mice, blood
samples (approximately 0.8 ml) were directly obtained from the right cardiac ventricle into 3.8% trisodium citrate. Platelet-
rich plasma (PRP) was centrifuged at 250 g at 25°C for 15 minutes. PRP were then treated with 100 nM prostaglandin E1
(PGE1, Sigma, 745-65-3) and centrifuged at 1000 g for 5 minutes. After discarding the supernatant, the platelet pellet was
washed and resuspended with 3 ml Hank's Balanced Salt Solution (HBSS, Gibco, 14025092). Platelet suspensions (10^8
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