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Abstract 

Aims Neutrophil extracellular traps (NETs) have been implicated in thrombotic diseases. There is no definitive expla-
nation for how NETs form during acute ischemic strokes (AIS). The purpose of our study was to investigate the poten-
tial mechanism and role of NETs formation in the AIS process.

Methods As well as 45 healthy subjects, 45 patients with AIS had ELISA tests performed to detect NET markers. 
Expression of high-mobility group box 1 (HMGB1) on platelet microvesicles (PMVs) was analyzed by flow cytometry 
in healthy subjects and AIS patients’ blood samples. We established middle cerebral artery occlusion (MCAO) mice 
model to elucidate the interaction between PMPs and NETs.

Results A significant elevation in NET markers was found in patient plasma in AIS patients, and neutrophils gen-
erated more NETs from patients’ neutrophils. HMGB1 expression was upregulated on PMVs from AIS patients 
and induced NET formation. NETs enhanced Procoagulant activity (PCA) through tissue factor and via platelet activa-
tion. Targeting lactadherin in genetical and in pharmacology could regulate the formation of NETs in MCAO model.

Conclusions NETs mediated by PMVs derived HMGB1 exacerbate thrombosis and brain injury in AIS.
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Introduction
Ischemic stroke is a prominent contributor to mor-
tality and disability, constituting 70–90% of cerebral 
stroke instances and impacting 24.9 million cases glob-
ally [1–3]. The treatment of ischemic stroke has been 
authorized through two primary methods: (1) phar-
macological thrombolysis utilizing tissue plasminogen 
activator (t-PA) and (2) mechanical extraction of the 
thrombus via endovascular thrombectomy. The lim-
ited timeframe available may impede the effectiveness 
of thrombolytic therapies, and endovascular thrombec-
tomy may not always be a viable alternative. The use of 
t-PA results in recanalization in fewer than half of those 
who receive it. Therefore, exploring new therapeutic 
targets for AIS is urgently needed.

As a component of the innate immune system and a 
regulator of the adaptive immune system, neutrophils 
play a key role. Moreover, Neutrophils are the first leu-
kocytes to infiltrate brain ischemia after cerebral infarc-
tions and are considered markers of inflammation [4]. 
In the acute phase following stroke, neutrophils adhere 
to endothelial ischemic brain vasculature and infiltrate 
into brain parenchyma [4–8]. Experiments on stroke 
models using neutrophil depletion, neutrophil adhe-
sion modulation, or inhibitors of proteolytic enzymes, 
such as elastase released by neutrophils improve injury 
size and neurological deficits [9, 10]. In recent decades, 
neutrophils have been identified as critical players in 
interaction between thrombosis and inflammation in 
ischemic stroke through regulating neutrophils extra-
cellular traps (NETs) formation [11–14]. NETs are 
web-like structures composed of decondensed chro-
matin coated with granule proteins, such as histones, 
myeloperoxidase (MPO), and neutrophil elastase (NE) 
[15, 16]. NETs have been identified as crucial mediators 
of the coagulation state in thrombotic diseases [17–19]. 
Researchers have recently shown that NETs contrib-
ute significantly to ischemic stroke thrombi, making 
them a potential therapeutic target [11–13]. However, 
relatively little is known about the exact mechanism 
of NET formation in AIS. Crosstalk between activated 
platelets and neutrophils contributed to NET genera-
tion in thrombotic disease [18, 20–22]. When plate-
lets are activated, microvesicles (MPs) derived from 
the plasma membrane (70–90% of it) are generated 
[23]. PMPs have been reported as biomarker in stroke 
patients [24–26]. Nevertheless, the definite crosstalk 
between PMPs and NETs formation in AIS has been 
not well studied.

In this study, we assessed NET levels in AIS patients 
and evaluated the potential role of NETs. We also investi-
gated interaction between NETs and PMPs in the process 
of AIS. As a result of our novel findings, new therapeutic 

targets may be identified for the prevention and treat-
ment of vascular complications associated with AIS.

Materials and methods
Patients
In this study, we selected 45 control subjects and 45 AIS 
patients who were admitted to the Second Affiliated 
Hospital of Harbin Medical University from March 2021 
to November 2021. AIS was diagnosed based on defi-
nite diagnostic criteria and CT/MRI. AIS thrombi were 
obtained from patients who underwent thrombectomy. 
The exclusion criteria were infection, malignancy, liver or 
renal failure or pregnancy. Study population is showed in 
Table 1. This study was approved by the Ethics Commit-
tee of The Second Affiliated Hospital of Harbin Medical 
University and was conducted following the specifica-
tions of the Declaration of Helsinki.

Detailed methods are provided in Supplementary 
materials.

Statistical analysis
Shapiro–Wilk test was used to test normal distribution 
of the datasets. Various methods of comparison between 
two groups were used (Mann-Whitney test) for unpaired 
samples. It is necessary to use the ordinary one-way 
ANOVA test, the Brown-Forsythe and Welch’s ANOVA 
test to make comparisons among more groups. All analy-
ses were performed with Prism 9.0. A P value < 0.05 was 
considered statistically significant.

Results
Neutrophils tend to generate more NETs in AIS patients
To investigate whether NETs contribute to the devel-
opment of AIS, nucleosomes, MPO-DNA, NE-DNA, 
and H3Cit were measured in plasma samples from each 
group (Fig.  1a-d). The level of NETs in AIS patients 
were obviously higher compared with healthy controls 
(Fig. 1a-d). In addition, we detected NET releasing neu-
trophils (CD15 + CD66b + MPO + H3Cit + cells) in blood 
samples by flow cytometry. Interestingly, NET releasing 
neutrophils from AIS patients showed an obvious eleva-
tion than those from healthy controls (Fig.  1e and f ). 
Next, we evaluated the potency of NETosis and found 
that those from AIS patients showed a greater tendency 
to generate NETs, as observed by Immunofluorescence 
staining (Fig. 1g-i).

Platelets microvesicles sustain the formation of NETs 
by autophagy in AIS patients
Platelets play a vital role in the generation of NETs as 
previously reported [18, 20, 22]. Hence, we sought to 
explore the interaction between activated platelets and 
NETosis in AIS patients. Neutrophils were challenged 
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with PRP from each group. An marked elevation in NET-
releasing neutrophils in cells treated with plasma from 
AIS patients observed by immunofluorescence (Fig.  2a-
c). Interestingly, neutrophils incubated with platelet 
poor plasma (PPP) also could induce NETs formation. 
However, the rate of NET releasing cells was significantly 
decrease in neutrophils treated with microparticle deple-
tion plasma (MDP) (Fig. 2d). These findings give us hint 
that platelet-derived microvesicles (PMPs) may play a 
crucial role in NET formation in AIS. Then, we investi-
gated the interaction between PMPs and NETs formation 
in AIS. In whole blood from AIS patients and healthy 

subjects, PMPs identified by size and CD41 (Fig. 2e and 
f ). PMPs of AIS patients were more likely to express 
the HMGB1 than microvesicles of healthy controls as 
assessed by flow cytometry (Fig.  2e and f ). Then, we 
treated control neutrophils with PMPs from each group. 
As shown in Fig. 2h-k, the higher rate of NET-releasing 
cells in neutrophils treated with PMPs from AIS patients 
than those from healthy donners. Next, control neutro-
phils were incubated with PMPs in the presence of Box 
A (the competitive HMGB1 antagonist), and confocal 
images and ELISA results both indicated that Box A sig-
nificantly blocked the information of NETs mediated by 
PLT-rich plasma from AIS patients (Fig. 2g).

To further explore the definite mechanism of NETo-
sis in AIS, we analyzed stroke thrombi obtained from 
patients underwent thrombectomy. On confocal images, 
LC3B and Beclin-1 were strongly expressed in AIS 
thrombi, which colocalized with NET markers (CD66b 
and H3Cit (Fig.  3a-j). This interesting finding showed 
autophagy might play an important role in the formation 
of NETs, which led us to determine whether these neu-
trophils expressed autophagy markers. Neutrophils from 
AIS patients expressed high levels of autophagic proteins 
in confocal images and western blots (Fig. 4a-c).

To further investigate the role of autophagy in NETo-
sis in AIS, we conducted additional experiments. We 
then analyze how neutrophil autophagy may contribute 
to PMP-mediated NETosis and establish a co-incubation 
system for neutrophils and PMPs. As assessed by ELISA 
kit, NET formation (H3Cit) was inhibited by autophagy 
inhibitors and was further induced by rapamycin after 
coculturing with PMPs from AIS patients (Fig.  4d). 
Besides, the expression of LC3B on neutrophils incu-
bated with PMPs from the different groups and recom-
binant HMGB1 protein. Confocal images and western 
blots showed that PMPs from AIS patients promote the 
expression of autophagic protein on neutrophils (Fig. 4d-
j) and were markedly attenuated in the presence of Box A. 
To further prove whether autophagy promote NETs gen-
eration by HMGB1. Increased rate of NETosis induced by 
HMGB1 could be significantly decreased by wortmannin, 
3-MA, bafilomycin A1, (autophagy inhibitor) (Fig.  4k). 
These results suggested that HMGB1 from PMPs induces 
the formation of NETs by autophagy in AIS patients.

NETs formation with TF expression enhances procoagulant 
activity in AIS patients
NETs have been considered as important players in 
thrombosis [18, 20, 27]. Therefore, we further investi-
gated the NET formation in thrombogenicity in AIS. 
Neutrophils treated with PMPs from AIS patients tend 
to expel NET structures decorated with TF expression 
(Fig. 5a-c).

Table 1 Characteristics of the study population

The main clinical and laboratory features of 45 healthy controls and 45 patients 
diagnosed with stroke. Data are presented as numbers (percentages) or the 
median ± SD

WBC White blood cells, PLTs Platelets

*P < 0.05 vs. healthy control

Characteristics Control
(n = 45)

AIS
(n = 45)

Age (years) 58.46 ± 10.4 57.48 ± 11.4

Male (n, %) (75%) (75%)

WBC (×109) 6.87 ± 1.32 10.05 ± 3.38*

  Neutrophils (%) 59.90 ± 6.57 75.2 ± 10.67*

  Monocytes (%) 3.42 ± 0.55 2.83 ± 0.92*

  Lymphocytes (%) 21.04 ± 7.25 20.8 ± 9.63*

  Eosinophils (%) 1.19 ± 0.67 1.2 ± 1.19

  Basophils (%) 0 0

Total cholesterol (mmol/l) 3.16 ± 0.52 4.37 ± 0.78

Triglycerides (mmol/l) 1.42 ± 0.41 1.52 ± 1.21

LDL (mmol/l) 1.58 ± 0.36 2.88 ± 0.76*

HDL (mmol/l) 0.82 ± 0.20 1.16 ± 0.29

NIHSS score — 8.69 ± 5.67

Previous AIS or TIA (n) — 5

Diabetes (n) 2 6

Hypertension (n) — 11

Hypercholesterolemia (n) 0 12

Cigarette smoking (n) 0 14

Erythrocytes(×1012/l) 4.33 ± 0.35 4.74 ± 0.46

PLT (×109) 259.2 ± 62.29 221.52 ± 47.6*

PT (s) 11.24 ± 1.04 11.03 ± 0.78

APTT (s) 35.06 ± 2.70 31.99 ± 3.52

D-dimer (mg/l) 41.8 ± 25.4 263.07 ± 208.6*

Fibrinogen (mg/l) 2.46 ± 0.43 3.07 ± 0.52*

Pharmacological therapy

  Antiplatelet (n) — 20

  Anticoagulant (n) — 5

  Fibrinolysis (n) — 25

  ACE inhibitor or ARB (n) 6 18

  Statin (n) 4 22
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Based on our results, generation of NETs was accom-
panied by high TF expression, indicating a potential 
procoagulant role of NETs in patients receiving throm-
bolysis treatment. A significant elevation in TAT complex 
levels was also found in samples from patients with AIS 
(Fig.  5d). Hence, we evaluated the thrombogenicity of 
NETs by detecting the TAT complex. Antibodies against 
DNA traps and TF inhibited DNA trapping and TF bind-
ing, respectively, in inhibition assays (Fig. 5e). Degrada-
tion of NET-DNA with DNase I decreased thrombin 
generation by approximately 40%, and combined use 
of DNase I and an anti-TF antibody decreased throm-
bin generation by nearly 69%. We then investigated the 
potential role of NETs in platelet activation. Moreover, 
fibrin formation of platelets showed a similar trend when 
treated with NETs, and inhibitors such as DNase I and 

land anti-TF antibody attenuated the procoagulant effect 
of platelets (Fig. 5f-i).

Targeting NETs and PMVs could decrease brain injury 
and thrombosis in MCAO model
To study the interaction HMGB1 drived from PMVs 
and the formation of NETs in ischemic stroke model, we 
depleted microvesicles with lactadherin [28] (Fig.  6a). 
The circulating HMGB1 was significantly lower in mice 
treated with lactadherin compared to mice treated with 
control 24 h after stroke. Conversely, inhibiting lactad-
herin genetically increased the circulating HMGB1 levels 
(Fig. 6b). Moreover, the plasma HMGB1 was reduced in 
mice treated with lactadherin and was associated with 
decreased H3Cit (Fig.  6c and d). Importantly, inhibit-
ing lactadherin could improve the outcomes of ischemic 

Fig. 1  NET markers in stroke patients before and after thrombolysis. NET markers nucleosome (a), MPO-DNA (b), NE-DNA (c) and H3Cit-DNA 
(d) were measured in plasma samples from healthy subjects (n = 45) and ischemic stroke patients (n = 45) by ELISA. e NET releasing cells, defined 
as CD15 + CD66b + MPO + H3Cit + groups and detected in whole blood samples from healthy subjects (n = 10) and AIS patients (n = 45). The flow 
cytometry gate is showed. f The rate of NET releasing cells in whole blood samples from each group. Neutrophils from healthy subjects (g) and AIS 
patients (h) were stained for MPO (green) and H3Cit (red) and observed by confocal microscopy. i The rate of NETosis in neutrophils from each 
group. The inset scale bars ine, f and h, Iiare 40 μm. Statistics, Mann-Whitney test (a-d, f, i). Data are presented as the mean ± SD. ****P < 0.0001
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Fig. 2  HMGB1 from PMPs induces NET formation. a-c Neutrophils from healthy individuals were incubated with PRP from AIS patients (n = 10) 
and healthy controls (n = 10). Treated neutrophils were co-stained with MPO (green) and H3Cit (red) and observed by confocal microscopy. 
d NET releasing cells in neutrophils incubated with PPR, PFP and MDP. e The flow cytometry gated of HMGB1 + PMPs is showed. f HMGB1 + PMPs 
in samples from healthy subjects (n = 10) and AIS patients (n = 10) was detected by flow cytometry. Neutrophils were incubated with PMPs 
in the presence of Box A (the competitive HMGB1 antagonist). The levels of H3Cit in the supernatant from each group was measured by ELISA (g) 
and neutrophils were stained with MPO (green) and H3Cit (red) analyzed by confocal microscopy (h-l). The inset scale bars in a, b and h-k are 40 
μm. Statistics, Mann-Whitney test (c, f) and ordinary ANOVA (d, g, l). Data are presented as the mean ± SD. ***P < 0.001, and ****P < 0.0001. PMN, 
polymorphonuclear
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stroke (Fig. 6e-g). In short, our results suggest a critical 
role for PMPs derived HMGB1 in the formation of detri-
mental NETs in the acute phase of ischemic stroke.

Discussion
We obtained four interesting findings. First, circulating 
NET markers were elevated in AIS patients compared 
with healthy subjects. Second, HMGB1 was upregulated 
in PMVs from AIS patients and induced NET formation 
through autophagy. Third, NETs bound to coagulation 
factors through highly expressed TF on DNA structures 
to enhance thrombogenicity. Fourth, PMVs and NETs 
could be effective therapeutic target for MCAO model.

Neutrophil counts have been studied to be related 
with poor prognosis in patients with AIS [29, 30]. 
Moreover, neutrophils are predominantly identified in 
thrombi from stroke patients in the form of NETs [11–
13]. NETs are large and complex DNA-web structures 
released by activated neutrophils in various diseases 
[17–19]. Previous studies have explored the potential 
role of NETs in the acute process of ischemic stroke 
[20]. In our study, we measured plasma NET levels in 
samples from AIS patients. Moreover, we also observed 

that neutrophil counts were positively correlated with 
the concentration of NET markers in samples from AIS 
patients. In patients with acute ischemic stroke, there 
was a significant correlation between total neutrophil 
counts and infarct volume before 3 days of the symptom 
onset [31, 32]. The general thrombosis literature has 
found that activated neutrophils, and particularly NET 
formation, contribute to the propagation of thrombi in 
arteries and veins as well as microscopic blood vessels 
[33, 34]. According to our observation and previous 
studies, early intervention of NETs may be an impor-
tant measure to improve the prognosis of patients. Our 
previous study detected an interaction between NETs 
and platelets in acute stroke patients with ICA occlu-
sion [20]. Platelets have been considered to act as criti-
cal initiators of NET formation in some diseases, such 
as sepsis [22], myocardial infarction [17] and heparin-
induced thrombocytopenia [27]. Building on our previ-
ous study, we investigated the potential mechanisms of 
platelet-NET interactions in the AIS process and found 
PLT-rich plasma collected from AIS patients to be 
critical for NET formation in the AIS process. Moreo-
ver, neutrophils treated with MDP showed an obvious 

Fig. 3  NET markers were colocalized with autophagy associated protein in stroke thrombi and neutrophils. a-j Stroke thrombi were stained 
with CD66b (white), H3Cit (red), LC3B (green), Beclin-1 (green) and DAPI (blue). Neutrophils from healthy controls (k) and AIS patients (l) were 
stained with H3Cit (red) and LC3B (green) and observed by confocal microscopy. m The expression of LC3B on neutrophils from healthy controls 
(n = 3) and AIS patients (n = 3). The inset scale bars are 20 μm in a-j 
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reduction in NETosis than those treated with PRP from 
AIS patients. These findings suggested PMVs may have 
a potential role of NETs formation in AIS. Flow cytom-
etry results showed the high rate of HMGB1 + PMVs in 
samples from AIS patients. HMGB1 + PMVs have been 
reported to induce NETs generation in previous studies 
[35, 36]. We also observed that NET markers were co-
localized with autophagy markers in thrombi sections. 

Neutrophil autophagy has been considered as a piv-
otal mechanism for NET formation in various stud-
ies [37–46]. In our present studies, in  vitro co-culture 
studies revealed that PMVs mediate the NET formation 
through autophagy in AIS. In a recent study, HMGB1 
from platelets mediated NETosis contribute to brain 
injury in ischemic stroke [47]. Beyond this study, we 
found PMVs was the important carrier of HMGB1 in 

Fig. 4  HMGB1 from PMPs promote NETosis through autophagy. Control neutrophils were incubated with PMPs in the presence of with or 
without wortmannin (150 nM), 3-MA (5 mM), bafilomycin A1 (1µM), rapamycin (100 nM), Box A. The levels of H3Cit in the supernatant from each 
group was measured by ELISA (a) and neutrophils were stained with MPO (green) and LC3B (red) analyzed by confocal microscopy (b-g). Control 
neutrophils were incubated with PMPs in the presence of with or without Box A. h The expression of LC3B on treated neutrophils were detected 
by western blotting and neutrophils were stained with MPO (green) and LC3B (red) analyzed by confocal microscopy (i-n). o Control neutrophils 
were incubated with recombinant HMGB1 in the presence of with or without wortmannin (150 nM), 3-MA (5 mM), bafilomycin A1 (1µM), rapamycin 
(100 nM) and the expression of LC3B on treated neutrophils were detected by western blotting. The inset scale bars in b-g and i-n are 40 μm. 
Statistics, ordinary one-way ANOVA. Data are presented as the mean ± SD. ****P < 0.0001. PMN, polymorphonuclear
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Fig. 5  NETs induce procoagulant activity in the AIS process. Control neutrophils were incubated with PMPs from healthy controls (a) and AIS 
patients (b) and stained with TF (red) and MPO (green) and observed by confocal microscopy. The expression of TF on neutrophils healthy controls 
(n = 2) and AIS patients (n = 2) detected by western blots. d Levels of TAT complexes in plasma from healthy subjects (n = 45) and AIS patients (n = 45) 
were detected by ELISA. e Control plasma was incubated with isolated NETs (0.5 µg DNA/ml) and treated with an anti-TF antibody and DNase I 
in inhibition assays. f Control plasma was incubated PLTs treated with NETs and in the presence of DNase I. g-i PLTs were stained with CD41 (green) 
and fibrin (red) in each group. Statistics, Mann-Whitney test (d) and ordinary ANOVA (e, f). Data are presented as the mean ± SD. *P < 0.05, **P < 0.01 
and ****P < 0.0001
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AIS based on our present study. As a cellular adhesion 
protein, lactadherin is responsible for neovasculariza-
tion and for clearing apoptotic cells [28, 48]. Moreover, 
lactadherin could clear PMVs in  vivo. In our studies, 
lactadherin could decrease plasma HMGB1 and H3Cit 
(NET marker) in tMCAO model. Conversely, inhibiting 
lactadherin in genetical could increase the HMGB1 and 
H3Cit, indicating the role of PMVs on NETosis in AIS. 
Our findings revealed that combing targeting PMVs by 
lactadherin may be a safe and effective way to prevent 
brain injury in AIS (Fig. 7).

Although thrombolysis has been the major therapy for 
AIS in recent years, the ability to dissolve thrombi using 
t-PA is relatively limited. In fact, in a previous study, 
t-PA resistance occurred in 50% of all stroke patients 
[49–51]. The mechanism underlying t-PA resistance is 
complicated and poorly understood. NETs have been 
identified as an important component of thrombi from 
stroke patients and may be a potential therapeutic tar-
get for t-PA resistance [11–13]. Our results showed 
persistently high concentrations of NETs in the plasma 
of AIS patients. Furthermore, we evaluated the TAT 

Fig. 6  Targeting PMVs could regulate NETs formation and brain injury in MCAO model. a PMVs were isolated from lactadherin+/+ 
or lactadherin-/- mice and incubated for 2 h with neutrophils from WT mice. b Plasma HMGB1 levels were measured by ELISA. c NET releasing cells 
from each group. Lactadherin+/+ (WT; n = 10) or lactadherin-/-mice or (KO; n = 10) mice were subjected to 1 h of transient middle cerebral artery 
occlusion followed by 23 h of reperfusion. d NETs were quantified using an H3Cit ELISA from each group. Plasma was isolated and brains were 
analyzed for ischemic stroke brain damage by TTC staining, 24 h after stroke onset. e Upon TTC staining, live brain tissue will stain red, while dead 
brain tissue will remain white (outlined with black dotted line). f Infarct size was determined by TTC staining and planimetric analysis. g Neurological 
score was measured 24 h after stroke using the Bederson Test. Statistics, Brown-Forsythe and Welch’s ANOVA test (g) and ordinary ANOVA (b-d, f). 
Data are presented as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001
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complex and fibrin formation in NETs from patients, 
and our results revealed that NETs from AIS patients 
contribute to procoagulant activity. We also found that 
NETs enhance the hypercoagulation state by activat-
ing platelets. Thrombolytic drugs have been thought 
to directly act on the site of thrombolysis to maximize 
activation of plasminogen and effectively dissolve the 
thrombus. Nonetheless, we found in our present study 
that circulating NETs contribute to a hypercoagulation 
state, which may result in t-PA resistance.

It is important to note, however, that our study has 
some limitations. First, we analyzed data from a rela-
tively small group of patients at a local hospital. There-
fore, future studies with larger sample sizes should be 
conducted to confirm our conclusions. Second, our pre-
sent study showed that HMGB1 from PMVs is one of 
the contributing factors for NET generation in the acute 
phase of AIS. However, dying cells, such as neurons, can 
secrete a large amount of HMGB1 into the circulation. 
Our future work will concentrate on the in-depth mech-
anistic link between HMGB1 and NETs in AIS. Third, 
our co-incubation assays revealed that the PMV/neutro-
phil ratios and HMGB1 concentrations, although con-
sistent with previous findings, exhibited elevated levels 
in comparison to those observed in patient plasma. 
To enhance the credibility of our experimental out-
comes, we intend to enhance our methodology in future 

investigations. Furthermore, while lactadherin has been 
considered efficacious in facilitating the clearance of 
MVs, it does not exhibit specificity towards platelet-
derived MVs. Consequently, future research endeavors 
should focus on identifying novel targeted interventions 
for the clearance of diverse types of MVs.

In conclusion, we showed that NETs are involved in 
the thrombosis and brain injury in AIS. Moreover, we 
demonstrated that HMGB1 is upregulated in PMPs from 
patients and induce NET formation. Additionally, we 
found that targeting PMPs by lactadherin could improve 
the brain injury in MCAO model. These results may pro-
vide new targets for preventing and combating vascular 
complications in stroke patients.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12964- 023- 01379-8.

Additional file 1. 

Acknowledgements
We thank Haiyan Song and Yu Zhang for their excellent technical assistance.

Authors’ contributions
Xin Gao, Xinyi Zhao and, Jiacheng Li, Jiaqi Jin, Ruishuang Ma and Shaoshan Hu 
contributed to the conception and design of the study. Wenqiang Li, Chang 
Liu, Fang Wang, Zhixi Li, Nan Wang, Jiheng Zhang, Hongtao Zhao, contributed 

Fig. 7 Proposed mechanism of NETs and PMPs contribute to brain injury and thrombosis in AIS. Activated platelets release PMPs in acute phage 
of AIS. PMPs contain HMGB1 induce neutrophils autophagy associated NETosis and contribute to brain injury and thrombosis in AIS

https://doi.org/10.1186/s12964-023-01379-8
https://doi.org/10.1186/s12964-023-01379-8


Page 11 of 12Gao et al. Cell Communication and Signaling           (2024) 22:50  

to the acquisition and analysis of the data. Jiawei Dong, Xiuwei Yan and 
Xueyan Hu contributed to drafting the text and preparing the figures.

Funding
This work was supported by grants from the National Natural Science 
Foundation of Zhejiang Province (grant nos. Y23H160056), Youth Research 
Start-up Program of Jinshan Hospital of Fudan University (JYQN-JC-202108), 
Shanghai Municipal Health and Construction Commission scientific Research 
Program (20214Y0365), the Excellent Scientific Research Team Project of the 
First Affiliated Hospital of Jiamusi University (grant no. 202301), the Natural 
Science Foundation of Changsha City (kq2202026), the Natural Science 
Foundation of Hunan Province (2022JJ40516) and China National Postdoctoral 
Program for Innovative Talents (BX20230238).

Availability of data and materials
The data required to reproduce these findings cannot be shared at this time 
due to technical or time limitations. Data are available from the corresponding 
author upon reasonable request after article published.

Declarations

Ethics approval and consent to participate
The human subjects’ experimental protocols were approved by the local eth-
ics committee of the Second Affiliated Hospital of Harbin Medical University. 
Written informed consent was obtained before screening.

Consent of publication
Not applicable.

Competing of interests
The authors declare no competing interests.

Received: 28 June 2023   Accepted: 1 November 2023

References
 1. Benjamin EJ, Virani SS, Callaway CW, Chamberlain AM, Chang AR, Cheng 

S, Chiuve SE, Cushman M, Delling FN, Deo R, et al. Heart disease and 
stroke statistics-2018 update: a report from the American Heart Associa-
tion. Circulation. 2018;137:e67–492.

 2. Campbell BCV, Khatri P. Stroke. Lancet. 2020;396:129–42.
 3. Powers WJ. Acute ischemic stroke. N Engl J Med. 2020;383:252–60.
 4. Yamagami S, Tamura M, Hayashi M, Endo N, Tanabe H, Katsuura Y, 

Komoriya K. Differential production of MCP-1 and cytokine-induced 
neutrophil chemoattractant in the ischemic brain after transient focal 
ischemia in rats. J Leukoc Biol. 1999;65:744–9.

 5. Price CJ, Menon DK, Peters AM, Ballinger JR, Barber RW, Balan KK, Lynch 
A, Xuereb JH, Fryer T, Guadagno JV, Warburton EA. Cerebral neutro-
phil recruitment, histology, and outcome in acute ischemic stroke: an 
imaging-based study. Stroke. 2004;35:1659–64.

 6. Stowe AM, Adair-Kirk TL, Gonzales ER, Perez RS, Shah AR, Park TS, Gidday 
JM. Neutrophil elastase and neurovascular injury following focal stroke 
and reperfusion. Neurobiol Dis. 2009;35:82–90.

 7. Yilmaz G, Granger DN. Leukocyte recruitment and ischemic brain injury. 
Neuromolecular Med. 2010;12:193–204.

 8. Perez-de-Puig I, Miro-Mur F, Ferrer-Ferrer M, Gelpi E, Pedragosa J, Justicia 
C, Urra X, Chamorro A, Planas AM. Neutrophil recruitment to the brain in 
mouse and human ischemic stroke. Acta Neuropathol. 2015;129:239–57.

 9. Kang L, Yu H, Yang X, Zhu Y, Bai X, Wang R, Cao Y, Xu H, Luo H, Lu L, et al. 
Neutrophil extracellular traps released by neutrophils impair revasculari-
zation and vascular remodeling after stroke. Nat Commun. 2020;11:2488.

 10. Chen R, Zhang X, Gu L, Zhu H, Zhong Y, Ye Y, Xiong X, Jian Z. New Insight 
into neutrophils: a potential therapeutic target for cerebral ischemia. 
Front Immunol. 2021;12:692061.

 11. Laridan E, Denorme F, Desender L, Francois O, Andersson T, Deckmyn H, 
Vanhoorelbeke K, De Meyer SF. Neutrophil extracellular traps in ischemic 
stroke thrombi. Ann Neurol. 2017;82:223–32.

 12. Ducroux C, Di Meglio L, Loyau S, Delbosc S, Boisseau W, Deschildre C, Ben 
Maacha M, Blanc R, Redjem H, Ciccio G, et al. Thrombus neutrophil extra-
cellular traps content impair tPA-induced thrombolysis in acute ischemic 
stroke. Stroke. 2018;49:754–7.

 13. Essig F, Kollikowski AM, Pham M, Solymosi L, Stoll G, Haeusler KG, Kraft P, 
Schuhmann MK. Immunohistological analysis of neutrophils and neutro-
phil extracellular traps in human thrombemboli causing acute ischemic 
stroke. Int J Mol Sci. 2020;21:7387.

 14. Wang R, Zhu Y, Liu Z, Chang L, Bai X, Kang L, Cao Y, Yang X, Yu H, Shi MJ, 
et al. Neutrophil extracellular traps promote tPA-induced brain hemor-
rhage via cGAS in mice with stroke. Blood. 2021;138:91–103.

 15. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS, 
Weinrauch Y, Zychlinsky A. Neutrophil extracellular traps kill bacteria. Sci-
ence. 2004;303:1532–5.

 16. Jorch SK, Kubes P. An emerging role for neutrophil extracellular traps in 
noninfectious disease. Nat Med. 2017;23:279–87.

 17. Stakos DA, Kambas K, Konstantinidis T, Mitroulis I, Apostolidou E, Arelaki 
S, Tsironidou V, Giatromanolaki A, Skendros P, Konstantinides S, Ritis K. 
Expression of functional tissue factor by neutrophil extracellular traps in 
culprit artery of acute myocardial infarction. Eur Heart J. 2015;36:1405–14.

 18. Stark K, Philippi V, Stockhausen S, Busse J, Antonelli A, Miller M, Schubert 
I, Hoseinpour P, Chandraratne S, von Bruhl ML, et al. Disulfide HMGB1 
derived from platelets coordinates venous Thrombosis in mice. Blood. 
2016;128:2435–49.

 19. Yago T, Liu Z, Ahamed J, McEver RP. Cooperative PSGL-1 and CXCR2 signaling in 
neutrophils promotes deep vein thrombosis in mice. Blood. 2018;132:1426–37.

 20. Zhou P, Li T, Jin J, Liu Y, Li B, Sun Q, Tian J, Zhao H, Liu Z, Ma S, et al. Interac-
tions between neutrophil extracellular traps and activated platelets 
enhance procoagulant activity in acute stroke patients with ICA occlu-
sion. EBioMedicine. 2020;53:102671.

 21. Dyer MR, Chen Q, Haldeman S, Yazdani H, Hoffman R, Loughran P, Tsung 
A, Zuckerbraun BS, Simmons RL, Neal MD. Deep vein thrombosis in mice 
is regulated by platelet HMGB1 through release of neutrophil-extracellu-
lar traps and DNA. Sci Rep. 2018;8:2068.

 22. Jiao Y, Li W, Wang W, Tong X, Xia R, Fan J, Du J, Zhang C, Shi X. Platelet-
derived exosomes promote neutrophil extracellular trap formation 
during septic shock. Crit Care. 2020;24:380.

 23. Gyorgy B, Szabo TG, Pasztoi M, Pal Z, Misjak P, Aradi B, Laszlo V, Pallinger E, 
Pap E, Kittel A, et al. Membrane vesicles, current state-of-the-art: emerg-
ing role of extracellular vesicles. Cell Mol Life Sci. 2011;68:2667–88.

 24. Chen Y, Xiao Y, Lin Z, Xiao X, He C, Bihl JC, Zhao B, Ma X, Chen Y. The role 
of circulating platelets microparticles and platelet parameters in acute 
ischemic stroke patients. J Stroke Cerebrovasc Dis. 2015;24:2313–20.

 25. El-Gamal H, Parray AS, Mir FA, Shuaib A, Agouni A. Circulating micropar-
ticles as biomarkers of stroke: a focus on the value of endothelial- and 
platelet-derived microparticles. J Cell Physiol. 2019;234:16739–54.

 26. Tan KT, Lip GY. Platelet microparticles and platelet adhesion: therapeu-
tic implications for the prevention and treatment of stroke. Curr Treat 
Options Cardiovasc Med. 2006;8:251–8.

 27. Perdomo J, Leung HHL, Ahmadi Z, Yan F, Chong JJH, Passam FH, Chong 
BH. Neutrophil activation and NETosis are the major drivers of thrombosis 
in heparin-induced thrombocytopenia. Nat Commun. 2019;10:1322.

 28. Dasgupta SK, Abdel-Monem H, Niravath P, Le A, Bellera RV, Langlois 
K, Nagata S, Rumbaut RE, Thiagarajan P. Lactadherin and clearance of 
platelet-derived microvesicles. Blood. 2009;113:1332–9.

 29. Wang N, Liu H, Tian M, Liang J, Sun W, Zhang L, Pei L, Liu K, Sun S, Wu J, 
et al. A nomogram that includes neutrophils and high-density lipoprotein 
cholesterol can predict the prognosis of acute ischaemic stroke. Front 
Neurol. 2022;13:827279.

 30. Wang A, Quan K, Tian X, Zuo Y, Meng X, Chen P, Li H, Wang Y. Leukocyte 
subtypes and adverse clinical outcomes in patients with acute ischemic 
cerebrovascular events. Ann Transl Med. 2021;9:748.

 31. Westendorp WF, Vermeij JD, Zock E, Hooijenga IJ, Kruyt ND, Bosboom 
HJ, Kwa VI, Weisfelt M, Remmers MJ, ten Houten R, et al. The Preventive 
Antibiotics in Stroke Study (PASS): a pragmatic randomised open-label 
masked endpoint clinical trial. Lancet. 2015;385:1519–26.

 32. Nam KW, Kwon HM, Jeong HY, Park JH, Kim SH, Jeong SM, Yoo TG, Kim 
S. High neutrophil to lymphocyte ratio is associated with white matter 
hyperintensity in a healthy population. J Neurol Sci. 2017;380:128–31.

 33. Kapoor S, Opneja A, Nayak L. The role of neutrophils in thrombosis. 
Thromb Res. 2018;170:87–96.



Page 12 of 12Gao et al. Cell Communication and Signaling           (2024) 22:50 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 34. Thalin C, Hisada Y, Lundstrom S, Mackman N, Wallen H. Neutrophil 
extracellular traps: villains and targets in arterial, venous, and cancer-
associated thrombosis. Arterioscler Thromb Vasc Biol. 2019;39:1724–38.

 35. Maugeri N, Capobianco A, Rovere-Querini P, Ramirez G, Tombetti E, Valle 
P, Monno A, D’Alberti V, Gasparri A, Franchini S, et al. Platelet microparti-
cles sustain autophagy-associated activation of neutrophils in systemic 
sclerosis. Sci Transl Med. 2018;10:eaao3089.

 36. Manfredi AA, Ramirez GA, Godino C, Capobianco A, Monno A, Franchini S, 
Tombetti E, Corradetti S, Distler JHW, Bianchi ME, et al. Platelet phagocy-
tosis via P-selectin glycoprotein ligand 1 and accumulation of microparti-
cles in systemic sclerosis. Arthritis Rheumatol. 2022;74:318–28.

 37. Angelidou I, Chrysanthopoulou A, Mitsios A, Arelaki S, Arampatzioglou 
A, Kambas K, Ritis D, Tsironidou V, Moschos I, Dalla V, et al. REDD1/
autophagy pathway is associated with neutrophil-driven IL-1beta inflam-
matory response in active ulcerative colitis. J Immunol. 2018;200:3950–61.

 38. Cheng ML, Ho HY, Lin HY, Lai YC, Chiu DT. Effective NET formation in 
neutrophils from individuals with G6PD Taiwan-Hakka is associated with 
enhanced NADP(+) biosynthesis. Free Radic Res. 2013;47:699–709.

 39. Chicca IJ, Milward MR, Chapple ILC, Griffiths G, Benson R, Dietrich T, 
Cooper PR. Development and application of high-content biological 
screening for modulators of NET production. Front Immunol. 2018;9:337.

 40. Frangou E, Chrysanthopoulou A, Mitsios A, Kambas K, Arelaki S, Angelidou 
I, Arampatzioglou A, Gakiopoulou H, Bertsias GK, Verginis P, et al. REDD1/
autophagy pathway promotes thromboinflammation and fibrosis in human 
systemic lupus erythematosus (SLE) through NETs decorated with tissue 
factor (TF) and interleukin-17A (IL-17A). Ann Rheum Dis. 2019;78:238–48.

 41. Itakura A, McCarty OJ. Pivotal role for the mTOR pathway in the formation 
of neutrophil extracellular traps via regulation of autophagy. Am J Physiol 
Cell Physiol. 2013;305:C348–354.

 42. McInturff AM, Cody MJ, Elliott EA, Glenn JW, Rowley JW, Rondina MT, Yost 
CC. Mammalian target of rapamycin regulates neutrophil extracellular 
trap formation via induction of hypoxia-inducible factor 1 alpha. Blood. 
2012;120:3118–25.

 43. Migliario M, Tonello S, Rocchetti V, Rizzi M, Reno F. Near infrared laser 
irradiation induces NETosis via oxidative stress and autophagy. Lasers 
Med Sci. 2018;33:1919–24.

 44. Remijsen Q, Vanden Berghe T, Wirawan E, Asselbergh B, Parthoens E, De 
Rycke R, Noppen S, Delforge M, Willems J, Vandenabeele P. Neutrophil 
extracellular trap cell death requires both autophagy and superoxide 
generation. Cell Res. 2011;21:290–304.

 45. Rizzi M, Carniato F, Tonello S, Migliario M, Invernizzi M, Rocchetti V, 
Marchese L, Reno F. Charged molecular silica trigger in vitro NETosis in 
human granulocytes via both oxidative and autophagic pathways. Eur 
Rev Med Pharmacol Sci. 2018;22:7058–68.

 46. Suzuki E, Maverakis E, Sarin R, Bouchareychas L, Kuchroo VK, Nestle 
FO, Adamopoulos IE. T cell-independent mechanisms associated with 
neutrophil extracellular trap formation and selective autophagy in IL-
17A-mediated epidermal hyperplasia. J Immunol. 2016;197:4403–12.

 47. Denorme F, Portier I, Rustad JL, Cody MJ, de Araujo CV, Hoki C, Alexander 
MD, Grandhi R, Dyer MR, Neal MD, et al. Neutrophil extracellular traps 
regulate ischemic stroke brain injury. J Clin Invest. 2022;132:e154225.

 48. Yeung T, Gilbert GE, Shi J, Silvius J, Kapus A, Grinstein S. Membrane phos-
phatidylserine regulates surface charge and protein localization. Science. 
2008;319:210–3.

 49. Friedrich B, Gawlitza M, Schob S, Hobohm C, Raviolo M, Hoffmann KT, 
Lobsien D. Distance to thrombus in acute middle cerebral artery occlu-
sion: a predictor of outcome after intravenous thrombolysis for acute 
ischemic stroke. Stroke. 2015;46:692–6.

 50. Rohan V, Baxa J, Tupy R, Cerna L, Sevcik P, Friesl M, Polivka J Jr, Polivka J, Ferda 
J. Length of occlusion predicts recanalization and outcome after intrave-
nous thrombolysis in middle cerebral artery stroke. Stroke. 2014;45:2010–7.

 51. Denorme F, Langhauser F, Desender L, Vandenbulcke A, Rottensteiner 
H, Plaimauer B, Francois O, Andersson T, Deckmyn H, Scheiflinger F, 
et al. ADAMTS13-mediated thrombolysis of t-PA-resistant occlusions in 
ischemic stroke in mice. Blood. 2016;127:2337–45.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Neutrophil extracellular traps mediated by platelet microvesicles promote thrombosis and brain injury in acute ischemic stroke
	Abstract 
	Aims 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Patients
	Statistical analysis

	Results
	Neutrophils tend to generate more NETs in AIS patients
	Platelets microvesicles sustain the formation of NETs by autophagy in AIS patients
	NETs formation with TF expression enhances procoagulant activity in AIS patients
	Targeting NETs and PMVs could decrease brain injury and thrombosis in MCAO model

	Discussion
	Acknowledgements
	References


