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Abstract
BACKGROUND
Endothelial activation plays an important role in sepsis-mediated inflammation, but the triggering factors have not been fully elucidated. Microvesicles carrying mitochondrial content (mitoMVs) have been implicated in several diseases and shown to induce endothelial activation. 

AIM
To explore whether mitoMVs constitute a subset of MVs isolated from plasma of patients with sepsis and contribute to endothelial activation.

METHODS
MVs were isolated from human plasma and characterized by confocal microscopy and flow cytometry. Proinflammatory cytokines, including interleukin (IL)-6, IL-8 and tumour necrosis factor (TNF)-α, and soluble vascular cell adhesion molecule (sVCAM)-1 were detected by ELISA. Human umbilical vein endothelial cells (HUVECs) were stimulated with the circulating MVs to evaluate their effect on endothelial activation.

RESULTS
MitoMVs were observed in plasma from patients with sepsis. Compared with those in healthy controls, expression of MVs, mitoMVs, proinflammatory cytokines and sVCAM-1 was increased. The number of mitoMVs was positively associated with TNF-α and sVCAM-1. In vitro, compared with MVs isolated from the plasma of healthy controls, MVs isolated from the plasma of patients with sepsis induced expression of OAS2, RSAD2, and CXCL10 in HUVECs. MitoMVs were taken up by HUVECs, and sonication of MVs significantly reduced the uptake of mitoMVs by HUVECs and expression of the above three type I IFN-dependent genes. 

CONCLUSION
MitoMVs are increased in the plasma of patients with sepsis, which induces elevated expression of type I IFN-dependent genes. This suggests that circulating mitoMVs activate the type I IFN signalling pathway in endothelial cells and lead to endothelial activation.
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Core Tip: Sepsis is a systemic inflammatory response syndrome that can lead to multiple organ dysfunction related to endothelial injury. Increased numbers of circulating microvesicles carrying mitochondrial content (mitoMVs) have been found in patients with systemic lupus erythematosus, which feature inflammation as the pathogenic mechanism. Mitochondrial damage-associated molecular patterns have been shown to induce endothelial activation. Therefore, the presence and function of mitoMVs in sepsis was studied. We found that mitoMVs were increased in plasma of patients with sepsis, and were related to inflammatory markers and induced elevated expression of type-I-IFN-dependent genes in endothelial cells.

INTRODUCTION
Sepsis is defined as life-threatening organ dysfunction caused by a dysregulated systemic inflammatory response to infection[1], and is characterized by high mortality and substantial morbidity rates[2]. In this dysregulated systemic inflammatory response, endothelial cells (ECs) are increasingly believed to play a crucial role[3]. By shifting to a proinflammatory and pro-adhesive phenotype, activated ECs can amplify the inflammatory response. Moreover, due to the reduced production of NO, activated ECs can impair microcirculatory blood flow, leading to organ injury and even life-threatening organ failure. Therefore, better characterization of the molecular mechanisms of endothelial activation may have diagnostic and therapeutic value for this potentially fatal disease.
Microvesicles (MVs), also called microparticles, are extracellular vesicles that expose phosphatidylserine (PS). They range in diameter from 0.1 to 1 µm and can be released under both physiological and pathological conditions[4]. Thus, in addition to healthy conditions, MVs can be released under disease conditions, especially diseases that are accompanied by EC activation, such as coronary heart disease[5], type 2 diabetes[6], sepsis[7], and systemic lupus erythematosus[8]. Compared with control groups, the number of MVs in patients with the above diseases tended to increase significantly. More interestingly, by transferring nucleic acids, receptors, organelles, proteins and lipids to target cells[9], MVs can also affect the biological functions of recipient cells. In terms of endothelial activation, MVs released from lipopolysaccharide (LPS)-stimulated monocytes can induce the expression of a variety of adhesion molecules in ECs[10], and MVs isolated from the plasma of patients with sepsis can even mediate vascular function[11]. Therefore, MVs are proposed to mediate endothelial activation in sepsis.
MVs carrying mitochondrial content (mitoMVs) have been reported in LPS-stimulated monocytes[12]. In addition, increased numbers of circulating mitoMVs have been found in patients with systemic lupus erythematosus[8] and in mouse models of hepatic inflammation[13]. In particular, extracellular mitochondria and mitochondrial damage-associated molecular patterns (DAMPs) are identified as inducers of endothelial activation. On the other hand, sepsis changes the activity of mitochondria, which are essential intracellular regulators of the immune response[14,15]. Therefore, we aimed to test the hypothesis that mitoMVs constitute a subset of MVs isolated from the plasma of patients with sepsis and contribute to endothelial activation. 

MATERIALS AND METHODS
Study design and patient population
This study was approved by the Ethics Committee of the First Affiliated Hospital of University of South China. Patients who received medical intensive care for the treatment of sepsis from 2019 to 2020 were recruited. Informed consent was obtained before initiating the study. Adult patients (age 18–85 years) diagnosed with sepsis were recruited. The diagnosis relied on “The Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3)”[1]. The control group was composed of healthy volunteers who visited the physical examination centre of our hospital during the same period. Patients who were younger than 18 years or older than 85 years, took corticosteroids or immunosuppressive medications prior to arrival, or did not sign the informed consent form were excluded. Information on all subjects enrolled in the study, including their age, sex, medical history, white blood cell count, and some blood parameters, was collected and recorded at the first visit.

Blood collection and preparation
Peripheral venous blood samples were drawn and preserved according to previously published protocols. First, after the subjects had fasted for 8 h, whole blood was collected intravenously, but the first tube of blood was discarded. Serum blood tubes and 3.2% trisodium citrate anticoagulant tubes were used to collect the samples, which were placed in an upright position to prevent shaking. These samples were centrifuged at 2000 g for 10 min to prepare serum and platelet-rich plasma. Platelet-rich plasma was then centrifuged again at 2000 g for 10 min to prepare platelet-poor plasma (PPP). PPP and serum samples were stored at -80°C for later use.

Isolation and probing of MVs
Flow cytometry was used to identify and count the MVs of different surface molecules. PPP (250 μL) was mixed with 300 µL of PBS and centrifuged at 2000 g for 10 min at 20°C to remove apoptotic bodies and debris. The upper 500 μL of plasma was transferred to a new tube and centrifuged at room temperature for 30 min at 18000 g to concentrate the plasma MVs. The top 450 μL of plasma was removed, 500 µL PBS was added, and the MVs were recentrifuged. Finally, 400 µL of supernatant was removed, and the remaining 150 μL of MVs was divided into two parts. Fifty microlitres of the remaining MVs was transferred into a flow cytometry tube for the following experiments. The other 100 µL of MVs was stored at -80°C. For in vitro experiments, 2 mL PPP was centrifuged according to the above protocol; however, after the last centrifugation, almost all of the supernatant was discarded, and only 100 µL of the MV pellet was retained and stored at -80°C for later use.
For flow cytometry, to identify the total MV population and determine whether it contained mitochondrial content, a 50 μL MV suspension was incubated with the following fluorescent monoclonal antibodies: APC-labelled anti-tom22 (translocase of the outer mitochondrial membrane 22) (Cat. No. 130-107-698; Miltenyi Biotec, Germany) and FITC-labelled lactadherin (lot no. HH0430-1ML; Haematologic Technologies, United States). In addition, MitoTracker Deep Red (Cat. No. M22426; Invitrogen, Carlsbad, CA, United States) was used to assess the mitochondrial content. After incubation at room temperature for 15 min, FITC- and APC-conjugated isotype control antibodies were used as controls. Calibration beads (Cat. No. F13839; Thermo Fisher Scientific, United States) were used as a size reference. Finally, MVs were identified and counted using a BD Aria II flow cytometer (BD, United States). MV analysis was performed at the second gear flow rate, and light scattering and fluorescence were determined using a logarithmic model. Events that were 0.1-1.0 μm in diameter on FSC-SSC plots and emitted green fluorescence were defined as MVs. FlowJo (Version 7.6.1; BD) was used to obtain and analyse the data. The number of MVs per microlitre of plasma was calculated as previously described[16].
For confocal microscopy, MVs were labelled with MitoTracker Deep Red for 15 min and with lactadherin-FITC for 15 min, followed by washing and mounting on glass slides coated with 50% glycerin. The slides were observed under an LSM 880 confocal microscope (Carl Zeiss, Jena, Germany) in the Medical Instrument and Equipment Technology Laboratory of Hengyang medical college, University of South China.

ELISA
ELISA was used to detect the serum expression levels of tumour necrosis factor (TNF)-α, interleukin (IL)-6, IL-8, C-reactive protein (CRP) and soluble vascular cell adhesion molecule (sVCAM)-1 (Thermo Fisher Scientific). ELISA plates were coated with the capture antibody at 100 µL/well and incubated overnight at 4°C. The next morning, serum samples were thawed and centrifuged at 1000 g for 15 min before use. Then, 100 µL of the diluted sample was added to the appropriate ELISA plate. The ELISA plate was again incubated overnight at 4°C for maximum sensitivity. On the third morning, 100 µL of the diluted detection antibody was added to each well, followed by incubation at room temperature for 1 h. Subsequently, 100 µL of diluted streptavidin–horseradish peroxidase was added to each well and incubated at room temperature for 30 min. Then, 1´ tetramethylbenzidine substrate solution was added at 100 µL/well and incubated at room temperature for 15 min. Finally, 100 µL of Stop Solution was added to each well, and absorbance was read at 450 nm.

Cell culture, stimulation and MV sonication
Human umbilical vein endothelial cells (HUVECs) were maintained in endothelial cell medium (ECM, ScienCell, USA), comprising basal medium, 5% foetal bovine serum, 1% endothelial cell growth supplement, and 1% penicillin/streptomycin solution, at 37°C in a humidified 95%:5% (v/v) mixture of air and CO2. When HUVECs reached approximately 80% confluence, they were digested and seeded in a 12-well plate (Nest, Wuxi, China). Before treatment with MVs, the ECM was replaced with FBS-free culture medium, and the MVs were quantified by flow cytometry. The cells were treated with equal numbers of MVs from the plasma of healthy controls (MVcontrol) and MVs from the plasma of patients with sepsis (MVsepsis) for 8 h. Cell-free supernatants were collected for the measurement of IL-8 by ELISA. Total RNA was extracted from the cells, and quantitative reverse transcription polymerase chain reaction (qRT-PCR) was used to determine expression of IL-8, CXCR2, RSAD2 and OAS2. The primers for these genes are shown in Table 1.
MVs were resuspended and diluted in ECM to the desired concentrations. Sonication of the samples was performed using an ultrasonic processor (VCX130, United States) at 100% power and 6´ 30-s sonication rounds at 1-min intervals.

qRT-PCR
RNA was isolated from cells by using TRIzol™ Reagent (Cat. No. 15596026; Thermo Fisher Scientific), and cDNA synthesis was performed using a RevertAid First Strand cDNA Synthesis Kit (Cat. No. K1622; Thermo Fisher Scientific). The CFX96 system (Bio-Rad Laboratories) and TB Green® Premix Ex Taq™ II (Cat. No. RR820A; Takara, Tokyo, Japan) were used for real-time PCR-based quantifications. The expression levels of the mRNAs of interest were determined using the delta Ct method and normalized to the GAPDH mRNA level.

MitoTracker-positive MV uptake was measured by flow cytometry and confocal microscopy
For flow cytometry, HUVECs were seeded in 12-well plates on 12-mm coverslips (Cat. No. 1254580; Fisher). MVs isolated from patients with sepsis were labelled with MitoTracker Deep Red and centrifuged at room temperature for 30 min at 18000 x g. The MVs were washed with PBS and recentrifuged. Before incubation of HUVECs with MVs, the cell culture medium was replaced with fresh FBS-free medium, and the cells were starved for 2 h. MVs were suspended in the same FBS-free medium supplemented with 200 g/mL bovine serum albumin and added to the HUVECs for 2 h at 37°C. Afterwards, the cell supernatant was discarded, and the HUVECs were washed with warm PBS. Subsequently, the coverslips were placed in a single-well Petri dish and processed separately, and the remaining HUVECs in the 12-well plates were detached by trypsinization and fixed with 2% paraformaldehyde (PFA) for flow cytometry.
For immunofluorescence confocal microscopy, HUVECs growing on coverslips were directly fixed with 4% PFA in PBS (pH 7.4) for 15 min at 37°C, quenched with 150 mmol/L Tris pH 8.0 for 5 min, and washed three times with PBS. Nuclei were stained with Hoechst (10 mmol/L in PBS) for 3 min. Coverslips were mounted on concave microscope slides coated with PBS and sealed, and images were acquired on a Zeiss LSM 880 confocal microscope. MitoTracker-labelled MVs were excited with a 543 nm laser and nuclei were excited with a 405 nm laser.

Quantification and statistical analysis
SPSS version 26.0 was used for statistical analysis. Before statistical analyses, data were tested for normal distribution by the Shapiro–Wilk test. Data that fitted the assumption of normal distribution were presented as the mean ± SEM, and Student’s t test was used to compare data from two groups. Non-normally distributed data were presented as the median (first to third interquartile range) and analysed by the Kruskal–Wallis test. Categorical data were analysed by the χ2 test, followed by post hoc Wilcoxon signed-rank test. If the prediction frequency was < 5, Fisher’s exact test was used. Correlations between MVs and cytokines were evaluated with scatter plots and Spearman rank correlation coefficients. P < 0.05 was considered significant. aP < 0.05, bP < 0.01.

RESULTS
Baseline characteristics of the study population
The demographic parameters of the patients with sepsis and healthy controls are shown in Table 2. During the study period, on the basis of the inclusion and exclusion criteria, 19 patients with sepsis and 20 control volunteers were finally included. No differences in age, sex, or history of hypertension or diabetes mellitus were observed between the two groups. However, the white blood cell count was significantly higher in the sepsis group (P < 0.001). Microbiological tests were carried out for all patients with sepsis, revealing 13 (68.4%) Gram-negative bacterial infections and 3 (15.8%) Gram-positive infections. In terms of the source of infection, the most common sites of original infection in the sepsis group were the lungs and urine, followed by the abdomen and bloodstream.

MVs released by patients with sepsis are increased in mitochondrial content
Because MVs are membrane vesicles with diameters ranging from 0.1 to 1 µm, 0.2 µm, 0.5 µm and 1 µm particle standards were used to optimize the flow cytometer before circulating MVs were analysed by flow cytometry. The Aria II flow cytometer with a logical display was capable of distinguishing the above standards (Figure 1A). Most of the MVs separated from plasma were within our delineated range (Figure 1B), and the number of the circulating MV peaks appeared between 0.2 and 0.5 µm (Figure 1C). This result was similar to a previous report[17], indicating that our centrifugation and detection protocol was feasible. 
Confocal scanning microscopy and flow cytometry were used to examine whether the MVs isolated from the plasma of patients with sepsis were rich in mitochondrial content. The binding of lactadherin to PS was used to distinguish MVs from events caused by noise or exosomes. MitoTracker Deep Red and APC-anti-tom22 were used to indicate whether the MVs contained mitochondrial components.
Bright field microscopy revealed that the MVs were approximately elliptical in shape and of different sizes (Supplementary Figure 1A). Upon laser excitation at wavelengths suitable for FITC and MitoTracker Deep Red, some of the MVs appearing in the bright field image were excited to emit green and red fluorescence, respectively. Some of the MVs appeared yellow when the bright field and fluorescent images were merged (Supplementary Figure 1D). This result suggests that the extracellular vesicles isolated from the plasma of patients with sepsis are indeed MVs and carry mitochondrial components.
To correctly identify mitoMVs, we determined a flow cytometry threshold with a blank MV sample to correct for intrinsic autofluorescence (Figure 2A). To correct for spectral overlap, we also incubated the MV samples with lactadherin-FITC, anti-tom22-APC or MitoTracker Deep Red to establish thresholds. These thresholds are shown in Figure 2B, C and E. The MVs from septic patients stained positive for both lactadherin and tom22 (Figure 2D) and for both lactadherin and MitoTracker (Figure 2F), confirming the presence of mitochondrial components.

Expression of MVs, mitoMVs, sVCAM-1 and inflammatory markers in the sepsis and control groups
We determined the numbers of MVs and mitoMVs in plasma samples from the patients with sepsis and controls. The number of MVs in the healthy controls was 23.72 (20.10–30.21) × 106 events/μL, whereas that in the sepsis group was 73.27 (64.08–84.49) × 106 events/μL. These numbers were significantly different between the two groups (P < 0.001; Figure 3A and B). We analysed the number of mitoMVs in the healthy control and sepsis groups. The number of mitoMVs in the healthy control group was 3.12 (2.16–3.82) × 106 events/μL, and that in the sepsis group was 22.53 (17.78–32.29) × 106 events/μL. These values also suggested significant differences between the two groups (P < 0.001; Figure 3C and D, respectively). Regarding cytokines, the plasma levels of the endothelial activation marker sVCAM-1 and the inflammatory markers IL-8, IL-6, TNF-α and CRP were dramatically increased in patients with sepsis after their admittance to intensive care units and diagnosis compared with the healthy control group, and the difference was significant (P < 0.001; Table 1). These data suggest that, in the plasma of patients with sepsis, the increase in the number of mitoMVs was more significant than the increase in the number of MVs and there were endothelial dysfunction and severe inflammatory response in patients with sepsis.

Association among TNF-a, sVCAM-1 and MVsepsis and induction of IL-8 in HUVECs
Because MVs and mitochondrial components are related to endothelial dysfunction[18] and inflammation[19], we analysed the relationships among MVs, mitoMVs and cytokines in sepsis. In the sepsis group, the number of mitoMVs was related to expression of TNF-α (P = 0.022, r = 0.521; Figure 4B, respectively) and to expression of sVCAM-1 (P = 0.041, r = 0.472; Figure 4C, respectively). Second, expression of MVs was related to expression of TNF-α (P = 0.027, r = 0.507; Figure 4A), but the correlation coefficient was lower than that of mitoMVs and TNF-α. Finally, we did not find IL-6, IL-8 or CRP to be correlated with MVs or mitoMVs despite performing the same correlation analysis.
Since TNF-α is a strong proinflammatory factor and sVCAM-1 is a marker of endothelial activation, the above results indicate that MVsepsis may mediate the sepsis-induced inflammatory response through the endothelium. Therefore, we isolated MVs from the plasma of patients with sepsis and healthy controls and applied them to HUVECs in vitro. Compared with MVcontrol, MVsepsis induced an increase in IL-8 mRNA expression in HUVECs. In the HUVEC supernatant, IL-8 expression in the MVsepsis treatment group was significantly higher than that in the MVcontrol treatment group (P < 0.05, Figure 4D). This indicates that MVsepsis are able to activate ECs.

MitoMVs are internalized by HUVECs and can induce activation of type I IFN response in HUVECs
Given that MVs exert their biological effects by transferring their cargo to recipient cells[20,21], confocal microscopy was used to explore whether the mitochondrial content in MVsepsis could be taken up by HUVECs. Incubation of MVsepsis with HUVECs resulted in accumulation of MitoTracker-positive MVs around the nucleus and in the significantly increased red fluorescence intensity of HUVECs, which indicated that mitochondrial content of MVsepsis was transferred to HUVECs (Figure 5).
Since several components of mitochondrial DAMPs have the capacity to induce activation of type I IFN response[22], we determined the mRNA expression levels of CXCL10, RSAD2 and OAS2, all of which are representative of the type I IFN signalling pathway, in HUVECs stimulated by circulating MVs. qRT-PCR showed that, compared with MVcontrol, MVsepsis significantly promoted HUVEC expression of the above genes (P < 0.01, Figure 6). Among these genes, CXCL10 expression was increased to the greatest extent (approximately 500-fold). In addition, the treatment of MVsepsis by sonication and reincubation with HUVECs significantly reduced the entry of MitoTracker-labelled MVsepsis into HUVECs (Figure 5) and reduced expression of RSAD2, OAS2 and CXCL10 (Figure 6). This result indicates that the mitochondrial content of MVsepsis is an important factor driving type I IFN signal activation.

DISCUSSION
In this study, we demonstrated that MVsepsis were abundant in mitochondrial content and that the levels of MVs and mitoMVs were significantly higher in patients with sepsis than in the healthy controls. MitoMVs were significantly correlated with TNF-α and sVCAM-1. MVsepsis, in particular, have the capacity to increase expression of type I IFN pathway members in HUVECs. This capacity was significantly reduced after destruction of mitoMVs by sonication. Collectively, mitoMVs constitute a subset of MVsepsis and may contribute to endothelial activation.
Mitochondria play important roles in energy metabolism, cell signal transduction, and apoptosis regulation. Therefore, mitochondria are one of the most easily affected cellular organelles in disease-induced dysfunction[23]. Therefore, characterizing mitochondria has increasingly become an important method to explore the pathogenesis of related diseases[24]. The most commonly used mediators are mitochondrial fluorescent probes, such as MitoTracker Deep Red, and antibodies against tom complexes, such as anti-tom22[25]. The former is chemically reactive and linked to thiol groups in the mitochondria[26]. Therefore, it is not affected by the mitochondrial membrane potential and is highly sensitive. The latter reacts with the tom complex via antigen–antibody interactions, which is specific and potentially indicates that mitochondrial proteins are present in an immunologically accessible form. In this study, the above two methods were used to label the mitochondrial content in MVs, and the results were positive. This provides reliable evidence that MVs isolated from human plasma carry mitochondrial content and suggests that the mitochondrial components in MVs exist in an immunologically accessible form.
Mitochondrial dysfunction contributes to several inflammatory diseases, ranging from sepsis[27] to rheumatoid arthritis[28]. Mitochondrial DAMPs, which are released by damaged mitochondria, have the ability to directly activate inflammatory responses[29]. In particular, Irene et al[30] showed that the MVs isolated from the sera of children with autism spectrum disorder not only contained mtDNA, one type of mitochondrial DAMP, but could also stimulate human microglia to secrete IL-1β. Similarly, we found mitoMVs. The expression of mitoMVs in patients with sepsis was significantly higher than that of the control group. Compared with the increase in MVs in the control group, the increase in mitoMVs in the sepsis group was more marked. This demonstrates that mitoMVs indicate the presence of sepsis and may participate in the immune response induced by sepsis.
Previous studies have shown that the levels of various cytokines are elevated in sepsis[31,32] and can be used as markers of inflammation in sepsis[33]. Therefore, ELISA was used to detect expression of CRP, IL-6, IL-8 and TNF-α in the sera of patients with sepsis. Compared with those in the healthy control group, expression of the above inflammatory factors in the sepsis group were significantly higher. This confirms activation of the bodily inflammatory response in patients with sepsis. Correlation of MVs and mitoMVs with the above cytokines was analysed. MVs and mitoMVs were correlated with expression of TNF-α and mitoMVs were correlated with expression of sVCAM-1. This indicates that MVsepsis are potentially involved in sepsis-mediated immune activation and may mediate the immune response through endothelial activation. TNF-α is a strong proinflammatory cytokine[34] that participates in oedema formation, leukocyte adhesion to vascular ECs via the expression of adhesion molecules, and promotion of oxidative stress at sites of inflammation, and VCAM-1 regulates inflammation-associated vascular adhesion and serves as a marker of endothelial activation[35].
MVs are the medium of information transmission between cells, and many studies have shown that MVs produced under pathological conditions have the ability to induce activation of recipient cells[18,36]. Therefore, based on the above inference, we explored the effect of plasma MVs on ECs in vitro. ELISA and qRT-PCR showed that compared with MVcontrol, MVsepsis increased expression of IL-8 in HUVECs. This result is similar to the findings of Hosseinkhani et al[37] that indicated that MVsepsis induced activation of ECs.
The type I IFN signalling pathway is related to inflammation[38] and is a manifestation of endothelial activation[39]. Several components of mitochondrial DAMPs can induce activation of type I IFN signals. In particular, increasing evidence shows that delivering MV cargo to recipient cells is an important way for MVs to exert their biological effects[21,40]. Therefore, the uptake of MVsepsis mitochondrial content and its ability to induce activation of type I IFN signals in HUVECs were investigated. MitoMVs were taken up by HUVECs, which accounted for the mechanism by which MVsepsis increased expression of type-I-IFN-dependent genes in HUVECs. This is similar to the study of Puhm et al[41]. They stimulated monocytes to produce mitoMVs via lipopolysaccharides, which are characteristic components of the Gram-negative bacterial cell wall, and these mitoMVs induced activation of type I IFN signalling in ECs. This study, together with our results, suggests that mitoMVs may be an effective target in sepsis-induced endothelial activation and for the treatment of sepsis in future. ECs with activated type I IFN signals have been shown to secrete adhesion molecules[42] and chemokines[43], which can amplify the activation and damage of ECs by inducing the adherence of monocytes[44] and neutrophils[45] to ECs. Many studies have shown a role for type I IFN signalling in vascular abnormalities associated with impaired blood vessel dilation. In particular, the latest research shows that type I IFN signals also mediate abnormal blood clotting induced by septic bacterial infection[46]. Finally, our results may also indicate that mitoMVs are not the only factor driving the elevated expression of type-I-IFN-dependent genes. Compared with MVcontrol, MVsepsis subjected to sonication still slightly promoted the expression of type I IFN signalling genes. Caielli et al[47] showed that mtDNA in its free form[48], which may not be completely eliminated during the process of MV isolation, can induce the activation of type I IFN signalling. 
This study had some limitations. First, expression of genes that are representative of type I IFN signalling in HUVECs should be further assessed at the protein level. Second, human microvascular endothelial cells, which are more relevant to the pathophysiology of sepsis than HUVECs, are not used to perform the ex vivo studies. Finally, since sonication does not only disrupt mitochondria, it is possible that other mitoMV components or nonmitochondrial contents induce type I IFN responses.

CONCLUSION
MitoMVs were increased in the plasma of patients with sepsis when compared with the healthy control group. The number of mitoMVs was correlated with inflammatory and endothelial activation markers. Moreover, mitoMVs from patients with sepsis induced expression of type-I-IFN-dependent genes in ECs. Therefore, circulating mitoMVs may have potential as a novel intervention target for sepsis-induced endothelial activation.

ARTICLE HIGHLIGHTS
Research background
Sepsis is a life-threatening complication of infection that involves endothelial injury that contributes to multiple organ failure. Microvesicles (MVs), which can transfer nucleic acids, organelles and proteins to target cells, are recognized as important mediators in intercellular communication.

Research motivation
MVs carrying mitochondrial content (mitoMVs) have been implicated in several diseases. However, it is not clear whether mitoMVs are involved in sepsis.

Research objectives
To explore whether mitoMVs constitute a subset of MVs isolated from plasma of patients with sepsis and contribute to endothelial activation.

Research methods
Confocal microscopy and flow cytometry were used to characterize the presence of mitoMVs and their expression in plasma. Human umbilical vein endothelial cells were stimulated with circulating MVs to evaluate their effect on endothelial activation.

Research results
MVs isolated from patients with sepsis were rich in mitochondrial content and the levels of MVs and mitoMVs were significantly higher in patients with sepsis than in healthy controls. The number of mitoMVs was positively associated with tumour necrosis factor-α and soluble vascular cell adhesion molecule 1. MitoMVs isolated from the plasma of patients with sepsis induced elevated expression of type-I-IFN-dependent genes in endothelial cells.

Research conclusions
MitoMVs were increased in the plasma of patients with sepsis and may activate the type I IFN signalling pathway in endothelial cells.

Research perspectives
MitoMVs may have potential as a novel interventional target for sepsis-induced endothelial injury.
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Figure Legends
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Figure 1 Gating strategy for microvesicles and characterization of microvesicles isolated from human plasma. A: Gating strategy for microvesicles (MVs) based on calibration particles; B: Representative dot plots demonstrating the concentration of MVs isolated from human plasm; C: The merged dot plots of MVs isolated from human plasm (blue) and calibration particles (red).
[image: ]
Figure 2 Representative dot plots of circulating microvesicles from a patient with sepsis. Microvesicles (MVs) were labelled and analysed by flow cytometry. A: Unlabelled MVs (autofluorescence); B: MVs labelled with lactadherin-FITC; C: MVs labelled with anti-tom22-APC; D: MVs double stained with lactadherin-FITC and anti-tom22-APC; E: MVs labelled with MitoTracker Deep Red; F: MVs double stained with lactadherin-FITC and MitoTracker Deep Red.
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Figure 3 Flow cytometric analysis of microvesicles and microvesicles carrying mitochondrial content. A: Representative dot plots of microvesicles (MVs) in patients with sepsis and healthy controls; B: Numbers of MVs in 19 patients with sepsis and 20 healthy controls; C: Representative dot plots of the microvesicles carrying mitochondrial content (mitoMVs) within the lactadherin+ population in patients with sepsis and healthy controls; D: Numbers of mitoMVs within the lactadherin+ population in 19 patients with sepsis and 20 healthy controls. 
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Figure 4 Association between tumour necrosis factor-α, soluble vascular cell adhesion molecule-1 and microvesicles that were isolated from the plasma of patients with sepsis and induction of interleukin-8 in human umbilical vein endothelial cells. TNF-α: tumour necrosis factor-α; sVCAM-1: soluble vascular cell adhesion molecule-1; MVsepsis: microvesicles that were isolated from the plasma of septic patients; IL-8: interleukin-8.
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Figure 5 Uptake of microvesicles carrying mitochondrial content by human umbilical vein endothelial cells before and after ultrasonic treatment. Microvesicles (MVs) were isolated from the plasma of patients with sepsis and labelled with MitoTracker Deep Red. A: Human umbilical vein endothelial cells (HUVECs) were incubated with the labelled MVs and treated or not treated with sonication. Nuclei were stained by Hoechst; B: Flow cytometric analysis of HUVECs after incubation with the labelled MVs either treated (blue) or not (red) treated with sonication. 
[image: ]
Figure 6 mRNA expression in human umbilical vein endothelial cells after stimulation with circulating microvesicles. MVcontrol: microvesicles that were isolated from the plasma of healthy controls; MVsepsis: microvesicles that were isolated from the plasma of septic patients; sonic. MVsepsis: MVsepsis that were treated by sonication.

Table 1 Primers were used in this study for quantitative reverse transcription polymerase chain reaction
	Gene
	Forward primer
	Reverse primer

	IL-8
	CTCTTGGCAGCCTTCCTGATT
	TATGCACTGACATCTAAGTTCTTTAGCA

	OAS2
RSAD2
	ACGTGACATCCTCGATAAAACTG
TGAGGTTCTGCAAAGTAGAGTT
	GAACCCATCAAGGGACTTCTG
GCGAGAATGTCCAAATACTCAC

	CXCL10
	GTGGCATTCAAGGAGTACCTC
	TGATGGCCTTCGATTCTGGATT




Table 2 Patient Characteristics and plasma cytokine concentrations
	
	Control (n = 20)
	Sepsis (n = 19)
	Psepsis vs control

	Characteristics
	
	
	

	Agea
	62.5 ± 9.8
	58.13 ± 9.69
	0.346

	Male sexc
	11
	7
	0.256

	Hypertensionc
	4
	6
	0.480

	DMc
	1
	2
	0.605

	WBC, 109/Lb
	6.18 ± 1.57
	14.19 ± 8.02
	< 0.001

	Site of infection
	
	
	

	Pneumonia
	NA
	6
	

	Urinary
	NA
	6
	

	Abdominal
	NA
	5
	

	Bacteraemia
	NA
	2
	

	Unknown
	NA
	3
	

	Microbial data
	
	
	

	Gram positive
	NA
	3
	

	Gram negative
	NA
	13
	

	Fungi
	NA
	1
	

	Mixed
	NA
	2
	

	Unknown
	NA
	4
	

	Inflammation markers
	
	
	

	TNF-α (pg/mL)b
	6.90 (4.94-9.45)
	26.10 (17.56-35.02)
	< 0.001

	IL-6 (pg/mL)b
	7.33 (4.68-10.33)
	61.25 (37.54-87.30)
	< 0.001

	IL-8 (pg/mL)b
	7.30 (5.11–9.00)
	19.59 (14.04-62.19)
	< 0.001

	CRP (ng/mL)b
	158.62 (67.75-246.42)
	445.07 (382.31-549.73)
	< 0.001

	sVCAM-1 (ng/mL)b
	89.22 (72.09-99.67)
	164.68 (134.15-198.55)
	< 0.001


aMean ± SD determined by t-test.
bMedian (interquartile range) tested by the Kruskal-Wallis test.
cThe rate or constituent ratio between the two groups was analyzed by the chi-square test.
IL-6: Interleukin-6; IL-8: Interleukin-8; TNF-α: Tumour necrosis factor-α; CRP: C-reactive protein; sVCAM-1: Soluble vascular cell adhesion molecule-1; NA: Not available.
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