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Introduction: Sepsis is associated with endothelial cell (EC) dysfunction,

increased vascular permeability and organ injury, which may lead to mortality,

acute respiratory distress syndrome (ARDS) and acute renal failure (ARF). There

are no reliable biomarkers to predict these sepsis complications at present.

Recent evidence suggests that circulating extracellular vesicles (EVs) and their

content caspase-1 and miR-126 may play a critical role in modulating vascular

injury in sepsis; however, the association between circulating EVs and sepsis

outcomes remains largely unknown.

Methods: We obtained plasma samples from septic patients (n=96) within 24

hours of hospital admission and from healthy controls (n=45). Total, monocyte-

or EC-derived EVs were isolated from the plasma samples. Transendothelial

electrical resistance (TEER) was used as an indicator of EC dysfunction. Caspase-

1 activity in EVs was detected and their association with sepsis outcomes

including mortality, ARDS and ARF was analyzed. In another set of

experiments, total EVs were isolated from plasma samples of 12 septic patients

and 12 non-septic critical illness controls on days 1, and 3 after hospital

admission. RNAs were isolated from these EVs and Next-generation

sequencing was performed. The association between miR-126 levels and

sepsis outcomes such as mortality, ARDS and ARF was analyzed.

Results: Septic patients with circulating EVs that induced EC injury (lower

transendothelial electrical resistance) were more likely to experience ARDS

(p<0.05). Higher caspase-1 activity in total EVs, monocyte- or EC-derived EVs

was significantly associated with the development of ARDS (p<0.05). MiR-126-3p

levels in EC EVs were significantly decreased in ARDS patients compared with

healthy controls (p<0.05). Moreover, a decline in miR-126-5p levels from day 1 to
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day 3 was associated with increased mortality, ARDS and ARF; while decline in

miR-126-3p levels from day 1 to day 3 was associated with ARDS development.

Conclusions: Enhanced caspase-1 activity and declining miR-126 levels in

circulating EVs are associated with sepsis-related organ failure and mortality.

Extracellular vesicular contents may serve as novel prognostic biomarkers and/or

targets for future therapeutic approaches in sepsis.
KEYWORDS

sepsis, extracellular vesicles, caspase-1, miR-126, vascular injury, ARDS (acute
respiratory distress syndrome)
1 Introduction

Sepsis remains a leading cause of death in intensive care units

(ICU), with a mortality rate of approximately 15-25% (1–3).

Vascular dysfunction, a feared complication of sepsis, can result

in acute respiratory distress syndrome (ARDS), acute renal failure

(ARF), and even mortality (4, 5). However, existing prognostic tools

are hindered by complexity and biases leading to imperfect

predictive capabilities (6–9). Further, the heterogeneity of sepsis

at the individual patient level has also hindered therapeutic

advances in the field (10). Decades of investigative efforts in the

absence of sepsis endotyping have yielded no conclusively effective

therapies to date. Understanding the heterogeneity of sepsis and

subgrouping septic patients for personalized treatment may hold

the promise of targeted sepsis therapy.

Extracellular vesicles (EVs) are membranous nanovesicles

formed by outward budding of the plasma membrane, apoptosis,

or exocytosis of multivesicular bodies, and are released from almost

every cell type (11–13). EVs express molecules on their membranes

that are specific for their parental cells and contain functional

molecules including protein and miRNA (11). Circulating EVs

encompass EVs from platelets, endothelial cells (ECs), neutrophils,

monocytes, lymphocytes, erythrocytes, and their precursors, and play

a critical role in maintaining vascular homeostasis in physiological

conditions (13, 14). The presence of circulating EVs and their role as

biomarkers and mediators in sepsis pathophysiology have been

explored (11). Recent studies suggest that EV caspase-1 activity can

induce EC injury and that sepsis-induced pyroptosis of monocytes

and ECs can release caspase-1 containing EVs (15–18). Conversely,

EV miR-126 has been shown to stabilize the endothelium in sepsis

while modulating sepsis-related organ failure (19–22). However, the

potential role of circulating total or cell-specific EVs in septic patients

and their association with sepsis outcomes such as organ failure and

mortality are still largely unknown.

We isolated circulating total and cell-specific EVs from septic

patients and analyzed the association of EV function/contents with

sepsis outcomes. Our data demonstrated that EV caspase-1 activity

and miR-126 levels are associated with the development of organ

failures and mortality and may serve as novel biomarkers and/or

therapeutic targets for sepsis.
02
2 Materials and methods

2.1 Human donors

Septic (n=96) and non-septic critically ill (n=12) hospitalized

patients were enrolled during 2015-2018 at the Medical University of

South Carolina. We screened all admissions for the presence of sepsis

based on the American College of Chest Physicians/Society of Critical

Care Medicine consensus definition in use at the time of enrollment

initiation (23). Additional inclusion criteria included age ≥18 years and

admission into the hospital within the previous 24 hours. We excluded

immunocompromised patients as defined by immunosuppressive

medication use, leukopenia, current hematologic malignancy, and

history of stem cell transplant. Additional exclusion criteria included:

transfer in from other hospitals if subjects had spent > 24 hours in an

ICU at the time of screening and care goals consistent with comfort

measures only at the time of screening. Healthy control subjects (n=45)

were recruited through local advertising. Informed consent for study

participation and publication of results was obtained from all research

subjects or their legally authorized representatives.

Organ failures, including the occurrence of ARDS or ARF, were

adjudicated by study investigators using the Berlin definition and

kidney disease: Improving Global Outcomes (KDIGO) criteria,

respectively (24, 25). ICU and hospital length of stay, discharge

destination and vital status were captured. Basic demographics were

recorded from healthy controls. These studies were in accordance

with the 1964 Helsinki declaration and its later amendments or

comparable ethical standards and approved by the Institutional

Review Board at the Medical University of South Carolina. The

entire human cohort demographics are listed in Table 1.
2.2 Human plasma collection

Plasma samples were collected from septic subjects and non-

septic critically ill subjects on day 1, and 3 after hospital admission,

and from healthy controls. Peripheral blood was collected in tubes

containing disodium EDTA, and then centrifuged at 2,000 x g for 15

minutes at 4°C to obtain the plasma. The collected plasma samples

were aliquoted and stored at -80°C for further analysis.
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2.3 Extracellular vesicle isolation
and characterization

Circulating total EVs were isolated from frozen human plasma

as described (26, 27). In brief, 1 ml of the collected plasma samples

were centrifuged at 2,000 x g for 30 minutes at 4°C, the supernatant

was further centrifuged at 12,000 x g for 30 minutes at 4°C. Then the

supernatant was ultracentrifuged at 100,000 x g for 2 hours at 4°C to

pellet the EVs. EVs pellet was washed once in PBS and

ultracentrifuged again at 100,000 x g for 2 hours at 4°C. The

pelleted EVs were then suspended in PBS and kept at -80°C for

further analysis.

Circulating EVs derived from monocytes or endothelial cells

were isolated as described by Goetzl et al. (28). Briefly, circulating

total EVs were precipitated with ExoQuick (SBI). Monocyte cell-

specific EVs were enriched by sequential immunoprecipitation with

biotinylated anti-CD14 antibody (Thermo Fisher Scientific), and

CD14+ EVs were considered monocyte-derived EVs. Endothelial

cell-specific EVs were enriched by sequential immunoprecipitation

with the biotinylated anti-CD31 (Thermo Fisher Scientific) and

anti-CD146 antibodies (Novus Biologicals). CD31+/CD146+ EVs

were considered endothelial cell-derived EVs.

EVs were isolated from 1 ml of human plasma, fixed with 4%

paraformaldehyde and their morphology was detected using

transmission electron microscopy in the Electron Microscopy

Facility at the University of Connecticut Health Center. The size

distribution and the total number of EVs were analyzed by

nanoparticle tracking analysis (NTA) with ZetaView PMX 120

according to the manufacturer’s instructions (Particle Metrix,

Meerbusch, Germany). The presence of specific EV markers

(CD9, CD63 and CD81) and absence of common contaminants

(Calnexin and GM130) were determined by western blot.
2.4 Cell culture

Human Lung Microvascular Endothelial Cells (HMVEC) were

purchased from Lonza and cultured in EBM-2 supplemented with

EGM-2MV SingleQuot (Lonza, Allendale, NJ, USA) containing 5%
Frontiers in Immunology 03
FBS and 1% penicillin/streptomycin in a CO2 incubator with

5% CO2.
2.5 Transendothelial electrical
resistance assay

1.5 x 103 cells (HMVEC) were seeded into each well of 8 well

arrays (8W10E+, Applied Biophysics) and cultured for 24 hours.

Total circulating EVs at 1.5 x 1010/ml were added into each well and

transendothelial electrical resistance (TEER) assays were performed

using an ECIS instrument (Applied Biophysics). At 2 hours after EV

addition, the resistance of HMVECs was compared to that of its

starting point (%), recorded and analyzed.
2.6 Caspase-1 activity

Caspase-1 activity in circulating total EVs (1.5 x 1010 particles),

monocyte-derived EVs (5.5 x 109 particles) and EC-derived EVs (3

x 107) was measured by a Caspase-Glo®1 Inflammasome Assay kit

according to the instructions (Promega). The catalytically active

caspase-1 was detected by caspase cleavage of selective caspase-1

substrate (Z-WEHD). In brief, we transferred the same amount of

EVs in 100 µl PBS into the corresponding wells of a new white 96-

well plate. We then added 100 µl of Caspase-Glo® 1 reagent and

incubated the plate at room temperature for 1 hour before

measuring luminescence using a plate-reader.
2.7 Real-Time RT-PCR

Total RNA was extracted from EC-specific EVs using the

miRNeasy Serum/Plasma kit (Qiagen, Germantown, MD)

according to the manufacturer’s instructions. For miRNA

expression, the RNA was reverse transcribed using a QIAGEN

miRNA Reverse Transcription Kit (Qiagen). An identical amount

of Caenorhabditis elegans miR-39 was spiked into each sample to

allow for the normalization of Cq values.
TABLE 1 Demographic characteristics of cohort.

N=153 Healthy Control Septic patients without ARDS Septic patients with ARDS non-septic critical illnesses

Subject size 45 75 21 12

Sex, Females (%), 34 (75.6%) 35 (46.7%) 8 (38.1%) 7 (58.3%)

Age ± SEM (years) 33.6 ± 2.0 58.5 ± 1.9 58.7 ± 3.8 52.3 ± 6.3

Race (%)

White 31 (68.9%) 44 (58.7%) 14 (66.7%), 9 (75%)

Black 10 (22.2%) 26 (34.7%) 7 (33.3%) 3 (25%)

Other 2 (8.8%) 5 (6.6%) 0 0

Mortality rate (%) N/A 9.3% 57.1% 25%
SEM, standard error of mean; N/A, not applicable.
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2.8 Western blot

EVs were lysed with ice-cold RIPA lysis buffer (Abcam)

containing protease and phosphatase inhibitors (Cell Signaling). All

lysed samples were kept on ice for 30min and centrifuged for 10min

at 4 °C at 10,000×g. The cell lysates were collected, and protein

concentrations were measured using a DC protein assay (Bio-Rad). A

total of 20 mg of EV protein was loaded into each lane for western

blot. All exosome-specific primary antibodies including the anti-CD9,

anti-CD63 and the anti-CD81 antibodies (System Biosciences) were

used at 1:1000 dilution, and exosome-validated peroxidase-labeled

secondary antibody was used at 1: 10000 dilution. Anti-calnexin, anti-

GM130, anti-beta-actin and anti-GAPDH antibodies were from Cell

Signaling. The immunoreactive protein bands were visualized by ECL

detection kit (GE Healthcare). The images of the Western blots are

shown in Supplementary Figures 1 and 2.
2.9 Next-generation sequencing

EVs (approximately 1012 particles) were isolated from 500 ml of
plasma taken on days 1 and 3 from subjects with sepsis or non-septic

critical illnesses using qEV columns (Izon, Medford, MA). RNAs

were isolated from plasma EVs using miRNeasy Serum/Plasma kit

(Qiagen, Germantown, MD) according to the manufacturer’s

instructions. Next-generation sequencing was performed at MUSC

next-generation sequencing facility using standard protocols.
2.10 Data analysis

Statistical significance for caspase-1 activity or miR-126 levels in

healthy controls, sepsis with ARDS, and non-ARDS septic patients

were evaluated using analysis of variance (ANOVA). Associations

between caspase-1 activity with the occurrence of mortality, ARDS

and ARF among septic patients were evaluated using Wilcoxon

rank sum tests. Associations between expression levels of EV miR-

126-3p and miR-126-5p levels with mortality, ARDS, and ARF

among septic patients were evaluated using a linear mixed model

approach. Models included fixed effects for patient status (e.g. died

vs. survived), day, and the interaction between patient status and

day and a random subject effect to account for measures collected

on the same patients. Differences between patient status over time

were evaluated using linear contrasts from the model. P-values were

Bonferroni adjusted for all comparisons considered. Analyses were

conducted using GraphPad Prism and SAS software. A value of

p<0.05 was considered statistically significant.
3 Results

3.1 Characterization of EVs

We first characterized total, EC-derived or monocyte-derived

EVs collected from plasma samples. Transmission electron

microscopy was used to analyze EVs in all groups, and they
Frontiers in Immunology 04
exhibited typical morphology (Figure 1A). As shown in

Figure 1B, the concentration of isolated total, EC-derived or

monocyte-derived EVs was approximately 5.2 × 1012 particles/ml,

4.5 × 109 particles/ml and 3.5 × 1011 particles/ml respectively. All

EVs showed a similar size distribution profile with isolated particles

within the 30–120 nm range (Figure 1B). Moreover, we observed

that the total number of isolated EVs, including those derived from

monocytes or endothelial cells, was similar between healthy

controls and patients (data not shown). Western blot analysis

validated the presence of EV markers CD9, CD63 and CD81 in

total, monocyte- and EC-derived EVs, while common contaminants

calnexin and GM130 were absent (Figure 1C). Additionally, both b-
actin and GAPDH were not detected in total, monocyte-, or EC-

derived EVs (Figure 1C).
3.2 The impact of circulating total EVs on
vascular permeability is associated with the
development of ARDS

Since vascular injury plays a pivotal role in sepsis-related organ

failures (4, 5), we first assessed the impact of circulating total EVs on

vascular permeability in vitro using HMVECs and analyzed this

impact’s association with sepsis outcomes including mortality,

ARDS and ARF. We found that circulating EVs from healthy

controls did not induce an increase in vascular permeability (n=7,

Figure 2A). EVs from some septic patients did not induce vascular

permeability (n=4, Figure 2B) while EVs of the same concentration

from other septic patients induced increased vascular permeability

(n=3, Figure 2C). Interestingly, total circulating EVs from sepsis

survivors (n=73) versus non-survivors (n=19) showed no

significantly different impact on transendothelial resistance

(Figure 2D). In contrast, a significantly lower transendothelial

resistance was induced by EVs from septic patients with ARDS

(n=21) compared to those without ARDS (n=71) (p=0.02,

Figure 2E). Circulating total EVs from septic patients with ARF

(n=40) compared to those without ARF (n=52) showed no

difference in their impact on transendothelial resistance

(Figure 2F). These data demonstrate that ARDS is associated with

the presence of circulating EVs which induce EC permeability.
3.3 Circulating total EV caspase-1 activity is
associated with the development of ARDS

To explore the relationship between EV content and sepsis

outcomes, we determined caspase-1 activity in total circulating EVs

from healthy controls and septic patients and analyzed its

association with sepsis outcomes including mortality, ARDS and

ARF. We found that caspase-1 activity was significantly increased in

EVs from septic patients compared to those from healthy controls

(p<0.05) and that among septic patients, EVs from patients who

experienced ARDS (n=21) contained significantly increased

caspase-1 activity than EVs from patients without ARDS (n=63)

(p<0.05, Figure 3A). Circulating total EV caspase-1 activity from

sepsis survivors (n=64) and non-survivors (n=17) showed no
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significant difference (Figure 3B). In contrast, a significantly higher

total EV caspase-1 activity from septic patients with ARDS (n=21)

compared to non-ARDS septic patients (n=60) was observed

(p<0.05, Figure 3C). Circulating total EV caspase-1 activity from

septic patients with ARF (n=34) and without ARF (n=47) was not

significantly different (Figure 3D). These data demonstrate that

circulating total EV caspase-1 activity is associated with ARDS

development during sepsis, but not with mortality or ARF of sepsis.
3.4 Circulating monocyte-derived EV
caspase-1 activity is associated with the
development of ARDS

To explore the relationship between cell-specific EV content

and sepsis outcomes, we examined caspase-1 activity in circulating

monocyte-derived EVs. We found that caspase-1 activity was

significantly increased in monocyte-derived EVs from septic

patients with ARDS compared to those from healthy controls and

septic patients without ARDS (N=10; p<0.05, Figure 4A).

Monocyte-derived EV caspase-1 activity from sepsis survivors
Frontiers in Immunology 05
(n=14) and non-survivors (n=6) showed no significant difference

(Figure 4B). In contrast, a significantly higher monocyte-derived EV

caspase-1 activity from septic patients with ARDS (n=10) compared

to non-ARDS septic patients (n=10) was observed (p<0.05,

Figure 4C). Additionally, monocyte-derived EV caspase-1 activity

from septic patients with (n=9) and without (n=11) ARF was

comparable (Figure 4D). These data demonstrate that monocyte-

derived EV caspase-1 activity is associated with ARDS development

during sepsis, but not with mortality or ARF of sepsis
3.5 Circulating EC-derived EV caspase-1
activity is associated with the development
of ARDS

We further examined caspase-1 activity in circulating EC-

derived EVs and analyzed its association with sepsis outcomes

including mortality, ARDS and ARF. We found that caspase-1

activity was significantly increased in EC-derived EVs from ARDS

patients (n=14) compared to those from healthy controls (n=11)

and non-ARDS septic patients (n=14; p<0.05, Figure 5A).
A

B

C

FIGURE 1

EV characterization. Analysis of EV morphology using transmission electron microscopy (A). Scale bar: 100 nm. EV size distribution and
concentration were measured by nanoparticle tracking analysis (NTA) with ZetaView (B). The concentration of isolated total, monocyte-derived or
EC-derived EVs was approximately 5.2 × 1012 particles/ml, 3.5 × 1011 particles/ml and 4.5 × 109 particles/ml, respectively. All EVs showed a similar size
distribution profile with isolated particles within the 30–120 nm range. EV markers (CD9, CD63 and CD81) and common contaminants (calnexin and
GM130) in total, monocyte- and EC-derived EVs were detected by western blot (C). EV, Extracellular vesicles. Cell Lysate: human brain pericytes.
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Interestingly, EC-derived EV caspase-1 activity from sepsis

survivors (n=19) and non-survivors (n=9) showed no significant

difference (Figure 5B). In contrast, a significantly higher EC-derived

EV caspase-1 activity from septic patients with ARDS (n=14)

compared to non-ARDS septic patients (n=14) was observed

(p<0.01, Figure 5C). Additionally, EC-derived EV caspase-1

activity from septic patients with ARF (n =11) and without

(n=17) ARF was comparable (Figure 5D). These data

demonstrate that EC-derived EV caspase-1 activity is associated

with ARDS development during sepsis, but not with mortality or

ARF of sepsis.
3.6 Circulating EC-derived EV miR-126-3p
levels were decreased in ARDS patients

In addition to caspase-1, miR-126 has been implicated in

vascular injury during sepsis and is one of the most abundant

miRNAs in the EC-derived EVs (18, 20, 21). Thus, we next

determined miR-126 levels in circulating EC-derived EVs from

day 1 plasma samples. MiR-126-3p levels were significantly
Frontiers in Immunology 06
decreased in ARDS patients (n=5) compared to healthy control

group (n=8; p<0.05, Figure 6A), while miR-126-5p levels were not

different among the investigated groups (n=8, Figure 6B).
3.7 Circulating total EV miR-126 levels are
associated with sepsis outcomes

To further analyze the relationship between EV miR-126 levels

and sepsis outcomes, RNAs were isolated from circulating total EVs

taken on days 1 and 3 from subjects with sepsis and non-septic

critical illnesses controls. Next-generation sequencing identified

that 51 miRNAs were differentially expressed between the two

groups with miR-126-3p and -5p being among the most

differentially expressed (adjusted p values of 0.03 and 0.003,

respectively; data not shown). The temporary decline of EV miR-

126-3p levels from day 1 to day 3 was significantly associated with

ARDS development but not mortality or ARF (n=12, Figure 6C).

An overall decline in EV miR-126-5p levels from day 1 to day 3 is

significantly associated with increased mortality, ARDS and ARF

(n=12, Figure 6D).
A B

D E F

C

FIGURE 2

Circulating EV-induced vascular permeability is associated with ARDS patients. Circulating total EVs were isolated from healthy controls (N=7) and
septic patients (N=96). Among septic patients, 21 patients developed ARDS and 75 did not. These EVs at 1.5 x 1010 EVs/ml were used in TEER assays
which was measured in HMVEC for 6-24 hours by an ECIS instrument. Representative results from 7 healthy controls (A) and 7 septic patients (B, C)
are shown. The association of TEER level with mortality (D), ARDS development (E) and acute renal failure (F) were analyzed using Wilcoxon rank
sum tests. Resistance levels are expressed as the level of impedance at 2 hours divided by the level of impedance prior to addition of EVs. Boxes
present the 25th, 50th, and 75th percentiles of resistance in each group. Whiskers extend 1.5 +/- the inner quartile range (i.e. difference between the
75th and 25th percentile). Grey points are the observed resistance values (% of original) for subjects within each group. EV, Extracellular vesicles;
ARDS, acute respiratory distress syndrome; TEER, transendothelial electrical resistance; HMVEC, Human Lung Microvascular Endothelial Cell.
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4 Discussion

Currently, there are no reliable biomarkers to predict sepsis

outcomes. Caspase-1 and miR-126 in EVs have been implicated in

lung injury and sepsis (18, 20, 21). In the present study, our findings

demonstrated previously unappreciated associations of circulating

EV caspase-1/miR-126 levels with sepsis outcomes. First, the impact

of circulating total EVs on endothelial injury is associated with

ARDS development during sepsis; second, caspase-1 activity in

circulating EVs an associated with ARDS development during

sepsis; third, a decline in total EV miR-126-5p levels from day 1
Frontiers in Immunology 07
to day 3 is associated with mortality, ARDS and ARF during sepsis.

Therefore, circulating EV function/contents may predict patient

outcomes at an early time point, and lead to early clinical

interventions to improve outcomes of septic patients.

During sepsis, leukocytes, endothelial cells, and platelets

produce large amounts of EVs, which carry a variety of RNAs

and proteins to modulate recipient cell function. Circulating EVs

can be released and taken up by recipient cells quickly, thus, the

pool of circulating EVs is dynamic and reflective of the temporal

changes in cellular activation (11). Accordingly, the EV profile of

each individual may change throughout the course of sepsis offering
A B

DC

FIGURE 3

Circulating total EV caspase-1 activity is associated with ARDS development. Total plasma EVs were isolated from 45 healthy controls and 84 septic
patients (21 ARDS and 63 non-ARDS), and caspase-1 activity (A) was determined. *p < 0.05 compared to healthy controls, #p<0.05 compared to
non-ARDS septic patients. N=21-63/group. Statistical significance was determined by analysis of variance (ANOVA). The association of caspase-1
activity with mortality (B), ARDS development (C) and acute renal failure (D) were analyzed using Wilcoxon rank sum tests. Boxes present the 25th,
50th, and 75th percentiles of caspase-1 activity in each group. Whiskers extend 1.5 +/- the inner quartile range (i.e. difference between the 75th and
25th percentile). Grey points are the caspase-1 activity values for subjects within each group. EV, Extracellular vesicles; ARDS, acute respiratory
distress syndrome.
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a window into the longitudinal states of cellular activation. A deeper

understanding of circulating total/cell-specific EVs and their

function/contents over the course of sepsis development may

pave the way to identify novel biomarkers and subgroup septic

patients for future personalized treatment.

EC dysfunction, manifested by increases in vascular

permeability, is an important feature of sepsis, and plays a critical

role in the pathogenesis of multi-organ failure (5, 29, 30). Platelet-

derived EVs from septic patients have been reported to induce

endothelial cell apoptosis (31). However, the role of circulating EVs

from patients with sepsis on endothelial dysfunction, and their

connections with sepsis outcomes remain largely unknown. Our

data demonstrated that circulating EVs from a subset of septic
Frontiers in Immunology 08
patients induce vascular permeability while EVs from others did

not. Interestingly, septic patients with circulating EVs that induced

vascular permeability were more likely to develop ARDS compared

to those patients who did not, suggesting that the impact of

circulating EVs on vascular injury may contribute to ARDS

development during sepsis. Thus, a deeper understanding of

circulating EV properties and biology may allow for sepsis

endotyping and lead to novel therapeutic strategies.

Caspase-1, a member of the cysteinyl proteases family, plays a

critical role in regulating inflammatory responses, apoptosis, and

pyroptosis, three known features of sepsis (32–35). A growing body of

evidence has confirmed that inhibiting caspase-1 is beneficial in

sepsis, as it can reduce inflammation, apoptosis and pyroptosis,
A B

DC

FIGURE 4

Circulating monocyte-derived EV caspase-1 activity is associated with ARDS development. Circulating monocyte-derived EVs were isolated from 10
healthy controls and 20 septic patients (10 ARDS and 10 non-ARDS), and caspase-1 activity (A) was determined. *p < 0.05 compared to healthy
controls, #p<0.05 compared to non-ARDS septic patients. N=10/group. Statistical significance was determined by analysis of variance (ANOVA). The
association of caspase-1 activity with mortality (B), ARDS development (C) and acute renal failure (D) were analyzed using Wilcoxon rank sum tests
for the analysis. Boxes present the 25th, 50th, and 75th percentiles of caspase-1 activity in each group. Whiskers extend 1.5 +/- the inner quartile
range (i.e. difference between the 75th and 25th percentile). Grey points are the caspase-1 activity values for subjects within each group. EV,
Extracellular vesicles; ARDS, acute respiratory distress syndrome.
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and attenuate organ injury (34, 36–39). In addition, circulating EVs

isolated from septic patients induce lymphocyte apoptosis via

caspase-1 (33). However, circulating EV caspase-1 and its

association with sepsis outcomes remains largely unknown. In

agreement with previous findings that circulating EV caspase-1

activity was significantly enhanced in septic patients compared with

controls (33), we further demonstrated that caspase-1 activity in

circulating EVs was significantly higher in septic patients who

experienced ARDS as compared to those who did not. This

observation was further seen in EVs derived from both monocytes

and endothelial cells suggesting a potentially important role of these

cells in cellular cross-talk in the setting of sepsis-related organ failure.

This is consistent with previous findings that EVs from cultured
Frontiers in Immunology 09
monocytes can cause lung vascular endothelial cell injury via its

caspase-1 content (17, 18). Thus, circulating monocyte EV caspase-1

may induce vascular injury and contribute to ARDS development

during sepsis. These initial studies demonstrate the feasibility of using

cell-specific EV caspase-1 to develop novel biomarkers and subgroup

septic patients.

Our previous studies suggested that EC EV miR-126 improves

the outcomes of lipopolysaccharide-induced acute lung injury and

cecal ligation and puncture-induced sepsis via reducing

inflammation and vascular permeability in an animal model (20,

21). Recent studies have further confirmed that delivering miR-126

to septic animals can alleviate multiple organ dysfunction including

lung, liver, kidney, brain, and heart by reducing inflammation and
A B

DC

FIGURE 5

Circulating endothelial cell-derived EV caspase-1 activity is associated with ARDS development. Circulating endothelial cell-derived EVs were
isolated from 11 healthy controls and 28 septic patients (14 ARDS and 14 non-ARDS), and caspase-1 activity (A) was determined. *p < 0.05 compared
to healthy controls, #p<0.05 compared to non-ARDS septic patients. N=11-14/group. Statistical significance was determined by analysis of variance
(ANOVA). The association of caspase-1 activity with mortality (B), ARDS development (C) and acute renal failure (D) were analyzed using Wilcoxon
rank sum tests. Boxes present the 25th, 50th, and 75th percentiles of caspase-1 activity in each group. Whiskers extend 1.5 +/- the inner quartile
range (i.e. difference between the 75th and 25th percentile). Grey points are the caspase-1 activity values for subjects within each group. EV,
Extracellular vesicles; ARDS, acute respiratory distress syndrome.
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vascular injury (19, 22, 40). However, circulating EV miR-126

content and its association with human sepsis outcomes remains

largely unknown. Here we extended previous observations that

serum miR-126-3p levels were decreased among septic patients

compared to control subjects (41) by demonstrating that circulating

EV miR-126-3p levels are significantly decreased in septic patients

who experience ARDS as compared to healthy controls. In addition,

we demonstrated for the first time that a decline in circulating total

EV miR-126-5p levels is associated with mortality, ARDS and ARF

while decreased miR-126-3p levels is associated with ARDS
Frontiers in Immunology 10
development during sepsis. These data indicate that further

investigations on circulating EV miR-126 levels may provide

novel biomarkers or therapeutic targets for sepsis.

There are several limitations of this study. First, we detected the

effect of circulating total EVs on EC permeability and its association

with sepsis outcomes; however, the effect of cell-specific EVs from

platelets, ECs, neutrophils, monocytes, and other cell types on EC

permeability remains to be further investigated. Second, we examined

caspase-1 levels in monocyte- or EC-derived EVs and their association

with clinical features in a small cohort of septic patients. However,
A B

D

C

FIGURE 6

Circulating EV miR-126 levels and its association with clinical outcomes of sepsis. Circulating endothelial-cell-derived EVs were isolated, miRNA-126
levels (A, B) were determined in healthy controls, non-ARDS septic patients, and ARDS patients. *p < 0.05 compared to healthy controls. N=5-8/
group. Statistical significance was determined by analysis of variance (ANOVA). Circulating total EV miRNA levels in sepsis and ICU control patients
were determined by next generation sequencing. Association between EV miR-126-3p (C) or miR-126-5p (D) levels with sepsis outcomes (mortality;
ARDS; acute renal failure) were analyzed using a linear mixed model approach. Differences between patient statuses over time were evaluated using
linear contrasts from the model. P-values were Bonferroni adjusted for all comparisons considered. N=12/group. EV, Extracellular vesicles.
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further validation studies in larger cohorts of septic patients are

necessary. Last, the association of circulating total EV miR-126 levels

with sepsis outcomes has been determined in this study; however, cell-

specific EV miR-126 levels in a large cohort of septic patients and their

connections to sepsis outcomes need further investigation.

In summary, we discovered novel associations between

circulating EV function/contents and sepsis outcomes, which may

lead to the discovery of novel biomarkers for sepsis and possible

new therapeutic approaches.
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