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Microvascular hyperpermeability is a leading mechanism responsible for occurrence of edema in remote
organs and tissues in patients with burn injury. Accumulated evidence has shown that exosomes can be
transported into target cells, where they are capable of regulating biological functions and physiology. Of
exosomal proteins contributing to enhanced inﬂammation and vascular permeability, S100 calcium binding
protein A9 (S100A9) has received increasing attention. Here we hypothesized that S100A9-containing serum
exosomes of patients with burn injury contribute to pathogenesis of hyperpermeability of microvascular
structure in lung by transferring signaling molecules into it and activating downstream signaling pathways,
ultimately leading to disruption of the tight junctions (TJs) and endothelial barrier. A use of enzyme-linked
immunosorbent assay revealed that total serum concentrations of S100A9 were signiﬁcantly augmented in
burn injury patients in comparison to normal controls. With use of human pulmonary microvascular
endothelial cells (HPMECs) as an in vitro model, we found that patients’ serum exosomes were effectively
internalized by HPMECs. We further found that serum exosomes of stage II/II burn patients inhibited zonula
occludens (ZO-1) and occludin protein levels, which are essential for TJs integrity and endothelial barrier
function, but activated p38 MAPK signaling pathway in HPMECs. As expected, such exosomes-mediated
effects on HPMECs were reversed by a simultaneous treatment of anti-S100A9 neutralizing antibody. Finally,
we found that a recombinant human S100A9 treatment led to inhibition of expression of occludin and ZO-1 but
an activation of p38 signaling in HPMECs, and that such effects were reversed when p38 activity was
repressed, implying that S100A9 may stimulate p38 activity to inhibit ZO-1 and occludin in HPMECs.
Collectively, these data suggest that S100A9-containing serum exosomes may play a critical role in contributing to pulmonary microvascular hyperpermeability, thus supporting that blocking exosomes’ access to
HPMECs could hold a promise strategy for treatment of lung edema resulting from burn injuries.
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1. Introduction
Despite signiﬁcant advances in the treatment of patients
with burn injury, systemic and burn wound-associated
complications have remained frequent (Colohan 2010;
Nielson et al. 2017; Rose and Chan 2016; Rowan et al.
2015). Multiple organ dysfunction syndrome (MODS),
one of the burn wound-associated complications, is a
progressive disorder that regularly follows an injury or
illness (Boldeanu et al. 2020; Chakraborty and Burns
2020; Colohan 2010; Nielson et al. 2017). MODS
occurs in a continuum with the systemic inﬂammatory
response syndrome, which usually exerts sustained
impacts on most patients with severe burns, no matter
with or without a subsequent infection. With regards to
the pulmonary system, patients enduring severe burns,
typically ranged from 20 to 30% of total body surface
area, are always at a signiﬁcantly increased risk of
developing respiratory failure even in the absence of an
inhalation injury (Bittner et al. 2015). Pathophysiologically, the consequences of such an injury include
reduced air compliance and impaired gas exchange.
Histopathological features are typically characterized
with a highly proinﬂammatory program, including
neutrophil sequestration in lung, hyaline membrane
formation, and interstitial edema.
Microvascular hyperpermeability has been long
recognized as the most critical mechanism accounting
for pathogenesis of edema, especially in organs and
tissues remote from burn wound sites including lung,
which are typically characterized with disruption of
tight junctions (TJs) and endothelial barrier (Chen et al.
2006; Liu et al. 2019). TJs are heteromeric protein
complex and comprised of occludin and various claudins with the claudin composition functioning as a
leading regulator of tight junction permeability. The
normal barrier functions of the lung epithelium are
solely dependent on integrity of TJs, and a damage of
TJs has been considered as the leading cause of
epithelial barrier breakdown in lung inﬂammation
(Wittekindt 2017). A variety of types of permeabilityenhancing mediators, including histamines, prostaglandins, and proinﬂammatory cytokines such as
TNF-a, IL-1b, IL-6, have been robustly identiﬁed in
burn patients’ blood circulation. At cellular levels,
these mediators can act on the endothelium in either a
direct or an indirect manner, thus causing TJs breakdown, junction opening, and increased paracellular
permeability. Moreover, cytotoxic metabolites and
apoptotic mediators resulting from activated macrophages and leukocytes, such as oxidants and proteases,

also remarkably contribute to this injury process (Youn
et al. 1992).
After burning injury, an occurrence of edema in lung,
an organ that is obviously distant from the burn sites,
implies an important role of exosomes during this
pathogenic process. Exosomes are 40 to 160 nm lipid
two-layered extracellular vesicles that contain protein,
DNA, and RNA of their originating cells (Johnstone
2006; Zhang et al. 2019). Over the past decades,
accumulated evidence has shown that exosomes can be
transported into the target cells, where they are capable
of regulating biological functions and physiology.
These discoveries suggest that exosomes circulating in
burn patients’ blood may also play a critical role in
induction of microvascular hyperpermeability followed
by lung edema. Indeed, with use of proteomics analysis
on total exosomes isolated from patients’ plasma, Qin
and colleagues have shown that a total of 231 proteins
were differentially expressed between burn injury
patients and healthy controls (Qin et al. 2020), thereby
indicating that such differentially expressed proteins
may contribute to an enhanced microvascular permeability observed in these burn injury patients.
Indeed, a number of studies have found that exosomes can effectively induce microvascular permeability by initiating a variety of proinﬂammatory
responses. For example, vascular smooth musclesderived exosomes facilitate delivering of miR-155 into
endothelial cells, which in turn interrupts the integrity
of endothelial barriers, leading to an increased
endothelial permeability and accelerated atherosclerotic
progression (Zheng et al. 2017). Among exosomal
proteins contributing to enhanced inﬂammation and
vascular permeability, S100 calcium binding protein
A9 (S100A9) is of particular interest, because exosomes secreted from various types of cells including
neutrophils, macrophages, and endothelial cells express
S100A9, which is a potent stimulator that can initiate
inﬂammatory responses and induce hyperpermeability
of human vascular endothelial cells (Wang et al. 2014).
In the present study, we aimed to investigate
molecular mechanisms underlying serum exosomesinduced hyperpermeability of lung microvascular
structure in burn injury patients. By using human
pulmonary microvascular endothelial cells (HPMECs)
an in vitro model, we were focused on characterizing
the changes in levels of molecules and signaling
pathway (s) involved in the maintenance of integrity of
TJs and vascular endothelial barrier function in
response to treatment of serum exosomes from burn
injury patients.

Serum exosomes of burn injury patients promote permeability of HPMECs

2. Materials and methods
2.1 Serum samples
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We used transmission electron microscopy (TEM,
FEI Tecnai 12, Philips, The Netherlands) to examine
homogeneity and purity of exosomes and performed
Western blot analysis to examine the protein levels of
exosomal biomarkers including CD63, CD9 and
TSG101.

We collected 20 blood samples from patients in each of
the following groups: (1) First-degree burn; (2) Second-/third-degree; and (3) Healthy control. Venous
blood (5 mL) was collected from each individual into a
procoagulant-free tube, and then centrifuged at 3500
rpm for 8 min. The serum, sedimented on the top layer,
was then collected for further experiments. All participants signed a written informed consent form. The
study followed the Declaration of Helsinki and has
been approved by the Ethical Committee of Seventh
People’s Hospital Afﬁliated to Shanghai University of
Traditional Chinese Medicine.

We obtained HPMEC cells from the Shanghai Cell
Bank, Chinese Academy of Sciences (Shanghai,
China). Cells were cultured in DMEM with addition of
10% fetal bovine serum (FBS), Penicillin at 100 units/
mL and streptomycin at 100 lg/mL, and incubated in a
humidiﬁed atmosphere at 37°C with 5% CO2.

2.2 Reagents and antibodies

2.6 Exosome uptake assay

We purchased recombinant S100A9 protein and antiS100A9 from Abcam (MA, USA), and SB203580, a
potent inhibitor of p38 MAPK activity from Selleck
(TX, USA). S100A9, CD9, CD63, Alix, and occludin,
ZO-1 antibodies were purchased from Abcam. We
obtained antibodies of GAPDH, p38 and phosphorylated p38 (P-p38) from CST (MA, USA).

Exosomes were labeled with immunoﬂuorescent
PKH67 dye (Sigma Aldrich, USA) according to the
manufacturer’s protocol, which were then resuspended
in 1 mL of keratinocyte serum-free medium. We
incubated labeled exosomes at a concentration of 1000
ng/mL with HPMEC cells at a density of 3 9 104 in a
24-well plate for 24 h. We washed HPMECs cells with
PBS twice and ﬁxed them in 4% paraformaldehyde for
10 min. Cells were counterstained with DAPI (6-diamidino-2-phenylindole) for nuclear staining and
visualized under a ﬂuorescence microscope.

2.3 ELISA

2.5 Cell culture

Patients’ serum levels of S100A9, TNF-a and IL-6
were determined with use of an enzyme-linked
immunosorbent assay (ELISA) kit (LifeSpan Biosciences, Seattle, WA, USA).

2.7 Cell viability assay

2.4 Puriﬁcation and characterization of serum
exosomes

We used CCK-8 Assay Kit (Jiancheng, Nanjing, China)
for this assay according to the manufacture’s protocol.
Brieﬂy, 10 lL of CCK-8 reagent was added and then
incubated for 3 h in the darkness. The absorbance was
identiﬁed at 450 nm using a microplate reader (Perlong, Beijing, China).

Serum exosomes were puriﬁed by a methods of differential centrifugation. Brieﬂy, blood samples were
centrifuged at 10,000g for 30 min at 4°C. Supernatants
were then transferred to an ultra-high-speed centrifugal
tube supplemented with 19 phosphate-buffered saline
(PBS) and centrifuged at 17,000g for 2 h at 4°C. The
supernatants were collected, transferred to another
clean tube, and centrifuged again under the same
conditions. The pellets were collected, resuspended in
1x PBS, and passed through a 0.22 lm ﬁlter. The ﬂowthrough containing exosomes was aliquoted and stored
at -80°C until further analysis.

2.8 Transepithelial resistance (TER) assay
We plated HPMECs at a density of 1 9 104 cells on
Transwell ﬁlters (Costar, Corning, USA). The cells
were then cultured at conditions of 37°C and 5% CO2.
After a formation of a monolayer, Millicell-ERS2 VoltOhm Meter (Millipore, USA) with electrodes was utilized to determine TER values according to the manufacturer’s instructions. TER values (X cm2) were
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derived by deducting the resistance of the blank ﬁlter
and normalized for the surface area (0.6 cm2).
2.9 Fluorescein isothiocyanate (FTIC) dextran
assay
We plated and treated HPMECs were as described in
the TER assay. Before or after treatment at 24 h, FITCconjugated dextran (1 mg/ml, Mr 40 000; SigmaAldrich) was added to the top compartment. After 2 h
of culturing, 100 lL samples were collected from the
basal compartments and measured with a
spectroﬂuorometer.
2.10 Western blot analysis
Total lysates were collected with immunoprecipitation
buffer containing proteinase inhibitor (Beyotime,
Shanghai, China). Proteins were resolved on 10% SDSPAGE and transferred onto PVDF membranes (Millipore, USA). Following blocking with 5% non-fat milk,
the membranes were incubated overnight at 4°C with
primary antibodies at indicated dilutions: CD9,
1:1,000; CD63, 1:2,000; Alix, 1:2,000; S100A9,
1:1,000; p38 1:1,000 P-p38, 1:1,000 occludin, 1:3,000
ZO-1, 1:1,000; and GAPDH, 1:2,000. After PBS
washing three times, the membranes were incubated at
room temperature for 1 h with HRP-conjugated rabbit
secondary antibody at a dilution of 1:1,000 (Beyotime,
China). The enhanced chemiluminescence system
(ECL) (Millipore, USA) was used for protein band
visualization.

ELISA assay to determine total serum levels of
S100A9. As shown in ﬁgure 1, burn injury patients
(stage I and stage II/III) had signiﬁcantly higher levels
of serum S100A9 than healthy controls, and the highest
serum levels of S100A9 was observed in stage II/III
burn patients. These data indicate a potential role of
serum S100A9 in regulation of permeability of
microvascular structure in lung of burn injury patients.
3.2 Serum exosome uptake by HPMECs
To further determine whether the serum S100A9 is
from exosomes, we puriﬁed exosomes from serum of
stage II/III burn patients with differential centrifugation. The homogeneity and the purity of isolated exosomes were ﬁrst conﬁrmed by transmission electron
microscope (TEM) imaging (ﬁgure 2A). We then used
Western blot to validate the presence of exosomal
biomarkers including CD9, CD63, and Alix (ﬁgure 2B). Next, we conducted an exosome uptake assay.
As shown in ﬁgure 2C, a 24-h incubation led to an
effective uptake of exosomes by HPMECs, which was
further conﬁrmed by an increase in levels of intracellular S100A9 in HPMECs in both exosomes dose- and
incubation time-dependent manners (ﬁgure 2D and E).
These data suggest that HPMECs can efﬁciently
internalize serum exosomes from burn injury patients.
3.3 Serum exosomes of stage II/III burn patients
promote permeability of HPMECs
Microvascular hyperpermeability usually results from
damage of cells and tissues followed by disruption of
TJs and integrity of endothelial barriers. Here we ﬁrst

2.11 Statistical analysis
Statistical analysis was performed using the Graphpad
Prism software (version 6.0, San Diego, CA, USA).
Student’s t-test or analysis of variance (ANOVA) was
used to compare the data wherever appropriate.
p \ 0.05 was considered signiﬁcant.

3. Results
3.1 S100A9 is upregulated in serum of burn injury
patients
In order to determine whether serum exosomes from
burn injury patients express S100A9, we ﬁrst used

Figure 1. Increased abundance of S100A9 in serum of
burn injury patients. ELISA was used for determining serum
levels of S100A9 from patients with ﬁrst-degree burn
(I. N = 20), second-/third-degree burn (II/III. N = 20),
or healthy controls (Control. N = 20). ** p \ 0.01,
*** p \ 0.001.

Serum exosomes of burn injury patients promote permeability of HPMECs
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Figure 2. S100A9-containing exosome uptake by HPMECs. Serum exosomes were isolated from stage II/III burn patients.
(A) A typical transmission electron microscope image of serum exosomes. Scale bar: 100 nm. (B) Western blot analysis of
serum exosomes using the indicated antibodies. (C) HPMECs were exposed to PKH67 (left panel) or PKH67-labeled
exosomes (right panel) for 24 h. Cells were visualized under a ﬂuorescent microscope. Representative images were selected
from N = 3 individual experiments. Green, PKH-labeled exosomes; Blue, nuclei. Scale bar: 50 lm. (D) HPMECs were
exposed to serum exosomes from stage II/III burn patients at a series of concentrations as indicated for 24 h and Western blot
analysis was used to determine abundance of S100A9 in HPMECs. (E) HPMECs were exposed to serum exosomes from
stage II/III burn patients at 50 lg/mL for 0, 12, 24 and 48 h and Western blot analysis was used to determine levels of
S100A9 in HPMECs.

tested whether serum exosomes can inhibit the growth
of HPMECs. As shown in ﬁgure 3A, an exposure to
stage II/III burn patients’ serum exosomes led to a timedependent inhibitory effect on HPMECs growth.
Meanwhile, such an exposure signiﬁcantly reduced
levels of transepithelial resistance (TER) but increased
ﬂuorescein isothiocyanate (FITC) - dextran staining
(p \ 0.001. ﬁgure 3B), which indicate increased
transepithelial hyperpermeability (Miyazaki et al.
2017). In addition, an exposure to stage I burn patients’
serum exosomes had a milder effect on transepithelial
hyperpermeability (supplementary ﬁgure 1).
The integrity of TJs is dependent on formation of
protein complexes including integral membrane proteins claudins and occludin, and cytoplasmic scaffolding proteins, like zonula occludens (ZO)-1, ZO-2 and
ZO-3 (Bauer et al. 2010). As shown in ﬁgure 3C, an
exposure to patients’ serum exosomes led to a decrease
in levels of ZO-1 or occludin in a time-dependent
manner in HPMECs.
The activation or phosphorylation of p38, a member
of MAPK family, is a critical step in the process of
various stimuli-induced pulmonary barrier dysfunction.
In addition, emerging evidence suggests a role of p38
in pulmonary epithelial injury (Qian et al. 2016; Wang

et al. 2018). As shown in ﬁgure 3D, serum exosome
treatment did not alter p38 protein abundance, however, it did enhance phosphorylation levels of p38 in a
time-dependent manner in HPMECs.
S100A9 is able to initiate inﬂammatory responses
(Wang et al. 2014). Figure 3E–F showed that serum
exosome treatment dose-dependently elevated the
release of TNF-a and IL-6 in HPMECs.
Taken together, these data suggest that serum exosomes from burn injury patients increased inﬂammatory responses, activated p38 MAPK signaling
pathway, and disrupted integrity of TJs and endothelial
barrier.

3.4 Serum exosomal S100A9 induces
hyperpermeability of HPMECs
To test the hypothesis that S100A9 is the functional
molecule that causes microvascular hyperpermeability
in lung of burn injury patients, we ﬁrst tested whether
anti-S100A9 antibody can de-repress the inhibitory
effects of serum exosomes from burn injury patients on
growth of HPMECs. As expected, anti-S100A9 neutralizing antibody signiﬁcantly reversed serum
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Figure 3. Effects of serum exosomes from burn patients on cell growth, ZO-1 and occludin levels, and p38 activity in
HPMECs. HPMECs were exposed to serum exosomes from stage II/III burn patients for 0, 12, 24, 48 h. (A) CCK-8 assay
was performed for assessing call viability (N = 3). (B) TER (left panel) and FTIC-dextran (right panel) were used for
assessing permeability of HPMECs. (C) Western blot analysis of ZO-1 and occludin protein levels. (D) Western blot analysis
of p38 activity. n = 3 individual experiments. p-p38, phosphorylated p38. (E, F) ELISA analysis of TNF-a (E) and IL-6 (F).
* p \ 0.05, ** p \ 0.01,***p \ 0.001.

exosome-mediated inhibitory effects on HPMECs
growth in an antibody dose-dependent manner
(p \ 0.001; ﬁgure 4A). Anti-S100A9 antibody also
abolished serum exosome-induced inhibitory effects on
levels of TER, ZO-1, and occludin and stimulatory
effects on levels of FITC-dextran and p38 phosphorylation in HPMECs (ﬁgure 4B, C, and D).
Next, we used recombinant human S100A9
(rhS100A9) or SB203580, a selective inhibitor of p38
activity (YL Zu et al. 1998), to further validate the role
of S100A9 in enhancing permeability in HPMECs. As

shown in ﬁgure 5A, a rhS100A9 treatment led a signiﬁcant decrease in TER, but a signiﬁcant increase in
FITC-dextran in HPMECs (p \ 0.001), consistent with
the results described above. However, such signiﬁcant
alterations were eliminated when the cells were
simultaneously treated with SB203580. SB203580
treatment also reversed rhS100A9-induced inhibitory
effects on ZO-1 and occluding and stimulatory effects
on p38 activity (ﬁgure 5B). These data imply that
S100A9 might stimulate p38 activity to inhibit
expression of ZO-1 and occludin in HPMECs.

Serum exosomes of burn injury patients promote permeability of HPMECs
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Figure 4. S100A9 neutralizing antibody blocks the effects of serum exosomes from burn patients on HPMECs. HPMECs
were simultaneously treated with serum exosomes from stage II/III burn patients (50 lg/mL) and anti-S100A9 antibody at
different concentrations as indicated. (A) CCK-8 assay was performed for assessing call viability (N = 3). (B) TER (left
panel) and FTIC-dextran (right panel) were used for assessing permeability of HPMECs after treating as indicated for 24 h.
(C) Western blot analysis of ZO-1 and occludin protein levels after treating as indicated for 24 h. (D) Western blot analysis of
p38 activity after HPMECs were treated as indicated for 24 h. * p \ 0.05, **p \ 0.01, ***p \ 0.001.

Collectively, these data support that S100A9 may play
a critical role in contributing to increased permeability
of microvascular structure in lung of burn injury
patients.

4. Discussion
In past decades, we have witnessed a remarkable
improvement towards critical care and management of
injury and wound. However, systemic complications
have remained a leading cause of morbidity and mortality in patients suffering severe burns, even after a
successful initial resuscitation (Schaefer and Szymanski 2020). One of greatest concerns is a progressive
development of massive edema complicated with a
systemic inﬂammatory response syndrome, which is
frequently implicated in multiple tissues and organs. As
a prominent component of systemic inﬂammation,
microvascular hyperpermeability occurs not only at the
burn sites, but also in distant tissues. Such a pathological change in macrovascular structure could cause

severe accumulation of protein-rich ﬂuid in tissues,
thus blocking microcirculation and blood-tissue
exchange, which in turn results in hypoxia. Lung
edema has remained the second most common cause of
death in the ﬁrst week following burn injury (Williams
et al. 2009), but the underlying pathophysiological
mechanisms have remained poorly deﬁned. In this
study, we have found that S100A9-containing serum
exosomes can effectively induce the permeability of
HPMECs by downregulating ZO-1 and occludin coupled with activating the p38 MAPK signaling. Our data
have established a molecular route linking signal
molecules at burn sites and pathogenesis of lung edema
and injury at remote sites.
S100A9 has been long known as one of critical
endogenous damage-associated molecular pattern proteins (Goyette and Geczy 2011). It has been well
established that S100A9 dimerizes with S100A8 to
form non-covalently linked protein complexes under
most physiological conditions. Previous studies have
revealed that heterodimeric S100A8/A9 are able to
efﬁciently promote expression of proinﬂammatory
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Figure 5. Effects of recombinant human S100A9 on
HPMECs. (A) HPMECs were simultaneously exposed to
recombinant human S100A9 (rhS100A9) and SB203580 for
24 h with vehicle being used as the control. TER (top panel)
and FTIC-dextran (bottom panel) were used for assessing the
permeability of HPMECs. (B) HPMECs were simultaneously exposed to recombinant human S100A9 (rhS100A9)
and SB203580 for 24 h with vehicle being used as the
control. Western blot analysis was used for assessing
changes in levels of ZO-1, occluding, and p38 activity.
***p \ 0.001.

mediators including IL-6, ICAM-1, and VCAM-1 in
cultured human umbilical venous endothelial cells
(HUVECs) (Ehlermann et al. 2006; Wang et al. 2014).
Additional studies further indicated that S100A8,
S100A9 and S100A8/A9 were able to induce ZO-1
disorganization in HUVECs, thereby increasing
HUVEC monolayer permeability in both dose- and
time-dependent manners. Furthermore, it has been
found that the effects of these proteins on endothelial
barrier function are dependent on activation of p38 and
ERK1/2 signaling pathways via receptors TLR4 and
RAGE, respectively (Wang et al. 2014). In this study,
we showed that exosomal S100A9 signiﬁcantly
increased permeability of HPMECs by downregulating
ZO-1 and occludin as well as upregulating the release
of cytokines and the activity of p38 MAPK signaling.
These data suggest an important role of serum exosomes containing S100A9 protein in disruption of tight
junctions and integrity of endothelial barriers.
The heterogeneity in exosomal constituents suggests
that, in addition to S100A9, other DNAs, RNAs, and
proteins may also play crucial roles in pathogenesis of

microvascular hyperpermeability and edema in lung of
burn injury patients. As described above, SA100A8
and S100A9 always heterodimerize under most physiological circumstances. To this end, it would be
interesting to know whether S100A8 is a co-factor of
serum exosomal proteomics in burn injury patients. It
has been shown that exosomes derived from vascular
smooth muscle cells can transfer miR-155 into
endothelial cells, which in turn destroys tight junctions
and the integrity of endothelial barriers, thereby leading
to an increased endothelial permeability and enhanced
atherosclerotic progression (Zheng et al. 2017). Here,
the serum levels of miR-155 in patients with stage I and
stage II/III burn injury was not signiﬁcantly different
from that in healthy controls (supplementary ﬁgure 2),
which preliminarily suggested that miR-155 may not
be in responsible for the changes of cell permeability
during burn injury. Therefore, proﬁling additional
molecules inside serum exosomes and detailing their
functions will further provide solid justiﬁcations that
blocking the transfer of signaling molecules from
serum exosomes into HPMECs may serve as a therapeutic target for lung edema following burn injuries.
In conclusion, this study supports a critical role of
serum exosomal protein S100A9 in dysregulation of
ZO-1, occludin, and the p38 MAPK pathway in
HPMECs, which in turn leads to hyperpermeability of
microvascular structure in lung of burn injury patients.
Thus, blocking exosomes’ access to HPMECs could
represent a promise strategy for treatment of lung
edema resulting from severe burn injuries.
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