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Abstract

Background: Lipopolysaccharide (LPS)-induced apoptosis of lung microvascular endothelial cells (ECs) is the main reason of lung edema and
acute lung injury (ALI) in septic conditions. Telocytes (TCs) are a distinct type of interstitial cells found around the lung microvasculature, which
may protect ECs through the release of shed vesicles. However, whether TCs protect against LPS-induced EC apoptosis and ALI has not been
determined.

Methods: The protective effects of TCs on ECs were assessed in vitro using transwell assays and flow cytometry, and in vivo using an LPS-
induced mouse ALI model. RNA sequencing was used to identify miRNA-146a-5p as a key component of TC-derived exosomes. The functions
of miRNA-146a-bp were further evaluated by western blotting, flow cytometry, and transendothelial electrical resistance measurements.
Results: \We demonstrated that LPS stimulation induced the secretion of active exosomes from TCs, which inhibited LPS-mediated apoptosis
of ECs and reduced ALl in mice. Moreover, miRNA-146a-5p was identified as the main bioactive molecule in TC-derived exosomes, capable of
inhibiting LPS-induced caspase-3 activation and apoptosis in ECs.

Conclusions: Our results indicate that TCs effectively prevent LPS-induced EC apoptosis and ALl through the release of exosomes, with
subsequent activation of the miRNA-146a-5p/caspase-3 signaling pathway in ECs.
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Highlights:

* Telocytes surround the pulmonary microvascular endothelial cells and play a very important protective role under sepsis condition.

¢ LPS promotes telocytes to synthesize and secrete active exosomes containing a large number of active molecules, which inhibits the LPS-induced pulmonary
microvascular endothelial cells injury.

* MiRNA-146a-5p, which is a key active factor in the LPS-induced active exosomes in telocytes, alleviates LPS-induced endothelial cell apoptosis by inhibiting
the caspase-3 signaling pathway.

experiments have shown that LPS can rapidly induce the

Background

Sepsis is a life-threatening organ dysfunction syndrome caused
by a dysregulated host response to infection [1, 2]. Among
septic patients admitted to ICUs worldwide, the most com-
mon source of infection is the lungs (64%), and more than
half (62%) of the microorganisms isolated are gram-negative
bacteria [1]. Lipopolysaccharide (LPS) is the main compo-
nent of the outer surface of gram-negative bacteria. In vitro

apoptosis of endothelial cells (ECs) [3-7], which further com-
promises the integrity of the lung alveolar—capillary mem-
brane, leading to acute lung injury (ALI) [8, 9]. Although
numerous studies have elucidated the molecular mechanisms
and targets of LPS-induced apoptosis in lung microvascular
ECs [3, 4, 10, 11], little is known about effective methods to
block the LPS-induced apoptosis of lung vascular ECs and
ALI in clinical practice. In recent years, increasing evidence
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has shown that cell-cell communication may play an impor-
tant role in the protective mechanisms of lung vascular ECs
[12]. However, whether protective cells around pulmonary
microvessels inhibit LPS-induced lung vascular EC injury has
not been reported in the literature.

As a recently defined type of mesenchymal cell, telocytes
(TCs), which function in signal transduction, tissue formation,
and renewal, can be found around capillaries and in most
organs, including the lungs [13-16]. TCs mainly carry out
cell-cell communication by secreting exosomes that transfer
bioactive molecules, including proteins and nucleic acids (such
as noncoding RNA), to various recipient cells, thereby protect-
ing them [17-19]. However, it remains unclear whether TCs
protect lung vascular ECs against LPS-induced apoptosis and
subsequent ALI under septic conditions.

In this study, we aimed to determine whether TCs inhibit
the LPS-induced apoptosis of ECs and explore the underlying
molecular mechanisms of the protective effect of TCs on ECs
during sepsis. We found that LPS-induced active TC exosomes
effectively blocked LPS-induced EC injury and alleviated LPS-
induced ALIL We also found that after LPS stimulation, the
secretion and volume of active TC exosomes increased signif-
icantly, and these exosomes were then quickly absorbed by
ECs and were distributed mainly in the cytoplasmic region of
ECs. Importantly, in our study, we showed that miRNA-146a-
5p was the key protective molecule in LPS-induced active TC
exosomes and was transferred into ECs to inhibit LPS-induced
caspase-3 signaling pathway activation and cellular apoptosis
in ECs. Our study reveals the protective role and molecular
mechanisms of TCs in ECs during sepsis, which may provide
a novel therapeutic direction for lung vascular EC injury and
ALI under septic conditions.

Methods

Animals

Male C57BL/6 mice at 8 weeks old (20 +2 g) were obtained
from the Experimental Animal Center of Shanghai Jiao
Tong University Affiliated Sixth People’s Hospital, Shanghai,
China. This study was approved by the Institutional Animal
Care and Use Committee of Shanghai Jiao Tong University
(SYXK2016-0020). The animal feeding environment was
as follows: 25°C, 12 h/12 h light/dark, 50% humidity, and
free access to sterilized food and water. The mice were
intratracheally instilled with 2.0 mg/kg of LPS (Sigma-Aldrich,
L2630) [20] [or with phosphate buffered saline (PBS) as a
control] after anesthesia by isoflurane (2%). After 12 h of
the LPS stimulation, the purified exosomes (3 ug/g) were
transplanted via the tail vein. For histological assessment of
sepsis-induced ALI, the mouse lungs were removed and fixed
in 4% paraformaldehyde. The fixed lungs were embedded
in paraffin and cut into 5-um sections. H&E staining was
performed, and the slides of each group were assessed under
high-power fields.

Isolation and culture of mouse lung telocytes

Mouse lung TCs were isolated and prepared as described
previously [14]. In brief, the C57BL/6 mouse lung tissues
were removed, cut into small pieces, and collected into ster-
ile tubes. The tissues were digested with 100 pg/ml lib-
erase (Roche, 5401127001) and 40 pg/ml deoxyribonuclease
I (Roche, 10104159001) to obtain a single-cell suspension.
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After being filtered through a 40-pum-diameter cell strainer,
the dispersed cells were collected by centrifugation at 300xg
for 7 min. Cells were resuspended in Dulbecco’s Modified
Eagle Medium (Sigma-Aldrich, D6429), supplemented with
10% fetal bovine serum (FBS, Capricorn Scientific, FBS-
12A), 100 IU/ml penicillin, and 100 pg/ml streptomycin, and
cultured in an incubator, with 5% CO; in air, at 37°C, for
30 min, to wipe off most fibroblasts. The cell suspension was
then transferred to other plates and cultured for another 12 h.
Culture medium was changed every 48 h. Cells were examined
by an inverted live cell microscope (DMi8; Leica).

Mouse lung microvascular ECs were obtained from
Zhong Qiao Xin Zhou Biotechnology Co., Ltd (PRI-MOU-
00001, Shanghai, China) and maintained in Mouse lung
microvascular endothelial cells complete medium (PCM-M-
01) in a humidified 37°C, 5% CO; incubator. The medium
was changed at 48-h intervals.

Isolation of exosomes of mouse lung telocytes

Exosomes were isolated from the culture supernatants of
TCs or TCs stimulated by LPS (1 ug/ml) for 24 h, or
transfected with siRNA, based on previous procedures with
some modifications [17]. In brief, cultural supernatants
were centrifuged at 10000xg for 30 min, and cells and
cellular debris were discarded. After being filtered through
a 0.22-pm membrane, the supernatants were centrifuged
at 120000xg at 4°C for 2 h. The sediment which is the
isolated exosomal pellet was washed once with sterile PBS
and resuspended in 200 pl of PBS. Exosomal marker proteins
were characterized by western blotting using CD9 (Abcam,
ab92726) and CD81 (Cell Signaling Technology, 10037)
antibodies. The number and size of exosomes were measured
by nanoparticle tracking analysis (NTA) with NanoSight
500 system (NanoSight Technology, Malvern, UK). The
total protein concentration of the exosomes was detected
with bicinchoninic acid (BCA) protein assay kit (Yeasen
Biotech, 20201ES86). Moreover, exosome morphology was
determined via transmission electron microscopy (FEI Tecnai
12; Philips, Netherlands). For exosome labeling, TC exosomes
were labeled with PKH67 green fluorescent membrane dye
(Sigma-Aldrich, MINI67). The labeled exosomes were then
incubated with human pulmonary microvascular endothelial
cells (HPMEGCs) at 37°C, 5% CO; for 3 h and measured with
a fluorescence microscope.

Confocal immunofluorescent analysis

For lung staining, mouse lungs were removed and fixed in
ice-cold 4% paraformaldehyde, embedded in paraffin, and
cut into 4-um sections. The lung slides were deparaffinized
and rehydrated by xylene and ethanol at different concentra-
tions (100%, 95%, 80%, 70%, and 50%). The antigen was
repaired by using a microwave in 10 nM sodium citrate buffer
(pH 6.0) for 10 min. Samples were blocked with blocking
solution (10% donkey serum and 0.3% Triton X-100 in
PBS) at room temperature for 30 min. CD31 (Invitrogen,
MA1-26196, Hamster) antibody was added to the slides and
incubated at 4°C overnight. Slides were washed with PBS
three times and incubated with fluorescein isothiocyanate
(FITC) conjugated secondary antibody at room temperature
for 1 h. TCs were incubated with CD34 (Abcam, ab8158,
Rat), Vimentin (Cell Signaling Technology, 5741, Rabbit),
and c-kit (R&D, AF1356, Goat) primary antibodies. After
washing thrice with PBS, fluorescent-conjugated secondary
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antibodies were incubated with coverslips for 1 h at room
temperature. All samples were stained with DAPI (D1306;
Thermo Fisher Scientific) before being examined under a flu-
orescence microscope (Leica TCS SP8 STED, Osaka, Japan).

Western blot assay

Cultured ECs were washed twice with cold PBS and lysed with
cold radioimmunoprecipitation assay lysis buffer (Abcam,
Cambridge, MA, USA) containing protease and phosphatase
inhibitors (Sangon Biotech, Shanghai, China). The lysates
were maintained on ice for 30 min and centrifuged at
10000xg for 10 min at 4°C. The protein concentrations of
the lysates were determined using a BCA protein assay. Protein
samples were subjected to SDS-PAGE and electrotransferred
to nitrocellulose membranes (Thermo Fisher Scientific,
Waltham, MA, USA). The membranes were blocked in 5%
bovine serum albumin or 5% nonfat milk in TBST (Tris-
buffered saline and Tween-20) for 1 h, and then incubated
with antibodies to the target proteins (caspase-3, cleaved
caspase-3, and GAPDH dilutions were 1:1000) overnight at
4°C. After washing three times with TBST, the membranes
were incubated with the appropriate horseradish peroxidase—
conjugated secondary antibodies (1:10 000 in TBST) for 1 h at
room temperature. After washing three times with TBST, the
immunoreactive protein bands were visualized using an ECL
detection kit (Thermo Scientific, 32106, USA) and analyzed
using Quantity One software.

Markers of apoptosis

ECs were incubated separately with PBS, LPS, and TC exo-
somes (derived from TCs with or without pre-stimulated by
LPS, control siRNA, or miR146 siRNA), for the indicated
times. A total of 5x 10° cells/ml were harvested and sus-
pended in 500 ul binding buffer (2% FBS +2 mM EDTA in
PBS). Subsequently, cell apoptosis was quantified by staining
with 5 ul of Annexin V-fluorescein isothiocyanate and 5 ul of
propidium iodide (PI) for 15 min in the dark, and the results
were analyzed by Flow]o software (LLC).

RNA sequencing

RNA purity was verified using a Fragment Analyzer Bioana-
lyzer with a standard sensitivity RNA analysis kit (A54984;
Thermo Fisher Scientific), followed by RNA-Seq. Briefly,
the mRNA was fragmented after poly (A)-based mRNA
enrichment with oligo (dT) magnetic beads using 18 total
RNA samples as the input material. Following the first and
second strands, complementary DNA synthesis, end repair, 3'-
adenylation, and ligation of fork-tail linkers were performed.
Following polymerase chain reaction amplification, the
library quality was verified on the Fragment Analyzer
Bioanalyzer, with a fragment size of 150 bp, and the paired-
end library was sequenced using BGISEQ-2000 (read length:
2 x 150).

RNA sequencing could be modeled as a random sampling
process, in which each read is sampled independently and
uniformly from every possible nucleotide in the sample. Under
this assumption, the number of reads coming from a gene
(or transcript isoform) follows a binomial distribution (and
could be approximated by a Poisson distribution). Using the
statistical model described above, DEGseq proposes a novel
method based on the MA-plot, which is a statistical analysis
tool having been widely used to detect and visualize intensity-
dependent ratio of microarray data. Let C1 and C2 denote the

counts of reads mapped to a specific gene obtained from two
samples, with Ci~ binomial(ni,pi), i=1,2, where ni denotes
the total number of mapped reads and pi the probability of a
read coming from that gene. We define M =log2C1 — log2C2,
and A = (log2C1 +1og2C2)/2. It can be proved that under the
random sampling assumption, the conditional distribution of
M given that A=a (a is an observation of A) follows an
approximate normal distribution. For each gene on the MA-
plot, we do the hypothesis test of HO: p1=p2 versus H1:
pl # p2. Then, a P-value could be assigned based on the
conditional normal distribution. The P-values calculated for
each gene are adjusted to Q-values for multiple testing correc-
tions by two alternative strategies. To improve the accuracy
of DEGs’ result, we defined a gene as a DEG (differentially
expressed gene) when reads number foldchange >2 and Q-
value <0.001.

Transfection with miRNA-146a-5p siRNA in vitro

Stealth RNA interference duplexes against human miRNA-
146a-5p were designed and synthesized by Gene Pharma
Technologies (Shanghai, China). miRNA-146a-5p siRNA
molecules were transfected individually into TCs using
Lipofectamine RNAIMAX (Carlsbad, CA) according to the
manufacturer’s instructions. Duplex siRNA was constructed
against sequences coding for miRNA-146a-5p (5'-UGA GAA
CUG AAU UCC AUG GGU U-3). A scrambled negative
control siRNA (5'-UUC UCC GAA CGU GUC ACG UTT-3')

was also included.

Measurement of barrier permeability by
transendothelial electrical resistance

The HPMEC monolayers’ transendothelial electrical resis-
tance (TER) was measured with the electric cell-substrate
impedance system (ECIS) as previously described [11]. The
HPMECs were plated on gelatin-coated 8W10E electrode
arrays at 1 x 10° cells per well. The HPMECs were cultured
until tight monolayers formed and stable TER values were
reached. After the indicated stimulations to HPMEC mono-
layers, the changes in TER were recorded continuously by the
ECIS system. The results were acquired at 4000 Hz.

Statistical analysis

The data were analyzed with SPSS 17.0 statistics software
(IBM Corporation, Endicott, NY, USA), and results are pre-
sented as mean + standard deviation. Multiple-group com-
parisons were conducted using one-way analysis of variance,
followed by Tukey’s post hoc test for multiple comparisons.
An independent sample #-test was administered to compare
the differences between two groups. P <.05 was considered
statistically significant.

Results

TCs protect ECs from apoptosis under sepsis

TCs were isolated from mouse lungs, and the typical long
and thin telopodes of TCs were observed under a bright
field (Figure 1a) [21]. TCs were positive for CD34, vimentin,
and c-kit (Figure 1b) [22]. To explore the effects of TCs on
ECs, we used transwell assays to simulate the relationships
between TCs and ECs. ECs and TCs were cultured in the
lower and upper chambers separately, and then, EC apoptosis
was induced via LPS with or without TC co-culture. The
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Figure 1. Isolation and purification of lung telocytes and their protective role to endothelial cells after LPS stimulation. (a) TCs with long telopodes under
bright field. (b) Telocytes were identified by the immunofluorescence for CD34 (red), Vimentin (green), and C-kit (red), the non-antigen-specific IgG
control is presented. (¢, d) The cleaved caspase-3 expression and caspase-3 activation in ECs were detected by western blot after incubation with LPS
(1 nwg/ml, 24 h). (e, f) A transwell system was used to investigate the effect of TCs on ECs under septic conditions. There are three groups: the

ECs + PBS (control) group, the ECs stimulated with LPS group, and a co-culture of ECs (in the lower chamber) with TCs (in the upper chamber) followed
by LPS stimulation. For FACS of apoptosis cells, the total apoptosis rate is expressed as the sum of the populations in the upper right and lower right
quadrants. *P < .05. C-Caspase-3, cleaved caspase 3; TC, telocyte; LPS, lipopolysaccharide; EC, endothelial cell; GAPDH,

glyceraldehyde-3-phosphatedehydrogenase

experiment was divided into three groups: the control group
(ECs + PBS), the LPS-treated group (ECs + LPS), and the TC-
cocultured (ECs + TCs + LPS) group. LPS at a concentration
of 1 ug/ml was added to the transwell assay when the cells
were 70% confluent, and the control group was treated with
PBS. Western blot analysis revealed that cleaved caspase-3
in ECs was significantly reduced when they were cocultured
with TCs (Figure 1c, d), indicating that TCs protected ECs

from LPS-induced apoptosis-associated proteins. Moreover,
after incubation with LPS for 24 h, the number of apoptotic
ECs was quantified via an Annexin V/PI apoptosis kit. We
also found that the percentage of apoptotic ECs in the TC
co-culture group was significantly lower than that in the
LPS-treated group (Figure 1e, f). The evidence above suggests
that under septic conditions, TC supernatants can inhibit the
apoptosis of ECs.
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Figure 2. LPS-induced secretion of active TC exosomes may play a vital role on LPS-mediated EC injury. (a) Active TC exosomes are secreted from the
intracellular to the extracellular area. The expulsion and volume of TC exosomes increased following LPS stimulation. White arrows indicate TC
exosomes. (b) Western blot analysis was performed to identify TC exosomes by detecting proteins CD9, CD81, and Calnexin. (¢) Transmission electron
micrographs show that the diameter of active TC exosomes increased after stimulation of LPS. (d) Nanoparticle tracking analysis (NTA) was used to
analyze the sizes of TC exosomes. *P < .05. LPS, lipopolysaccharide; ctr, control

LPS increases the secretion of active TC exosomes

Cell supernatants contain different substances, including cell
factors, proteins, and exosomes. Studies have shown that
TCs can secrete exosomes that mediate their communica-
tion functions [17, 23]. To verify whether lung TCs protect
ECs via exosomes during sepsis, we stimulated TCs with
LPS and then observed the TC morphological changes via
immunofluorescence. Compared with the control group, the
LPS-treated TC group presented increases in both the volume
and secretion of TC exosomes (Figure 2a). The exosomes
were further characterized by detecting the exosomal marker
proteins CD9, CD81, and Calnexin (Figure 2b). Moreover,
an increased diameter of the exosomes was observed via
transmission electron microscopy and nanoparticle tracking
analysis (Figure 2c, d). These results demonstrated that LPS
stimulation led to the regeneration and secretion of active TC
€X0Somes.

LPS-incubated active TC exosomes alleviate
LPS-induced acute lung injury in vivo

To clarify the protective role of LPS-activated TC exosomes
in ALI during sepsis, we constructed a septic ALI model using
LPS tracheal drops. We divided the mice into four groups:
the control group, the LPS-induced active TC exosome group,
the LPS-only group, and the LPS + LPS-activated TC exosome

group. We detected changes in the lungs of the different
groups via H&E staining, and the results revealed that LPS
induced obvious ALL such as endothelial wall rupture, alveo-
lar cavity fusion, residual alveolar wall thickening, lung tissue
edema, red blood cell appearance in the alveoli, and monocyte
infiltration in the alveolar wall, in the mice. When septic
mice were treated with LPS-activated TC exosomes, these
manifestations of lung injury were considerably alleviated
(Figure 3a). The W/D ratio indicated that lung edema was sig-
nificantly alleviated with TC exosomes treatment compared
to the LPS group (Figure 3b). Using immunofluorescence, we
also observed that the integrity of the mouse lung microvas-
culature was disrupted by LPS; moreover, the injection of
LPS-stimulated active TC exosomes effectively inhibited LPS-
induced lung vascular barrier disruption and hyperpermeabil-
ity (Figure 3c, d).

LPS-stimulated active TC exosomes suppress EC
apoptosis via caspase-3 activation

To explore whether LPS-activated TC exosomes are key pro-
tective molecules against ECs, LPS-stimulated active TC exo-
somes were extracted and labeled with PKH67 (green fluores-
cence). We found that TC exosomes were rapidly absorbed by
ECs and were distributed mainly in the cytoplasm (Figure 4a).
To investigate the differences between normal TC exosomes
and LPS-activated TC exosomes, we divided the ECs into
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Figure 3. LPS-activated TC exosomes alleviated acute lung injury under septic conditions. (a, b) Assessing the general changes in mice lungs under
different conditions by hematoxylin and eosin. LPS causes lung endothelial barrier disruption, inflammatory cell infiltration, and lung edema, which were
obviously alleviated by LPS-activated TC exosomes (magnification, x200). (e, d) Evaluating the changes in microvasculature by positive staining for CD31
(green) in lung tissue under different conditions. The lung microvascular barrier was seriously disrupted by LPS, but the vascular damage was reversed
by LPS-induced active TC exosomes (magnification, x400). *P < .05. TC, telocyte; LPS, lipopolysaccharide; TC exo, telocyte exosomes; W/D, wet/dry

four groups: the control group, the LPS + normal TC exosome
(TC treated with PBS) group, the LPS+ LPS-activated TC
exosome (TC treated with LPS) group, and the LPS group.
The expression levels of cleaved caspase-3 and total caspase-3
were detected via western blotting. The results revealed that
cleaved caspase-3 was significantly reduced upon the addi-
tion of LPS-activated TC exosomes (Figure 4b). Interestingly,
although normal TC exosomes also inhibited LPS-induced
cleaved caspase-3 expression in ECs to some extent, these
effects were not statistically significant (Figure 4c). These
data suggest that LPS-stimulated active TC exosomes play an
important role in protection against LPS-induced EC apopto-
sis. The effect of TC exosomes on ECs was further confirmed
via fluorescence-activated cell sorting (FACS): the percentage
of apoptotic ECs in the LPS+ LPS-activated TC exosome
group was significantly lower than that in the LPS group,
which revealed that LPS-activated TC exosomes effectively
blocked LPS-induced EC apoptosis (Figure 4d, e).

miR-146a-5p is the main protective molecule in
LPS-stimulated active TC exosomes against
LPS-induced EC apoptosis

Exosomes carry receptors, bioactive lipids, proteins, and,
most importantly, nucleic acids, such as mRNAs, microRNAs
(miRNAs), and noncoding RNAs [23]. To identify the key
functional molecules that perform the primary protective
function of LPS-activated TC exosomes, the miRNA profile
of TC exosomes with or without LPS stimulation was
investigated via a small RNA sequencing assay. In total,
82 microRNAs were differentially expressed, with 22
upregulated and 60 downregulated, all exhibiting absolute
fold changes >1.5 in the TCs after stimulation with LPS
(Figure 5a, b). Notably, miRNA-146a-5p expression in the
LPS-activated TC exosomes was significantly greater than
that in the normal TC exosomes from the control group
(Figure 5c). miRNA-146a-Sp has been found to play an
important role in many inflammatory processes, such as

9202 1840100 €} U0 150nB AQ 401 4SG6./%L09EMASUING/E60L 0 L/10P/[0IHE/EWNESUING/LWOD dNO"OIWSPEDE WO} PAPEOJUMOQ



Burns & Trauma, 2025, Vol. 13, tkae074 7
a . .
Bright field Exosomes DAPI Merge1 Merge2
b c e
LPs - + o+ o+ o 087 * <% -
2 g
TC exo - + - - S 064 2 304
LPS-TC exo = = + = @ 8
Q o
@ 0.44 S 20+
C-Caspase-3 ‘ s D S —I 17 kDa 3 s
© o
o Q.
Caspase-3 l- E -1 - -I 35 kDa § 0.2 g 10+
S 2
LPS - + + + LPS - + " +
TCexo - + - = TCexo - * - -
LPS-TC exo - - + - LPS-TCexo - = * =
Control LPS + TC exo (ctr) LPS + TC exo (LPS) LPS
59 5 = =0
o9 [=N=] oo [oR=]
o % 7 | P1es.02%) < T4 P1(96.48%) < T4 P1eeT2%) T T P19s.48%)
[ - ~ =
£ |
o
Ll < < <
3 0 281 2 221
Q v %] %] %]
Q
<)
£
w
1 T T T T T T T T T 1 LI == T T
0 50 100 0 50 100 0 50 100 0 50 100
FSC-A  (x109 FSC-A  (x10°) FSC-A  (x109) FSC-A  (x10%)
= S 5 S 5
JQ1-UL0.76%) | Q1-UR(2.16%) 3 Q1-UL(2.35%) | Q1-UR(12.88%) T 3 Q1-UL(1.02%) | Q1-UR(@.47%) T 3Q1-UL(4.78%) | Q1-UR(23.35%)
24 1 &3 & » = s
<, ] ; i
W e Sel <5 ]
o ~ 3 -~ 3 W ~ 3
o 3 o o 3
_f e 5 : 5 5]
=) -'Q1.-|7L'.(i?.'ie/°.)...C.zj..",LR(.a}s 201 o JOLLLE28) QTLRAT%) |, Kol 16335 Q1-LR(11.16%) o Joi-LiEasew)| QI-LR(7.29%)
104 108 108 107 = = - T T T T T
S oA 100 10° 106 107 10*  10°  10° 107 Tqge  q08 105 Q7
FITC-A FITC-A FITC-A
Annexin V

Figure 4. LPS-activated TC exosomes inhibit LPS-induced EC apoptosis. (a) The PKH67 (green) labeled TC exosomes were absorbed by ECs and were
mainly located in cytoplasm of ECs. (b, ¢) LPS increases the expression of cleaved caspase-3 in ECs, and pretreatment with LPS-activated TC exosomes
effectively inhibits LPS-induced caspase-3 activation. Compared with the LPS-activated TC exosomes, the normal TC exosomes have only a mild
inhibitory effect on LPS-induced cleaved caspase-3 expression, and this effect is not statistically significant. (d, e) Pretreatment with LPS-activated TC
exosomes effectively inhibits LPS-induced EC apoptosis. Compared to the LPS-activated TC exosomes, the normal TC exosomes have only a mild
inhibitory effect on LPS-induced EC apoptosis, and this effect is not statistically significant. * P < .05. LPS, lipopolysaccharide; TC, telocyte; TC exo,
telocyte exosomes; LPS-TC exo, lipopolysaccharide-activated telocyte exosomes; C-Caspase-3, cleaved caspase-3; con, control

osteoarthritis [24] and bacterial sepsis [25]. To further
evaluate whether miRNA-146a-5p in LPS-activated TC
exosomes plays a key protective role in LPS-induced EC
caspase-3 activation and apoptosis, we first used an siRNA
assay to interfere with the expression of miRNA-146a-5p in
LPS-stimulated TCs and then extracted exosomes from active
TCs to costimulate ECs with LPS. Compared with that in

the LPS group, the expression level of cleaved caspase-3 in
ECs was significantly lower in the LPS+ LPS-activated TC
exosome (with miRNA-146a-5p) group. However, after the
inhibition of miRNA-146a-5p expression in the LPS-activated
TC exosomes, the protective effects of the activated TC
exosomes on LPS-induced EC apoptosis and cleaved caspase-3
expression were significantly diminished. Furthermore, the
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levels of cleaved caspase-3 activation in the LPS+ LPS-
activated TC exosome (without miRNA-146a-5p) group
were similar to those in the LPS-only group (Figure 6a, b).
These results were further examined via FACS, which
revealed that the LPS+ LPS-incubated active TC exosome
(containing miRNA-146a-5p) clearly blocked LPS-induced
EC apoptosis. However, the inhibition of miRNA-146a-5p
expression in LPS-stimulated active TC exosomes (LPS + LPS-
activated TC exosomes) reversed the protective effect of
these exosomes in preventing LPS-induced EC apoptosis
(Figure 6c¢, d).

miR-146a-5p in LPS-stimulated active TC exosomes
plays an important role in LPS-induced EC barrier
disruption

To further investigate the underlying effects of TC exosomes
on the integrity of the EC barrier after stimulation with LPS,
we divided ECs into seven groups: (1) the PBS group (control),
(2) the LPS group, (3) the LPS-activated TC exosome group,
(4) the LPS + TC exosome group, (5) the LPS + LPS-activated
TC exosome group, (6) the LPS + LPS-activated TC exosome

with control siRNA group, and (7) the LPS + LPS-activated
TC exosome with miRNA-146a-5p siRNA group. The
permeability of ECs was measured by TER. Consistent with
previous studies [11], LPS rapidly induced a decrease in TER
and barrier disruption within 4-6 h. Moreover, the TER of the
LPS + TC exosome (without LPS stimulation) group was com-
parable to that of the LPS group, indicating that LPS-activated
TC exosomes are crucial for protecting against LPS-induced
EC hyperpermeability, whereas normal TC exosomes are
not under physiological conditions. Moreover, we observed
that the LPS+ LPS-activated TC exosome with control
siRNA group obviously inhibited LPS-induced EC barrier
disruption, but the LPS+ LPS-activated TC exosome with
miRNA-146a-5p siRNA group reduced the protective effect
of the LPS-activated TC exosomes. These findings suggest
that miRNA-146a-5p is a key molecule in LPS-activated TC
exosomes that prevents LPS-induced EC barrier disruption
(Figure 7). These results indicate that miRNA-146a-5p, a
key functional molecule in LPS-activated TC exosomes,
effectively blocks LPS-induced EC apoptosis and barrier
disruption by modulating the miRNA-146a-5p/caspase-3
signaling pathway.
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Figure 6. LPS-activated TC exosomes protect ECs from LPS-induced apoptosis via miRNA-146a-5p. (a, b) LPS increased the expression of cleaved
caspase-3 in ECs, and pretreatment with LPS-activated TC exosomes effectively inhibited LPS-induced caspase-3 activation. However, when the
expression of MiRNA-146a-5p in TCs was blocked, the LPS-activated TC exosomes had only a mild inhibitory effect on LPS-induced cleaved caspase-3
expression, and this effect is not statistically significant. (c, d) Pretreatment with LPS-activated TC exosomes effectively inhibited LPS-induced EC
apoptosis. However, when the expression of miRNA-146a-5p in TCs was blocked, the LPS-activated TC exosomes had only a mild inhibitory effect on
LPS-induced EC apoptosis, and this effect is not statistically significant. *P < .05, * P < .05, &no significance. LPS, lipopolysaccharide; TC, telocyte;

TC exo, telocyte exosomes; LPS-TC exo, lipopolysaccharide-activated telocyte exosomes; miR146, microRNA 146a-bp; siRNA, small interfering RNA;

C-Caspase-3, cleaved caspase-3

Discussion

Lipopolysaccharide (LPS)-induced apoptosis of microvascular
ECs damages the integrity of the alveolar—capillary membrane
and induces pulmonary edema, which are the main causes of
ALI under septic conditions [3-5]. Although many previous
studies have revealed new anti-apoptosis drugs for sepsis,
these drugs are not always effective at protecting ECs under
septic conditions [26, 27]. TCs are cells identified in the inter-
stitial space of many organs, including the lungs, that protect
adjacent cells and participate in tissue repair and regeneration
[13, 21, 28]. TCs are found around pulmonary microvascu-
lar endothelial cells, but whether TCs protect against LPS-
induced EC apoptosis and vascular barrier disruption is not
clear [22, 29]. In this study, we demonstrated that under

septic conditions, TCs can secrete many active exosomes to
block LPS-induced EC apoptosis and vascular barrier disrup-
tion and subsequently alleviate LPS-induced ALIL. We further
revealed that miRNA-146a-5p is the main effective molecule
in LPS-stimulated active TC exosomes and that it suppresses
caspase-3 activation and apoptosis in ECs during sepsis.
Telocytes are cells with long and thin prolongations that
have been identified in the interstitial space of many organs
[13, 28, 30]. TCs protect adjacent cells and participate in
tissue repair and regeneration. A recent study reported that
cardiac TC can inhibit the apoptosis of ECs under ischemia—
hypoxia conditions [31]. To explore whether lung TCs protect
against LPS-induced EC apoptosis and microvascular barrier
disruption, we first extracted primary TCs from mouse lungs
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Figure 7. LPS-activated TC exosomes inhibit LPS-mediated ECs barrier
disruption by miRNA-146a-5p. ECs were plated on the gold
microelectrodes. When ECs formed the monolayer and the TER values
were stable, different stimulations were added (control group,
LPS-activated TCs exosomes group, LPS + LPS-activated TC exosomes,
LPS group, LPS + normal TC exosomes, LPS + LPS-activated TC
exosomes without miRNA- 146a-5p). the ECs monolayer permeability
was assessed by real-time TER measurements. LPS lipopolysaccharide,
TC telocyte, TER trans-endothelial electrical resistance, ECIS electrical
cell-substrate impedance sensing, miR-146 micro RNA-146a-5p, siRNA
small interfering RNA

and then cocultured ECs and TCs with LPS in a transwell
assay to simulate the interaction between both cell types under
septic conditions. The results indicated that LPS-stimulated
TC supernatant significantly reduced LPS-induced caspase-3
activation and apoptosis in ECs. To our knowledge, these data
demonstrate for the first time that lung TCs can significantly
reduce pulmonary microvascular endothelial cell apoptosis
during sepsis.

TCs mainly affect surrounding cells by secreting exosomes
[17, 18, 31, 32]. An increasing number of researchers
have reported that exosomes play an important role in
restoring vascular endothelial cell injury [33-36]. Therefore,
we further extracted exosomes from TCs and evaluated
exosome function with or without LPS stimulation. We
found that LPS increased the volume and secretion of TC
exosomes, which may contain more active molecules and
accelerate the recovery of TCs under pathological conditions.
These results were in accordance with the data of the above
transwell experiments, which indicated that TCs might be
activated and secrete active exosomes to protect against LPS-
induced EC apoptosis during sepsis. To explore whether
LPS-induced active TC exosomes play a protective role in
LPS-induced EC barrier disruption and ALI, we extracted
active exosomes from LPS-stimulated TCs and then injected
them into septic mice. We found that LPS-induced active
TC exosomes obviously reversed LPS-induced pulmonary
microvascular endothelial barrier disruption and effectively
blocked LPS-induced lung edema and ALI.

To further determine the underlying protective mechanism
of LPS-induced active TC exosomes, we tested their function
in vitro. We found that LPS-induced active TC exosomes
were absorbed by ECs and were distributed mainly in the
EC cytoplasm. Moreover, we found that LPS-induced active
TC exosomes significantly inhibited LPS-induced caspase-3
activation and apoptosis in ECs, which is consistent with
the results of the above tests in vivo. Interestingly, we also
found that normal TC exosomes without LPS stimulation had
a less protective effect on LPS-induced caspase-3 activation
and apoptosis in ECs. Hence, the above data suggest that
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TCs in a physiological state have a mild protective effect
on surrounding ECs; however, under pathological conditions,
such as septic conditions, LPS-induced active TC exosomes
have a stronger protective effect on LPS-induced EC injury.
These results provide the first evidence that TCs play an
obviously protective role on ECs via exosomes during sepsis.

Exosomes contain many molecules, such as nucleic acids,
proteins, amino acids, and metabolites. Cells conduct genetic
information exchange and cell reprogramming through
exocrine systems [37, 38]. As posttranscriptional regulators,
miRNAs are closely associated with infection and sepsis
progression [39]. Host cellular RNAs are released into the
blood during certain critical illnesses and perform multiple
functions. For example, exosomal miRNA-21-5p targets
and silences the death-inducing p53 target 1 gene and thus
downregulates activated caspase-3, which then inhibits the
apoptosis of recipient endothelial cells under ischemic and
hypoxic conditions [31]. To gain further insight into the
role of miRNAs in LPS-stimulated active TC exosomes,
we investigated the changes in total miRNA levels in
TC exosomes with or without LPS stimulation via RNA
sequencing. The results demonstrated that the expression of
miRNA-146 was obviously increased in the LPS-stimulated
active TC exosome group. However, whether LPS-induced
active TC exosomes protect against LPS-induced EC injury
mainly through miRNA-146 is unknown. In the present study,
we further found that inhibiting the expression of miRNA-
146 in LPS-induced active TC exosomes effectively inhibited
the protective effect of LPS-induced active TC exosomes on
LPS-induced EC apoptosis. These results demonstrated that
miRNA-146 plays an important role in the anti-apoptotic
effect of LPS-stimulated active TC exosomes on ECs during
sepsis. The intrinsic apoptotic signaling pathway is regulated
mainly by caspase family proteins that play a key role in
LPS-induced pulmonary EC apoptosis [4]. Here, we further
explored the role of LPS-stimulated active TC exosomes with
or without miRNA-164 in the activation of caspase-3 in
LPS-incubated ECs. We found that LPS-stimulated active
TC exosomes effectively inhibited LPS-induced caspase-
3 activation and cleaved caspase-3 in ECs, but blocking
the expression of miRNA-146 in LPS-stimulated active
TC exosomes clearly reversed the protective effect of LPS-
stimulated active TC exosomes on EC apoptosis during sepsis.

Lung vascular EC apoptosis is the main reason for the
disruption of the lung microvascular barrier [40, 41]; how-
ever, whether LPS-stimulated active TC exosomes containing
miRNA-146 are involved in the regulation of EC monolayer
barrier function during sepsis remains poorly defined. In
this study, the results demonstrated that LPS-incubated active
TC exosomes effectively inhibited LPS-induced disruption of
the EC monolayer barrier, but inhibiting the expression of
miRNA-146 in LPS-stimulated active TC exosomes effectively
reversed the protective effect of LPS-stimulated active TC
exosomes on disruption of the EC monolayer barrier dur-
ing sepsis. The above data indicated that TCs might inhibit
LPS-induced EC apoptosis and block LPS-induced disrup-
tion of the EC monolayer barrier through the transmission
of active exosomes from TCs to ECs and further activa-
tion of the miRNA-146/caspase-3 signaling pathway in ECs
under septic conditions. All the above results revealed that,
under physiological conditions, exosomes from TCs had only
mild protective effects and could not reverse LPS-induced EC
injury; however, under pathological conditions, such as septic
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conditions, LPS-induced active TC exosomes obviously pro-
tected against LPS-induced EC apoptosis and vascular barrier
disruption via miRNA-146 transcellular transport and sub-
sequent miRNA-194/caspase-3 signaling pathway activation
in ECs.

Conclusions

This study demonstrates that TCs protect against LPS-induced
EC apoptosis and ALI by active exosomes. These active
exosomes of TCs, which are synthesized and released by LPS
stimulation, inhibit EC apoptosis through the miRNA-146a-
Sp/caspase-3 signaling pathway. Our findings suggest that
TCs play a crucial role in maintaining lung microvascular
integrity under septic conditions, offering a potential thera-
peutic approach for preventing lung injury in sepsis in the
future.
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