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Enhanced itaconic acid secretion

from macrophages mediates the protection
of mesenchymal stem cell-derived exosomes
on lipopolysaccharide-induced acute lung
injury mice

Yanmei Wen'? and Zong'an Liang"”

Abstract

Background Alveolar macrophages (AMs) is critical to exacerbate acute lung injury (ALl) induced by
lipopolysaccharide (LPS) via inhibiting inflammation, which could by shifted by mesenchymal stem cell-derived
exosomes (MSC-exos). But the underlying rationale is not fully clarified. Our study aimed to analyze the significance of
itaconic acid (ITA) in mediating the protective effects of MSC-exos on LPS-induced ALI.

Methods MSC-exos were used to treat pulmonary microvascular endothelial cells (PMVECs) co-cultured with AMs
under LPS stimulation. si-IRG1 was transfected to AMs. PMVEC permeability, apoptosis rates, and inflammatory
cytokine levels were assessed. In vivo, C57BL/6 wild-type (WT) and Irg1—/— mice were employed to explore the
protection of MSC-exos against LPS-induced ALl The lung injury was determined by histological and biochemical
assays. ITA levels were measured using gas chromatography-mass spectrometry. Western blot and flow cytometry
analyses were performed to assess M1/M2 polarization.

Results Co-culture with AMs significantly increased PMVEC permeability, apoptosis rates, IL.-6, TNF-a levels and
Claudin-5 and ZO-1 expression induced by LPS treatment, which were attenuated by MSC-exos accompanied

by enhanced ITA level. After si-IRG1 transfection, MSC-exos’ protective efficacy was reversed, with suppressed M2
polarization. In vivo, MSC-exos alleviated alveolar structure disruption, pulmonary edema, inflammation and increased
ITA concentration in WT mice but had reduced effects in Irg1—/— mice, with neglected M2 polarization.

Conclusions [TA secretion facilitated the MSC-exos' protective benefits on LPS-induced PMVEC damage and ALl in
mice by promoting AM M2 polarization, highlighting a potential therapeutic strategy for ALl and related inflammatory
lung diseases.
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Background

Acute lung injury (ALI) features severe damage to the
alveolar epithelium and vascular endothelium. This con-
dition can lead to increased pulmonary permeability,
pulmonary edema, and potentially acute respiratory dis-
tress syndrome, which links to a high fatality rate [1]. In
addition, survivors may experience long-term declines in
lung function and significant reductions in quality of life
[1]. Therefore, it is crucial to explore novel therapeutic
strategies and improve the prognosis of ALI patients. The
forefront of research in ALI includes numerous emerg-
ing therapeutic strategies. For instance, gene therapy
and RNA interference techniques have shown promise
in protecting lung tissue by inhibiting specific inflam-
matory genes to reducing the inflammatory response [2,
3]. Immune checkpoint inhibitors and antibody thera-
pies aim to mitigate ALI symptoms by modulating the
immune system and neutralizing inflammatory media-
tors [4]. Notably, mesenchymal stem cell-derived exo-
some (MSC-exos) has garnered widespread attention in
recent years.

MSC-exos contain various bioactive molecules to regu-
late the functions of recipient cells and facilitate intercel-
lular communication [5]. In co-culture models of lung
organoids and macrophages, MSC-exos showed the abil-
ity to reduce the secretion of pro-inflammatory cytokines
and promote lung tissue repair via the NF-kB pathway
[6]. In murine models, adipose tissue-derived MSC-
exos ameliorated ALI by restoring mitochondrial integ-
rity in alveolar macrophages (AMs), facilitating their
transformation into an anti-inflammatory phenotype
and improving immune homeostasis [7]. Macrophages,
particularly AMs, play a critical role in these processes.
They regulate the inflammatory response through M1
pro-inflammatory and M2 anti-inflammatory polariza-
tion shifts [8]. Moreover, macrophages can modulate ALI
through immune regulation and metabolic reprogram-
ming [9]. The regulatory mechanisms of macrophages
in ALI are highly complex and although MSC-exos are
proven to be able to alleviate ALI by regulating macro-
phages [8], the specific mechanisms underlying this regu-
lation represent a significant area for further exploration.

Itaconic acid (ITA) is a critical metabolic product
catalyzed by the enzyme IRG1 in macrophages [10]. It
achieves its anti-inflammatory effects by blocking succi-
nate dehydrogenase, thereby decreasing reactive oxygen
species. It also modulated the balance of pro- and anti-
inflammatory cytokines like IL-1f and IL-10, respectively
[11, 12]. This anti-inflammatory property has been dem-
onstrated to improve inflammation-related disease. For
instance, itaconate derivative had the ability to modulate
the fatty liver disease in male mice [13]. However, the
exact mechanisms by which ITA conducts regulatory
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function in the improvement of ALI by MSC-exos remain
unclear.

Therefore, our study investigated the character of ITA
in mediating the protective effects of MSC-exos and
indicated that MSC-exos significantly alleviate lipopoly-
saccharide (LPS)-induced PMVEC injury and ALI by
enhancing ITA secretion and promoting AM M2 polar-
ization. These findings suggest a potential therapeutic
strategy for lung diseases associated to inflammation.

Methods

Ethic statement

All animal experiments were conducted aligned with the
guidelines of Institutional Animal Care and Use Com-
mittee. Prior to the initiation of the study, approval was
obtained from the ethics commitee of Sichuan University.
Mice were maintained under 2242 °C, 50+10% humid-
ity in 12-hour light/dark cycle, with ad libitum access to
food and water.

Animal experiment schedule

Male C57BL/6 wild-type (WT) mice and Irgl knockout
(Irgl—/-) mice (C57BL/6NJ-Acodlem1(IMPC)]/], stock
#029340) aged 8-10 weeks were purchased from the
Jackson Laboratory (Bar Harbor, ME, USA). Mice were
subjected to 10 mg/kg LPS treatment via intratracheal
injection to induce ALIL The LPS solution was adminis-
tered into the trachea using a micro-sprayer aerosolizer.
Ten hours post-LPS administration, 50 ug of MSC-exos
or PBS was administered intratracheally. Mice were euth-
anized by overdose inhalation of isoflurane 24 h after
LPS injury. Both WT and Irgl—/— mice were divided into
three groups (n=12 per group): Sham group: received
intratracheal PBS without LPS; LPS group: received
10 mg/kg LPS without MSC-exos; and LPS+MSC-exos
group: received 10 mg/kg LPS followed by 50 pg MSC-
exos. After euthanasia, lung tissues and bronchoalveolar
lavage fluid (BALF) were collected and prepared for bio-
chemical and histological parameter determination.

Cell culture and treatment
Mouse pulmonary microvascular endothelial cells
(PMVECs; CP-M001) were purchased from Procell Life
Science (Wuhan, China) and maintained in endothelial
cell growth medium (Procell) supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin-streptomycin
(p/s). Mouse alveolar macrophages (Ams; iCell-m078;
iCell Bioscience, Shanghai, China) MH-S cell line was
cultured in RPMI-1640 medium (Gibco, Waltham, MA,
USA) supplemented with 10% FBS and 1% p/s. Both were
maintained at 37 °C in a humidified atmosphere contain-
ing 5% CO,,.

To evaluate the impact of AMs on PMVECs, PMVECs
were seeded at a density of 1x10° cells per well in 24-well
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plates at the presence of AMs seeded at a same density
in the upper chamber of a Transwell insert (0.4 pm pore
size, Corning, Corning, NY, USA) or alone. Co-cultured
or alone-cultured cells were subsequently treated with
LPS at a dose of 100 ng/mL for 24 h. To investigate the
effect of MSC-exos on LPS-induced PMVEC injury and
AM polarization, 50 pg/mL MSC-exos were added into
co-culture system for 24 h. And to evaluate whether ITA
mediates the protective effects of MSC-exos, MH-S cells
were transfected with siRNAs targeting IRG1. Post-trans-
fection, the LPS-stilulated cells were treated with MSC-
exos (50 pg/mL) for 24 h. After incubation, PMVECs,
MH-S cell pellets or supernatant were collected for fur-
ther assays.

Isolation and characterization of exosomes from MSCs
MSCs were purchased from Gibco and characterized via
staining of surface markers and accessing adipogenic,
osteogenic, and chondrogenic differentiation potential
(Figure S1A-Q). Cells were cultured in Dulbecco’s Modi-
fied Eagle Medium (DMEM; Gibco) supplemented with
10% FBS without exogenous exosomes and 1% p/s. When
MSCs reached approximately 80% confluence, the cul-
ture medium was replaced with exosome-depleted FBS
medium, and cells were cultured for an additional 48 h.
The conditioned medium was then collected and con-
ducted a series of centrifugation. The resulting superna-
tant was subjected to ultracentrifugation at 100, 000 X g
for 70 min at 4 °C. The pellet containing exosomes was
washed by ultracentrifugation and resuspended in 100 puL
of PBS. The morphology of MSC-exos were characterized
by transmission electron microscopy (TEM; JEM-1230,
JEOL Ltd., Tokyo, Japan; Figure S1H). The size distribu-
tion of the isolated exos was determined using nanopar-
ticle tracking analysis (NTA) with a NanoSight NS300
system (Malvern Instruments, Malvern, UK). Western
blot analysis was performed to confirm the presence of
exosomal markers including CD63, TSG101 and Cal-
nexin as a negative control (Figure S1J).

Cell transfection

MH-S AMs were transfected with three types of siR-
NAs targeting IRG1 and a non-targeting control siRNA
(si-NC) using an optimized electroporation method as
previously described [14]. Before transfection, cells were
transferred to fresh RPMI medium and cultured for 24 h.
For differentiation, 1.5x10” cells were seeded in 75 cm?
flasks with RPMI-1640 medium containing 10% FCS, 1%
PSG, 1% sodium pyruvate, 1% non-essential amino acids,
10 ng/ml PMA, and 50 pM [B-mercaptoethanol, and cul-
tured for 48 h. For nucleofection, cells were detached
using Accutase I, centrifuged, and resuspended in pre-
warmed RPMI medium at a density of 2.5x 10° cells were
prepared per transfection. Subsequently, siRNA was

Page 3 of 14

diluted in nuclease-free water, and 1 pg siRNA was mixed
with cells in Nucleofector solution. Cells were transfected
using a Nucleofector 2b device and program Y-001.

Polymerase chain reaction (PCR)

The transfection efficiency of siRNAs into AMs were
determined using the PrimeScript RT-PCR Kit (Takara,
Kusatsu, Japan). TRIzol (Invitrogen, Carlsbad, USA) was
used to extract the total RNA of cells. The cDNA was
synthesized by The Reverse Transcription Kits (Ther-
moFisher, Carlsbad, USA) according to the instructions
recommended by manufacturer. The Mini PCR Thermal
Cycler (Sigma-Aldrich, Shanghai, China) was used to
conduct thermal cycling as followes: begining at 95 °C for
5 min and continued for 40 cycles, consisting of 95 °C for
30 s, followed by 59 °C for 30 s, and 72 °C for 30 s in each
cycle. The primer sequences are listed in Table S1. The
relative expression levels of target genes were calculated
using the 2722t method with GAPDH as the internal
control.

HRP permeability assay

PMVEC permeability was assessed using the SignalUp™
Super Sensitive ELISA Assay Kit with Fluorescent HRP
Substrate (P0205S; Beyotime, Beijing, China). After
the treatment period of cells, the medium in the upper
chamber was replaced with 0.5 mL of fluorescein isothio-
cyanate (FITC)-conjugated dextran solution at a concen-
tration of 1 mg/mL and the lower chamber contained
PBS. The plates were incubated at 37 °C in a humidified
atmosphere of 5% CO, for 2 h. The medium from the
lower chamber was then collected, and the fluorescence
intensity was measured using a microplate reader (BioTek
Instruments Inc., Winooski, VT, USA) at an excita-
tion wavelength of 490 nm and an emission wavelength
of 520 nm. The permeability was calculated based on
the fluorescence intensity, following the manufacturer’s
instructions provided with the protocol provided by the
manufacturer.

Flow cytometry

Apoptosis of PMVECs was assessed using the Annexin
V-FITC/PI Apoptosis Detection Kit (Beyotime) accord-
ing to manufacturer’s protocols. Following treatment,
PMVECs were harvested by trypsinization, washed twice,
and resuspended in 1x binding buffer at a concentration
of 1x10° cells/mL. Subsequently, 100 pL of the cell sus-
pension was incubated with 5 pL of Annexin V-FITC and
5 pL of PI for 15 min at room temperature in the dark.

To assess M2 polarization [15], treated AMs or mouse
lung cell were prepared as suspension. For surface stain-
ing, 1x10° cells were incubated with anti-mouse CD206-
PE antibody (BioLegend, San Diego, CA, USA) at a
dilution of 1:100 for 30 min at 4 °C in the dark. Following



Wen and Liang Biology Direct (2024) 19:138

incubation, cells were washed twice with staining buffer
and resuspended in staining buffer.

The samples were analyzed using BD FACSCanto II
flow cytometer (BD Biosciences, San Jose, CA, USA).
Data were acquired and analyzed using Flow]Jo software
(Version 10.7, FlowJo LLC, Ashland, OR, USA).

TUNEL assays

After treatment, cells were fixed with a 4% paraformal-
dehyde solution and were then permeabilized with 0.1%
TritonX-100 for 2 min. Following this, the cells were
washed with PBS and stained with TUNEL reagent from
the Cell Death Detection Kit (Roche, Mannheim, Ger-
many). Subsequently, they were stained with DAPI at a
concentration of 0.1 pg/ml for 5 min. The images were
captured at 40x magnification using an Olympus DP 74
fluorescence microscope (Tokyo, Japan).

Determination of inflammatory cytokines

The levels of IL-6 and TNF-a in the supernatant of cul-
tured cells or BALF of mice were assessed by Mouse IL-6
and TNF-a ELISA kit (SEKM-0007 and SEKM-0034;
Solarbio, Beijing, China), respectively. Briefly, 96-well
microplates were coated with antibodies provided by kits
and incubated overnight at 4 °C. The plates were washed,
blocked, followed by prepared supernatant or standard
cytokine solution incubation. Subsequently, the washed
plates were added with biotinylated detection antibodies
and streptavidin-conjugated HRP. The plates were devel-
oped with TMB substrate and the absorbance was mea-
sured after 20 min at 450 nm.

Gas chromatography-mass spectrometry (GC-MS)
detection of ITA concentration

For GC-MS analysis, 200 pL of cell supernatant or
plasma of mice was mixed with 50 puL of 2 mg/mL suc-
cinic acid and 50 pL of 0.5 M hydrochloric acid to acidify
the sample. The mixture was then extracted with 1 mL of
ethyl acetate by vigorous shaking for 10 min. The organic
phase was collected, and the extraction was repeated
twice. Combined organic phases were evaporated to dry-
ness and the dried residue was reconstituted in 100 pL of
ethyl acetate and derivatized with 100 puL of N, O-bis tri-
fluoroacetamide with 1% trimethylchlorosilane at 60 °C
for 30 min. Derivatized samples were analyzed using
an Agilent 7890 A GC system coupled with an Agilent
5975 C mass selective detector (Agilent Technologies,
Santa Clara, CA, USA). Data acquisition and analysis
were performed using Agilent MassHunter software
(Version B.07.00, Agilent Technologies).

Hematoxylin-eosin (H&E) staining
The lung tissues collected from mice were fixed with 4%
paraformaldehyde for 48 h. After fixation, dehydrated
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through a graded series of ethanol, cleared in xylene, and
embedded in paraffin. Serial sections were cut in 5 pm
thickness from paraffin blocks, which were subsequently
deparaffinized and rehydrated to distilled water. The sec-
tions were stained with H&E trichrome solutions (Sigma-
Aldrich). Images were captured with a light microscope
(Nikon Eclipse E200, Nikon, Melville, NY, USA).

Evaluation of mouse pulmonary edema

The lung wet/dry weight ratio was determined to assess
pulmonary edema. The collected lungs were immedi-
ately weighed to obtain the wet weight using an analytical
balance. Following that, the lungs were placed in a pre-
weighed aluminum dish and dried in an oven at 60 °C
for 72 h. After drying, the lungs were weighed to obtain
the dry weight. The ratio provides an index of lung water
content, with higher values indicating increased pulmo-
nary edema.

Biochemical parameters in BALF

The total protein concentration in BALF was measured
using the Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific, Waltham, MA, USA) according to the manu-
facturer’s instructions. Briefly, 25 puL of BALF super-
natant was mixed with 200 pL of BCA working reagent
prior to being incubated at 37 °C for 30 min, and the
absorbance was measured at 562 nm. Protein concen-
tration was calculated from a standard curve. For neu-
trophils cell counting, cytospin preparations were made
by centrifuging 100 uL of the cell suspension onto glass
slides at 300 g for 5 min. The slides were then stained
with Dift-Quik staining kit (Siemens, Newark, DE, USA).
Neutrophils were identified and counted based using a
light microscope at 400x magnification. A minimum of
200 cells per slide were counted.

Lung injury scoring

The degree of lung injury was evaluated based on a scor-
ing system that included alveolar edema, hemorrhage,
alveolar septal thickening, and infiltration of polymor-
phonuclear leukocytes. Each parameter was scored on a
scale from 0 (normal degree with no visible damage) to 3
(severe degree with extensive damage). And score 1 and
2 represented a mild degree with minimal damage and
a moderate degree with moderate damage, respectively.
The total lung injury score was calculated by summing
the scores of the four parameters. Lung injury was evalu-
ated in a blinded manner by two independent patholo-
gists to ensure accuracy and consistency.

Western Blot

The proteins of treated cells or lung cells prepared from
mice were extracted by RIPA buffer (Abcam, Shang-
hai, China). Their protein concentrations were then
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quantified using QuantiPro BCA Assay Kit (Sigma-
Aldrich, St. Louis, MO, USA). Prepared samples were
separated by SDS-polyacrylamide gel electrophoresis
before transferred to nitrocellulose membrane, which
was subsequently probed against zonula occluden (ZO)-
1, Claudin-5, iNOS, Arg-1, IRG1, and GAPDH as pri-
mary antibodies followed by incubated with horseradish
peroxidase-labeled secondary antibodies (Table S2). All
primary and the secondary antibody were used in dilu-
tion of 1: 500 or 1: 2000, respectively. Bands were pro-
cessed with enhanced chemiluminescence prior to being
analyzed via the ChemiDoc imaging system (Bio-Rad,
Hercules, CA, USA). Relative expression levels of target
proteins were finally calculated using ImageLab software
(Bio-Rad).

Statistical analysis

Statistical analyses were performed using GraphPad
Prism software (version 8.0; GraphPad Software, San
Diego, CA, USA). All data were presented as mean=*stan-
dard error of the mean (SEM). For comparisons among
groups, one-way analysis of variance (ANOVA) followed
by Tukey’s post hoc test were conducted for normally dis-
tributed data, whereas Kruskal-Wallis test followed by
Dunn’s post hoc test were used for non-normally distrib-
uted data. A P-value<0.05 was considered statistically
significant.

Results

AMs aggravate LPS-induced injury in PMVECs via M1
polarization-mediated inflammatory response

PMVECs were cultured in the presence of AMs or
alone, with 100 ng/mL LPS treatment. Equivalent PBS
was used as the control, as shown in Fig. 1A. After 24-h
culture, PMVEC permeability was assessed using HRP
leakage assays. The permeability was increased in the
PMVECs+LPS and PMVECs+AMs+LPS compared to
their counterparts without LPS simulation. The highest
HRP permeablity was found in the PMVECs+AMs+LPS
group, indicating that co-culture with AMs significantly
exacerbated the endothelial barrier disruption under LPS
treatment (Fig. 1B). Western blot analysis revealed that
LPS treatment suppressed the relative expressions of
Claudin-5 and ZO-1 proteins [16], with the lowest levels
in the AMs co-culture group (Fig. 1C). The flow cytome-
try and TUNEL assays demonstrated that LPS treatment
increases the apoptosis rate of PMVECs (Fig. 1D and E).
In the presence of AMs, LPS-treated PMVECs showed
higher levels of apoptosis compared the those cultured
alone. ELISA assays for inflammatory cytokines IL-6 and
TNF-a demonstrated that their levels were enhanced
with LPS treatment, and further increased with AMs
co-culture (Fig. 1F and G). Additionally, the western blot
analysis for M1 polarization marker iNOS and Arg-1
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showed a lower expression in PMVECs+AMs group
compared to the IFN-y/LPS control. Both of these pro-
teins were increased in the PMVECs+AMs+LPS group
compared to the co-cultured cells without LPS treatment
(Fig. 1H). It suggested that LPS stimulation in the pres-
ence of AMs induces a stronger M1 polarization, which
contributes to the inflammatory response, in PMVECs.

MSC-exos attenuate LPS-induced PMVEC injury by
promoting M2 polarization of AMs

The characteristics of MSCs and their derived exosomes
was confirmed initially. The high levels of positive mark-
ers CD44 and CD90 (>95%; Figures S1A and B) and low
levels of hematopoietic markers CD31 and CD45 (<5%;
Figures S1C and D) expressed in cells indicated their mes-
enchymal origin. Differentiation potential was demon-
strated by osteogenesis (Figure S1E), adipogenesis (Figure
S1F) and chondrogenesis (Figure S1G). TEM revealed the
characteristic cup-shaped morphology of exosomes (Fig-
ure S1H) and NTA verified a size distribution consistent
with exosomes, with a peak around 70-75 nm (Figure
S1I). Western blot analysis further confirmed the exo-
some markers TSG101 and CD63, with the absence of
the endoplasmic reticulum marker Calnexin indicating
the purity of the exosome preparation (Figure S1J). After
confirmation of the successful generation of MSC-exos,
they were added to the LPS-treated co-culture system to
evaluate the effects of MSC-exos on PMVECs. PMVEC
permeability was assessed using HRP leakage assays,
which showed that the significantly increased permeabil-
ity in the PMVECs+AMs+LPS group was attenuated by
the addition of MSC-exos (Fig. 2A). Western blot analysis
suggested that the expression of both Claudin-5 and ZO-1
were significantly decreased in the LPS group, but was
restored upon MSC-exos administration (Fig. 2B). Addi-
tionally, both Annexin V-FITC/PI staining (Fig. 2C) and
TUNEL assays (Fig. 2D) demonstrated that the increased
apoptosis rate of PMVECs induced by LPS was inhibited
by MSC-exos. ELISA assays for inflammatory cytokines
IL-6 and TNF-a illustrated that despite their levels being
increased with LPS treatment, the addition of MSC-exos
significantly reduced the levels of both cytokines (Fig. 2E
and F). Western blot analysis for M1 polarization mark-
ers revealed that the expression of iNOS and Arg-1 pro-
teins were increased in the PMVECs+AMs+LPS group
and were significantly reduced by MSC-exos treatment
(Fig. 2G). Then, the M2 polarization was determined by
the percentage of CD206-positive cells, which increased
from approximately 5% in the control group to 8% with
LPS treatment, and further to 15% with MSC-exos treat-
ment (Fig. 2H). Finally, GC-MS was used to measure ITA
concentration, which increased by LPS treatment and
was further significantly increased by MSC-exos (Fig. 2I).
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Fig. 1 AMs aggravate LPS-induced injury in PMVECs via M1 polarization-mediated inflammatory response. (A) PMVECs were cultured in the presence of
AMs or alone, followed by 100 ng/mL LPS treatment. Equivalent PBS was used as the control. After 24 h of culture, (B) PMVEC permeability was assessed
using HRP leakage assays. (C) Western blot analysis revealed the relative expressions of both Claudin-5 and ZO-1 proteins, with GAPDH as the internal
reference. (D) Annexin V-FITC/PI staining and (E) TUNEL assays demonstrated the apoptosis rate of PMVECs. (E) ELISA was used for inflammatory cytokines
(F) IL-6 and (G) TNF-a concentration determination. (H) The western blot analysis for INOS and Arg-1 represented the level of M1 polarization. Data are
presented as mean + SEM. Statistical significance was determined using appropriate methods, with *p <0.05, ***p < 0.001. PMVECs: pulmonary microvas-
cular endothelial cells; AMs: alveolar macrophages; HRP: horseradish peroxidase

This suggested the enhanced ITA secretion of MSC-exos  the most efficient one selected for further assays. In the

was probably associated with their protective effects. co-culture system with si-NC transfected cells, MSC-
exos significantly reduced LPS-induced HRP leakage
ITA mediates the protective effect of MSC-exos on AMs in PMVECs. However, this reduction was not observed

To investigate whether ITA mediates the protective ben-  in the co-culture system with IRG1 knockdown cells
efits of MSC-exos on AMs, IRG1 was knocked down in  (Fig. 3B). Western blot analysis revealed that MSC-exos
MH-S cells using siRNAs. The knockdown efficiency significantly increased the expression of Claudin-5 and
was validated by PCR and Western blot (Fig. 3A), with  ZO-1 in PMVECs that co-culture with si-NC transfected
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Fig.2 MSC-exos attenuate LPS-induced PMVEC injury by promoting M2 polarization of AMs. MSC-exos were added to the LPS-treated co-culture system
to evaluate their effects on PMVECs. (A) PMVEC permeability was assessed using HRP leakage assays. (B) Western blot analysis was performed to detect
the expression levels of tight junction proteins Claudin-5 and ZO-1. (C) Annexin V-FITC/PI staining and (D) TUNEL assays demonstrated the apoptosis rate
of PMVECs to determine the anti-apoptosis effect of MSC-exos. (E-F) ELISA for inflammatory cytokines IL-6 and TNF-a in cell supernatant. (G) Western blot
analysis for M1 polarization markers assessed the relative levels of iNOS and Arg-1 proteins. (H) M2 polarization was determined via flow cytometry by
calculate the percentage of CD206-positive cells. (1) Gas chromatography-mass spectrometry was used to measure ITA concentration. Data are presented
as mean + SEM. Statistical significance was determined using appropriate methods, with *p <0.05, **p <0.01, and ***p <0.001. MSC-exos: mesenchymal
stem cell-derived exosome; PMVECs: pulmonary microvascular endothelial cells; AMs: alveolar macrophages; HRP: horseradish peroxidase
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Fig. 3 ITA mediates the effect of MSC-exos on AMs. To investigate the role of ITA, IRG1 was knocked down in MH-S cells using three siRNA-IRG1 with dif-
ferent sequences. si-RNAs were subsequently transfected to the AMs. (A) The knockdown efficiency was validated by PCR and Western blot analysis, with
the most efficient siRNA selected for further assays. After that, (B) the horseradish peroxidase (HRP) permeation assay was conducted and (C) western
blot analysis revealed the relative levels of tight junction proteins Claudin-5 and ZO-1. Apoptosis rates were assessed using (D) Annexin V-FITC/PI staining
and (E) TUNEL assays. (F) ELISA was performed for (F) IL.-6 and (G) TNF-a concentrations. (H) For M1 polarization evaluation, iNOS and Arg-1 proteins were
determined by Western blot analysis. (I) For M2 polarization assessment, the proportion of CD206-positive cells were calculated by flow cytometry. Data
are presented as mean + SEM. Statistical significance was determined using appropriate methods, with *p <0.05, **p <0.01, and ***p < 0.001. ITA: itaconic
acid; MSC-exos: mesenchymal stem cell-derived exosome; AMs: alveolar macrophages; HRP: horseradish peroxidase
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MH-S cells, while no significant change was observed
in that co-culture with IRG1 knockdown MH-S cells
(Fig. 3C). Annexin V-FITC/PI staining (Fig. 3D) and
TUNEL assays (Fig. 3E) were used to assess apopto-
sis rates. As results, MSC-exos treatment significantly
reduced apoptosis of PMVECs in the co-culture system
with si-NC transfected cells, but this effect was absent in
that with IRG1 knockdown cells (Fig. 3D and E). ELISA
assays for inflammatory cytokines IL-6 and TNF-a
showed that although MSC-exos significantly decreased
the concentration of these cytokines in the co-culture
system of si-NC transfected MH-S cells with PMVECs,
no significant effect was observed in the co-culture sys-
tem after knocking down IRG1 in MH-S cells (Fig. 3F
and G). For M1 polarization evaluation, iNOS and Arg-1
demonstrated that MSC-exos significantly reduced their
expression in si-NC transfected MH-S cells, whereas
IRG1 knockdown abolished this effect (Fig. 3H). For
M2 polarization assessment, MSC-exos significantly
increased the proportion of CD206-positive cells in
si-NC transfected MH-S cells, which was inhibited by
IRG1 knockdown (Fig. 3I). These findings illustrate the
significance of ITA secretion of AMs in the therapeutic
potential of MSC-exos.

MSC-exos attenuate LPS-induced acute lung injury in mice
by enhancing itaconic acid secretion

C57BL/6 WT and Irgl—/— mice were used to investigate
the involvement of ITA in MSC-exos’ function in vivo.
After the treatment of MSC-exos, the WT mice dem-
onstrated alleviated alveolar structure disruption and
inflammatory cell infiltration in lung tissues compared
to the group without MSC-exos. Similarly, Irgl—/— mice
showed more severe lung tissue damage and extensive
inflammation in the LPS group. Although MSC-exos
treatment provided relief to a certain extent, significant
structural damage and inflammation persisted (Fig. 4A).
Additionally, a significantly higher ITA levels in the
LPS+MSC-exos group was observed compared to the
LPS group in WT mice, while it was almost undetect-
able in Irgl—/— mice, regardless of MSC-exos treatment
(Fig. 4B). In WT mice, lung injury scores were lower
with the treatment of MSC-exos compared to the LPS
group. But with Irgl knockdown, no significant differ-
ence in lung injury scores was observed between the
LPS and LPS+MSC-exos groups (Fig. 4C). The lung
wet/dry weight ratio demonstrated that the pulmonary
edema was significantly reduced by MSC-exos in WT
mice, almost returning to levels similar to the Sham
group. Although MSC-exos treatment also reduced the
LPS-induced high wet-to-dry weight ratio in Irgl—/—
mice, the reduction was limited, with its level remained
relatively higher than the Sham control (Fig. 4D). Apart
from injury in lung tissues, total protein levels (Fig. 4E)
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and neutrophils (Fig. 4F) in BALF were significantly sup-
pressed in the LPS+MSC-exos group compared to the
LPS group in WT mice. In contrast, this reduction was
neglected in Irgl—/— mice. These results demonstrate
that ITA secretion was crucial to mediating MSC-exos
conferred alleviation in LPS-induced respiratory system
injury.

MSC-exos suppress LPS-induced inflammation in ALI mice
by regulating the M2 polarization of AMs

To evaluate the anti-inflammatory effects of MSC-exos
and the underlying regulatory role of ITA, inflamma-
tory cytokines were initially assessed. MSC-exos treat-
ment significantly reduced the elevated levels of IL-6
and TNF-a induced by LPS in BALF in WT mice, but
between the LPS and LPS+MSC-exos groups in Irgl—/—
mice there were neglected difference (Fig. 5A and B).
Western blot analysis was conducted to assess the M1
polarization, in which both iNOS and Arg-1 were signifi-
cantly suppressed by MSC-exos in WT mice. However,
the MSC-exos treatment failed to reduce the expression
of iNOS compared to the LPS group in Irgl—/— mice
(Fig. 5C). The M2 polarization was determined via flow
cytometry analysis, in which the enhanced proportion
of CD206-positive cells elicited by LPS treatment was
further enhanced by MSC-exos in WT mice. Notably,
in Irgl—/— mice, no significant alteration was found in
each group, suggesting that MSC-exos-mediated promo-
tion of M2 polarization is impaired in the absence of ITA
(Fig. 5D).

Discussion

ALI is a severe condition with poor prognosis, and
understanding its complex regulatory mechanisms is
crucial for improving patient outcomes [1]. Our present
study elucidates the role of MSC-exos in LPS-induced
ALI Through both co-cultured cells and murine models,
we emphasize the critical role of ITA in mediating the
protective effects of MSC-exos.

LPS interacts with specific receptors on host cells,
leading to the release of various inflammatory media-
tors to induce oxidative stress and a robust inflammatory
response in lung tissue [17]. These properties make LPS
a widely used agent in ALI to mimic infection-induced
lung damage observed in clinical settings [18, 19]. Consis-
tent with previous studies, our current research demon-
strated that LPS disrupts the tight junctions of PMVECs,
increases vascular permeability, and results in the leak-
age of fluids and proteins into the alveolar space, causing
pulmonary edema [20, 21]. Notably, AMs play an indis-
pensable role in the process of LPS-mediated PMVEC
damage. As the primary immune cells in the lungs, AMs
are among the first to encounter inhaled pathogens and
toxins, including LPS. They express Toll-like receptor 4,
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which is the key receptor for LPS recognition [22]. In our
study, the presence of AMs significantly exacerbated the
LPS-induced inflammatory processes. This is consistent
with previous research suggesting that the activation and
polarization of AMs towards the M1 pro-inflammatory
phenotype are of critical significance for the inflamma-
tory storm triggered by LPS [23]. Excessive release of
inflammatory cytokines by persistent M1 macrophage
activation leads to structural alterations or apoptosis in
endothelial cells, ultimately increasing vascular perme-
ability, which is believed to contribute the most to the
pathogenesis of ALI [24, 25]. Therefore, strategies to
promote M2 macrophage polarization are emerging as
potential approaches for the treatment of ALI [26, 27].
The subsequent administration of MSC-exos success-
fully reversed the damage deteriorated by AMs under
LPS stimulation. MSC-exos not only effectively inhibited
the permeability and apoptosis of PMVECs but also sig-
nificantly attenuated the LPS-induced inflammation. This
aligns with previous studies showing that MSC-exos have
anti-inflammatory and anti-apoptotic effects, protect-
ing various cell types from apoptosis in inflammatory
conditions [8]. Meanwhile, our study demonstrated that
MSC-exos could enhance the M2 polarization of AMs.
ITA-promoting macrophage M2 polarization was con-
firmed in 2022 [28], of which anti-inflammatory func-
tions in vitro and in vivo through the mechanisms that
have been proposed in several investigations [29-31].
A previous study reported that the anti-inflammatory
effect of MSC-exos on allergic asthma is attributed to
the expanding IL-10 production by lung interstitial
macrophages [32]. In the present study, increased ITA
levels were observed after the administration of MSC-
exos; so we wonder whether the increased production
of ITA mediated the protection of MSC-exos on ALL
To deeply investigate the significance of ITA in lung epi-
thelial cells and AMs, we inhibited ITA production by
knocking down IRG1 in AMs. IRG1 gene expression is
known to be significantly upregulated in macrophages
upon pathogen or inflammatory stimulation, leading to
increased activity of cis-aconitate decarboxylase and the
production of ITA, which demonstrated antimicrobial
and anti-inflammatory properties in various diseases
[33, 34]. Similarly, when IRG1 was knockdown in AMs,
the protective effects of MSC-exos observed in control
si-NC AMs were lost and ITA production was inhibited.
Specifically, MSC-exos failed to enhance tight junctions,
control permeability, and regulate the polarization of
macrophages into anti-inflammatory phenotype in the
absence of ITA. Notably, despite the inhibition of ITA
production following IRG1 knockdown, MSC-exos still
exhibited a degree of anti-apoptotic effect on PMVECs,
as shown by Annexin V-FITC/PI staining. It primarily
detects the phosphatidylserine externalization on the cell
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surface during early and late apoptosis, whereas TUNEL
staining marks DNA fragmentation in late apoptosis
[35, 36]. Therefore, while the absence of ITA blocked the
inhibition of late apoptosis by MSC-exos, they may still
confer protection during slightly earlier stages through
alternative mechanisms not solely dependent on ITA
production. This might be explained by the direct effect
of MSC-exos on vascular endothelial cells. A previous
study demonstrated that MSC-exos effectively attenuates
thrombin-induced injury on lung microvascular endo-
thelial cells’ permeability and junctional integrity [37].
Besides, exosomes from adipose tissue-derived MSCs
have been proven to exert endothelial protection via acti-
vation of the PI3K/Akt pathway on a histone-induced
damage model [38]. Since the present study mainly
focused on the mechanism underlying the regulation of
MSC-exos on AMs during ALI therapy; whether and how
MSC-exos directly protects the endothelium of the ALI
model needs to be explored in future studies.

The animal experimental results were consistent with
these findings. During ALI, MSC-exos treatment effec-
tively mitigated LPS-induced immune cell activation,
inflammatory response stimulation, and disruption of
lung epithelial tight junctions. This intervention con-
sequently prevented extensive lung tissue damage and
pulmonary edema to some extent. The significant reduc-
tion in total protein and neutrophil counts in BALF fur-
ther underscored the protective effect of MSC-exos on
endothelial barrier integrity, inhibiting the infiltration of
plasma proteins and immune cells into the alveolar space.
These findings are in conformity with previous studies,
confirming the protective and inflammation-modulat-
ing actions of MSC-exos in ALI mouse models [39, 40].
Notably, the observed protective effects were also accom-
panied by increased ITA. ITA reduces the production of
inflammation-inducing factors and ROS by inhibiting tri-
carboxylic acid cycle [41]. Our findings highlighted that
this metabolic reprogramming of macrophages is crucial
for their transition from a pro-inflammatory M1 pheno-
type to an anti-inflammatory M2 phenotype, which was
facilitated at least in part by ITA-induced MSC-exos’
function. The resultant M2 macrophages exhibit reduced
production of local inflammatory cytokines and promote
tissue repair. However, in Irgl—/— mice, where ITA levels
were nearly undetectable, the beneficial effects of MSC-
exos were abolished. The direct comparison between
WT and Irgl—/— mice highlighted ITA as an indispens-
able mediator of the protective functions of MSC-exos.
Taken together, our study, for the first time, uncovered
the significant role of ITA in the protective functions of
MSC-exos under ALI conditions. Our findings may pres-
ent a foundation for the protective nature and underly-
ing mechanism of the MSC-exos in ALI and support its
promising prospects in cell-free therapies for ALL
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However, there are some limitations in the present
study. The potential mechanism underlying the increased
ITA levels by MSC-exos remains unclear. Several recent
studies demonstrated that MSC-exos can modulate vari-
ous types of cells by delivering miRNAs or proteins to
alleviate ALI [42, 43]. Hence, further analyses such as
mass spectrometry and RNA sequence, are required to
find the critical components of MSC-exos that induce
ITA production. The pathogenesis of ALI is complex,
with various cells involved in the development of the dis-
ease. This study only focused on the role of MSC-exos in
the regulation of AMs during ALI treatment; the direct
effect of MSC-exos and the underlying mechanism on
other types of cells in ALI need to be explored in future
studies.

Conclusions

ITA secretion mediated the protective efficacy of MSC-
exos against LPS-induced PMVECs inflammation and
apoptosis, as well as ALI in mice by enhancing M2
polarization of AMs. Targeting ITA and regulating mac-
rophage metabolism might be a viable option in the man-
agement of ALI and other related inflammatory diseases.
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