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radiation-induced lung injury and long-term
pulmonary fibrosis
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Abstract

Background Radiation-induced lung injury (RILI) is associated with alveolar epithelial cell death and secondary
fibrosis in injured lung. Mesenchymal stem cell (MSC)-derived exosomes have regenerative effect against lung injury
and the potential to intervene of RILI. However, their intervention efficacy is limited because they lack lung targeting
characters and do not carry sufficient specific effectors. SARS-CoV-2 spike glycoprotein (SARS-CoV-2-S-RBD) binds
angiotensin-converting enzyme 2 (ACE2) receptor and mediates interaction with host cells. MiR-486-5p is a mul-
tifunctional miRNA with angiogenic and antifibrotic potential and acts as an effector in MSC-derived exosomes.
Ferroptosis is a form of cell death associated with radiation injury, its roles and mechanisms in RILI remain unclear. In
this study, we developed an engineered MSC-derived exosomes with SARS-CoV-2-S-RBD- and miR-486-5p- modifi-
cation and investigated their intervention effects on RIPF and action mechanisms via suppression of epithelial cell
ferroptosis.

Results Adenovirus-mediated gene modification led to miR-486-5p overexpression in human umbilical cord

MSC exosomes (p < 0.05), thereby constructing miR-486-5p engineered MSC exosomes (miR-486-MSC-Exo). MiR-
486-MSC-Exo promoted the proliferation and migration of irradiated mouse lung epithelial (MLE-12) cells in vitro

and inhibited RILI in vivo (all p < 0.05). MiR-486-MSC-Exo suppressed ferroptosis in MLE-12 cells, and an in vitro assay
revealed that the expression of fibrosis-related genes is up-regulated following ferroptosis (both p <0.05). MiR-486-
MSC-Exo reversed the up-regulated expression of fibrosis-related genes induced by TGF-31 in vitro and improved
pathological fibrosis in RIPF mice in vivo (all p <0.05). SARS-CoV-2-S-RBD-modified and miR-486-5p-engineered MSC
exosomes (MiR-486-RBD-MSC-Exo) were also constructed, and the distribution of DiR dye-labeled miR-486-RBD-MSC-
Exo in hACE2K Sftpc-Cre™ mice demonstrated long-term retention in the lung (p < 0.05). MiR-486-RBD-MSC-Exo
significantly improved the survival rate and pathological changes in hACE2K Sftpc-Cre™ RIPF mice (all p < 0.05).
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Furthermore, miR-486-MSC-Exo exerted anti-fibrotic effects via targeted SMAD2 inhibition and Akt phosphorylation

activation (p<0.05).

Conclusions Engineered MSC exosomes with SARS-CoV-2-S-RBD- and miR-486-5p-modification were developed.
MiR-486-RBD-MSC-Exo suppressed ferroptosis and fibrosis of MLE-12 cells in vitro, and alleviated RILI and long-term
RIPF in ACE2 humanized mice in vivo. MiR-486-MSC-Exo exerted anti-fibrotic effects via SMAD2 inhibition and Akt
activation. This study provides a potential approach for RIPF intervention.

Keywords Mesenchymal stem cells, Engineered exosomes, SARS-CoV-2-S-RBD, MiR-486-5p, Ferroptosis, Radiation-

induced pulmonary injury, Pulmonary fibrosis
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Background

Thoracic radiotherapy is a major treatment modality for
thoracic tumors. However, thoracic radiotherapy also
has a secondary effect on normal lung tissues. Radiation-
induced lung injury (RILI) occurs in 5-20% of patients
and limits the maximum dose of radiotherapy [1]. RILI
manifests acutely as radiation pneumonitis and chroni-
cally as radiation-induced lung fibrosis (RIPF) [2]. Cur-
rently, there remains a lack of effective interventions for
the treatment of lung fibrosis, known strategies include
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early intervention of RILI. Mesenchymal stem cells
(MSCs) are multipotent stromal cells capable of differ-
entiating into cell types of mesodermal origin. Multiple
advances have been reported regarding their clinical tri-
als of various conditions, including orthopedic injuries,
graft versus host disease following bone marrow trans-
plantation, cardiovascular diseases, autoimmune dis-
eases, and liver diseases [3]. MSCs are being also explored
in the treatment of lung tissue injury and fibrosis [4, 5].
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Potential therapies on the application of MSCs in RIPF
remain at the preclinical stage.

Exosomes are extracellular vesicles (EVs) that contain
multiple bioactive substances such as lipid membranes,
mRNAs, miRNAs and proteins [6, 7]. Recent investiga-
tions revealed exosomes reflect biophysical features of
MSCs and are considered more effective than MSCs
themselves [8]. MSC-derived exosomes are smaller and
less immunogenic than MSCs and can effectively deliver
bioactive molecules to effector organs, possessing sta-
ble storage and controlled release characteristics [9,
10]. MSC exosomes carrying regenerative factors have
become an promising therapeutic strategy for RIPF [11].
Distribution studies have shown that MSCs primarily
accumulate in the lungs following systemic administra-
tion. In vivo distribution characteristics of MSC-derived
exosomes differ from those of MSCs. New approaches
based on the interactions of biomolecules can enable re-
targeted distribution of MSC-derived exosomes to organs
[12, 13].

Angiotensin converting enzyme 2 (ACE2) is a type I
transmembrane protein and serves as a receptor of severe
acute respiratory syndrome coronavirus-2 (SARS-CoV-2)
[14]. The SARS-CoV-2 spike glycoprotein binds to the
host cell ACE2 receptor through its receptor binding
domain (SARS-CoV-2-S-RBD) and mediates viral infec-
tion [14]. Crystal structure analysis of the human ACE2
(hACE2) receptor complex has identified the binding
sites of hACE2 and SARS-CoV-2-S-RBD. Based on the
interaction between SARS-CoV-2-S-RBD and hACE2,
it is possible to achieve the targeting of ACE2" cells to
receive RBD-loaded MSC exosomes. Single-cell sequenc-
ing data revealed that ACE2 is mainly expressed in type
IT alveolar, vascular endothelial, and interstitial cells, all
of which are sensitive to radiation damage [15]. ACE2 is
also an inflammation response gene and upregulated in
the injured lung [16]. Thus, SARS-CoV-2-S-RBD medi-
ated ACE2 binding may retarget exosomes to ACE2 high
expressed tissues, especially injured lung.

Exosomal miRNAs can regulate immunity, inhibit
inflammation, and promote epithelial tissue repair in
injured lung tissues [17]. Targeted delivery of miRNAs
with anti-fibrotic effects through exosomes may enhance
their efficacy of RIPF treatment. MiR-486-5p was first
found in a human fetal liver cDNA library and was iden-
tified as a regulator of leukemia [18, 19]. As a multi-
functional miRNA, miR-486-5p exhibits angiogenic and
anti-fibrotic activities in liver injury and hepatic fibrosis
[20]. MiR-486-5p expression is decreased in serum and
lung tissues of patients with silicosis and idiopathic pul-
monary fibrosis [21]. Growing evidence indicated that
miR-486-5p has the potential to regulate inflammation
and fibrosis in lung tissue [21-23]. However, whether
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miR-486-5p reduces radiation-induced damage by sup-
pressing inflammation and cell death in the early stages
of RIPF remains unclear.

Ferroptosis is a type of cell death associated with iron
accumulation, lipid peroxidation and ROS production
[24]. Emerging evidence has suggested that ferroptosis is
associated with the pathogenesis of fibrosis [25, 26]. Fer-
roptosis triggers an inflammatory response, promotes
epithelial-mesenchymal transition, and ultimately leads
to fibrosis [26]. And several reports mentioned therapeu-
tic potential of ferroptosis inhibitors and iron chelators
in treating fibrosis [27]. Erastin is a widely used ferropto-
sis inducer in research and considered to induce typical
iron-dependent cell death. MSC-derived exosomes have
inhibitory effects on ferroptosis in various cell types.
Based on the activity of MSC-derived exosomes and their
susceptibility to modification of miRNAs, engineered
MSC-derived exosomes carrying miR-486-5p might
enhance its efficacy in interfering erastin-induced alveo-
lar epithelial cell ferroptosis and preventing RIPF. In this
study, we developed a surface RBD-loaded MSC-derived
exosome for the targeted delivery of miR-486-5p and
investigated its role in the early interference of RILI and
late prevention of RIPF.

Methods

Cell lines and human umbilical cord mesenchymal stem
cells (UC-MSCs)

Mouse lung epithelial cells (MLE-12) were purchased
from Procell Biologics and cultured in DMEM / F12
medium (11,330,032, Gibco) supplemented with 2% fetal
bovine serum (FBS; 10099141C, Gibco) and 0.01 mg/ mL
transferrin (T8010, Solarbio). Primary human UC-MSCs
were obtained from Allcare Biotechnology Co., Ltd. and
cultured in serum-free medium (1001A; Clin-Biotech).

Isolation and characterization of exosomes

The 72 h-supernatant from cell cultures of MSCs (or
engineered MSCs in later experiments) was harvested,
centrifuged at 300 g for 10 min to remove cellular debris,
and subsequently centrifuged at 2000 g for 10 min to
remove microvesicles. Then, the exosomes were pelleted
using ultracentrifugation at 120,000 g, 4 °C for 90 min
(Beckman Coulter, Inc., USA), washed with 20 mL of
1xPBS and ultracentrifuged again at 120,000 g, 4 °C for
90 min. The exosome-enriched pellets were collected and
suspended in 1XPBS for use. Morphological analysis of
the exosomes was performed using transmission elec-
tron microscopy (TEM) (Hitachi, Japan). Nanoparticle
tracking Analysis (NTA) is a laser scattering and track-
ing technique that can track, measure and analyze the
size distribution and concentration of nanoparticles in
liquids in real time and with high resolution. The particle
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size, number and distribution of exosomes were deter-
mined using NTA (Zetaview, Particle Metrix). CD63 is a
major membrane protein of exosomes, involved in exo-
some biogenesis and release. CD81 is another important
protein of exosome membranes, involved in interactions
between exosomes and target cells. Heat shock protein 70
(HSP70) plays a crucial role in exosome biogenesis and
protein loading. Tumor susceptibility gene 101 (TSG101)
is a key factor in exosome biogenesis and sorting mecha-
nisms, involved in exosome formation and release. The
expression of exosomal surface markers, including CD63,
CD81, HSP70 and TSG101, was detected by western
blotting using antibodies from Proteintech. Glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH; Cell Signal-
ing Technology) was used as an internal control.

Exosome sequencing

MSC-derived exosomes (1x10%) were resuspended in
1XxPBS and then sent to Applied Protein Tech. Bio. for
small RNA sequencing. Specifically, total exosomal RNA
was extracted for parallel quality testing and a small
RNA library was constructed using Illumina’s TruSeq
small RNA sample prep kit. The library was purified,
inspected, and quantified using polymerase chain reac-
tion (PCR) amplification by connecting the sequencing
joint and index. Sequencing was performed using the
lumina platform. The data were de-jointed and quality
filtered, and the filtered sequences used for deduplica-
tion processing. The identical sequences were merged,
and the corresponding abundance of each sequence
was recorded. The deduplicated small RNA sequences
were annotated based on the reference genome, and the
abundance of the corresponding annotation was given.
The sequences of precursor and mature human miRNAs
were downloaded from miRBase and compared to the
de-duplicated sequences, so as to annotate the detected
miRNAs. To effectively utilize resources and understand
biological functions, the top 30 expressed miRNAs with
significance were selected from the sequencing results
for subsequent analysis.

Adenovirus production and cell transfection

The PHBAd-U6-GFP-mmu-miR486-5p recombinant vec-
tor has been described previously [28]. The recombinant
adenovirus vector miR-486-5p overexpression plasmid
and the skeleton plasmid pHBAd BHG were transfected
into HEK293 cells using Lipofiter  transfection reagent.
The virus supernatant was collected and amplified, con-
centrated with CsCl combined with ultracentrifugation,
and stored at—80 C until use. The PHBAd-U6-GFP-
Scramble vector was used as a control. The vector titer
was determined by infecting HEK293 cells and analyzing
the expression of green fluorescent protein. MSCs were
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infected with recombinant adenoviruses according to the
ratio of virus number to cell number, i.e., multiplicity of
infection (MOI)=0, 25, 50, 100, 150 and 200. After 8 h,
the medium was replaced with complete medium. After
48 h, the expression of green fluorescent protein (GFP)
in MSC was evaluated by fluorescence microscopy and
cell samples were collected measurement of miR-486-5p
expression using reverse transcription real-time quanti-
tative polymerase chain reaction (RT-qPCR). Based on
the study of Fu and colleagues [29], we used the GV343-
CV140-GFP-RBD-VSVG viral vector, which was pro-
vided by Genechem Bio.. UC-MSCs were infected with
the constructed adenoviruses to obtain miR-486-5p
engineered MSC (miR-486-MSC) and RBD-VSVG-
engineered MSC (RBD-MSC). According to the fluo-
rescence level and the target molecular expression level,
MOI=150 was selected for subsequent experiments.

Establishment and treatment of irradiated cell models
MLE-12 cells were cultured and seeded in plates until
they grew to about 60% confluence. MLE-12 cells were
irradiated with a single dose of 10 Gy y-rays at room
temperature. The radiation dose was based on previ-
ous literature and adjusted appropriately according to
the cell growth [30, 31]. Immediately after irradiation,
MSC-derived exosomes (MSC-Exo) and miR-486-5p
engineered MSC exosomes (miR-486-MSC-Exo) were
directly added to each well (50 pg/mL), and 1xXPBS was
used as the control. After incubation at 37 °C in 5% CO,
for 24, 48, 72, or 96 h, samples were collected for prolif-
eration, morphometry and migration assays.

Establishment and treatment of ferroptosis cell models
MLE-12 cells were cultured and seeded in plates. When
the MLE-12 cells grew to approximately 60% confluence,
erastin (S7242, Selleck) was added to each well to achieve
a final concentration of 0, 0.5, 1, 2, 4, 8 uM. Immediately
after erastin addition, MSC-Exo and miR-486-MSC-Exo
were directly added to each well (50 pg/mL), and 1 XPBS
was used as the control. A ferroptosis inhibitor (Ferro-
statin-1; Fer-1) was used as the positive control. After 24
or 48 h of incubation in 5% CO, at 37 °C, cells were col-
lected for viability, morphometry and mRNA assays.
When MLE-12 cells reached approximately 60% con-
fluence, erastin was added to each well (final concen-
tration 1 pM). After 12 h of erastin treatment, the cell
culture supernatant was replaced with complete medium.
After an additional 24 h, the cell culture supernatant was
transferred to another set of MLE-12 cells at 60%, fol-
lowed immediately by the addition of MSC-Exo and miR-
486-MSC-Exo to each well (concentration 50 pg/mL),
with 1XPBS used as a control. Subsequently, cells were
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incubated at 37 °C, 5% CO,, for 24, 48, or 72 h before col-
lecting cellular mRNA for qPCR analysis.

Establishment and treatment of fibrotic cell models
MLE-12 cells were cultured and seeded onto well plates,
and TGF-f1 (CK33, Novoprotein) was added to each
well to achieve a final concentration of 0, 1, 2, 4 ng/mL.
Immediately after TGF-f1 added, MSC-Exo and miR-
486-MSC-Exo were directly added to each well (50 pg/
mL), and 1 X PBS was used as the control. Cells were col-
lected for gene expression analysis after incubation in 5%
CO, at 37 °C for 24 or 48 h.

Cell-counting-kit-8 (CCK-8) proliferation assay

MLE-12 cells were cultured in DMEM / F12 medium
supplemented with 2% FBS and 0.01 mg/ mL transfer-
rin and were seeded into 96-well plates at 8000 cells per
well in a 100 pL culture system. After irradiation for 0,
24, 48, 72, and 96 h or erastin treatment for 0, and 24 h,
10 uL. CCK-8 solution (B34304, Bimake) was added to
each well. The culture plates were incubated for 3 h,
during which the CCK-8 dye was reduced to yellow
by dehydrogenase in the cells, the reaction signal was
detected using a microplate reader.

Morphological assessment

After irradiation for 48 h or erastin treatment for 24 h,
MLE-12 cells were fixed with 4% paraformaldehyde
(PFA), stained using a Giemsa staining kit (G1015,
Solarbio) according to the manufacturer’s instructions,
and observed under a light microscope.

Divalent iron detection

After erastin treatment for 24 h, MLE-12 cells were
fixed with 4% PFA. A Lillie divalent iron staining kit
(G3320, Solarbio) was used to stain the cells at room
temperature for 30 min. In the assay, Fe*" inside the
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cells is reduced to Fe* via the Prussian blue reaction,
which subsequently turns blue upon treatment with
potassium ferrocyanide and dilute acid. This allowed
microscopic observation of the distribution and depo-
sition of iron within the cells.

Cell scratch assay

Irradiated or non-irradiated MLE-12 cells were grown
in 6-well plates until confluence, and mechanical
damage was induced by scratching the confluent cell
monolayer with a sterile pipette tip. Injured MLE-12
monolayers were washed three times with 1xXPBS to
remove cell debris, and then incubated with exosomes
(30 pg/mL) or 1xPBS for 24 h. Cell migration was
assessed by measuring the mean healing ratio of the
scratched area. A picture was taken with a microscope
(Olympus, Tokyo, Japan) upon initiation of the scratch
(0 h), and the scratched edges of cells were marked with
image analysis software (Photoshop 2020) to calculate
the average scratched distance and area. The healing
of the scratch was then measured as the percentage
scratch area at 6, 12, and 24 h time points in relation to
the original scratch area (=100%).

Dihydroethidium staining

The MLE-12 cells were seeded onto confocal slides and
divided into control, erastin+1 X PBS, erastin+ MSC-
Exo, erastin+ miR-486-MSC-Exo, and erastin+ Fer-1
group. Erastin was added to the corresponding groups,
at the same time as 1 X PBS, MSC-Exo, miR-486-MSC-
Exo or Fer-1 (control). After 24 h, the supernatant
was aspirated and discarded. Dihydroethidium (DHE)
staining solution (S0063, Beyotime) was added and
the cells incubated at 37 °C for 20 min in the dark, fol-
lowed by addition of 4% PFA for 30 min. The slides
were then removed from the fixative, rinsed repeatedly
with 1 X PBS, and sealed with a DAPI containing tablet.

Table 1 Primer sequences used in reverse transcription real-time quantitative polymerase chain reaction

Reverse

Forward
mMiR-486-5p 5'-TCCTGTACTGAGCTGCCCCGAG-3”
U6 5’- CGCTTCGGCAGCACATATACTA-3
GPX4 5'-GATGGAGCCCATTCCTGAACC-3”
ACSL4 5"-GGCACCGTCATCGGATCAG-3
SLC7AT1 5’-CTCACCATTATATTGCTGCCTGT-3
FN 5" TCTGGGAAATGGAAAAGGGGAATGG-3’
aSMA 5'-GACGCTGAAGTATCCGATAGAACACG-3’
SMAD2 5"-AAGCCATCACCACTCAGAATTG-3”
CTGF 5'-GCGAAGCTGACCTGGAGGA-3

GAPDH

5'-CGACTTCAACAGCAACTCCCACTCTTCC-3'

5’- GATTGAATCGAGCACCAGTTAC-3

5'- GATTGAATCGAGCACCAGTTAC-3"
5-CCCTGTACTTATCCAGGCAGA-3”
5"-CTCCACAGGCAGACCAGAAAA-3’

5’ TCTCTTTGCCATAGCGTTTTTCT-3"
5"-CACTGAAGCAGGTTTCCTCGGTTGT3’
5"-CACCATCTCCAGAGTCCAGCACAAT-3
5"-CACTGATCTACCGTATTTGCTGT-3"
5"-CGCACGAGTGGTGGTTCTGTGCG-3’

5" TGGGTGGTCCAGGGTTTCTTACTCCTT-3
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DHE is reduced to a fluorescent compound (2;7’-dihy-
droxyfluorescein) inside cells under oxidative stress,
thereby generating a fluorescent signal in the cells. Flu-
orescence was observed under a confocal microscope.
Image] software was used to quantify the mean pixel
intensity in the red channel, which equates to the ratio
of red fluorescence intensity per unit field of view to the
cell area, to evaluate the fluorescence signal per unit
area.

Mito-tracker staining

The MLE-12 cells were seeded onto confocal slides and
divided into control, erastin+1 X PBS, erastin +MSC-
Exo, erastin+miR-486-MSC-Exo, and erastin+ Fer-1
group. Erastin was added to the corresponding groups, at
the same time as 1xPBS, MSC-Exo, miR-486-MSC-Exo
or Fer-1. After 24 h, the supernatant was aspirated, mito-
tracker staining solution (C1048, Beyotime) was added
to the cells, which were incubated at 37 °C for 15 min in
the dark, followed by addition of 4% PFA for 30 min. The
slides were removed out, rinsed repeatedly with 1xPBS,
and sealed with a DAPI containing tablet. Mito-tracker
staining uses fluorescent dyes that accumulate in regions
of high mitochondrial membrane potential to visualize
and analyze the position and morphology of mitochon-
dria within cells. Green-stained mitochondria could be
observed under confocal microscopy. Image] software
was used to quantify the mean pixel intensity in the green
channel, which equates to the ratio of green fluorescence
intensity per unit field of view to the cell area, to evaluate
the fluorescence signal per unit area.

RNA extraction and RT-qPCR

Total RNA was extracted from the cells using TRIzol rea-
gent (Invitrogen). Each sample contained 1x10° cells.
After RNA concentration and quality detection, cDNA
was synthesized using a reverse transcription kit (AT311,
TransGen) with each system containing 1 ug RNA. RT-
qPCR was performed using a SYBR Green RT-qPCR kit
(AQ601, TransGen) with the RT-qPCR program set as
94 °C for 30 s, 94 °C for 5 s, 60 °C for 15 s, and 72 °C for
10 s (x40 cycles). After the program was run, the time
required for reading the fluorescence value of each hole
to reach the plateau period was the CT value. GAPDH
was used as an internal control[32], and the 2ALCT yl-
ues of GPX4, ACSL4, SLC7A11, FN, aSMA, SMAD?2,
and CTGF were calculated as relative mRNA expression
levels. The primer sequences are listed in Table 1. Total
miRNA was extracted from cells or exosomes using the
miRcute miRNA Isolation Kit (DP501, Tiangen). Each
sample contained 1x10° cells or 1x10® exosomes. The
2" AACT yalue of miR-486-5p was calculated as the
relative expression level using the TagMan MicroRNA
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Reverse Transcription Kit and TagMan MicroRNA Assay
Kit (Life Technologies, Carlsbad, CA, USA), with U6 as
an internal control[33]. RT-qPCR was performed using a
fluorescent quantitative PCR apparatus (QuantStudio 3;
Applied Biosystems, Foster City, CA, USA).

Western blot

Cells (1x10°%) and exosomes (1x 10®) were lysed in RIPA
buffer (R0010, Solarbio) containing 1% phenylmethylsul-
phonyl fluoride (PMSE, P0100, Solarbio). Protein con-
centration was determined using a BCA protein assay kit
(PC0020, Solarbio). Proteins were loaded onto 10% SDS
polyacrylamide gels, transferred to polyvinylidene fluo-
ride (PVDF) membranes, and labeled with primary anti-
bodies (rabbit anti-CD9, CD63, CD81, HSP70, TSG101
(Proteintech), FN, SMAD2, aSMA, CTGF, pAkt, Akt,
GAPDH (Cell Signaling), hACE2, B-actin (abclonal) and
RBD (Sinobio.)). CD9, CD63, CD81, HSP70 and TSG101
are surface marker proteins of exosomes. FN, SMAD?2,
aSMA, and CTGF represent fibronectin, SMAD family
protein 2, alpha skeletal muscle actin and connective tis-
sue growth factor, respectively, which are fibrosis related
markers. pAkt and Akt are key molecules in the Akt sign-
aling pathway. Subsequently, the immunoreactive bands
were incubated with goat-anti-rabbit horseradish per-
oxidase-conjugated secondary antibodies and visualized
using an enhanced chemiluminescence solution (34,096,
Thermo Fisher Scientific). Protein levels were analyzed
using the Scion image software (GenScript, USA).

Establishment and treatment of mouse models with RILI

Eight-week-old female C57BL/6 mice (approximately
18 g) purchased from SIPEIFU Biotechnology Co., Ltd.
were acclimated for one week under standard labora-
tory conditions to familiarize them with the environment
and reduce their stress. The mice were randomly divided
into four groups: control (Con), irradiation+1XPBS
(IR +PBS), irradiation + MSC-exosomes (IR + MSC-Exo),
and irradiation + miR-486-MSC-exosomes (IR +miR-
486-MSC-Exo), with 32 mice in each group. Except for
the Con group, mice were anesthetized with 1% sodium
pentobarbital and immobilized on an operating plat-
form to expose their whole chest to a single dose of
20 Gy of y-rays. The irradiation protocol was referenced
from a previous study[34]. Mice in the IR+MSC-Exo
and IR+ miR-486-MSC-Exo groups received an intra-
venous dose of exosomes (200 pg per mouse in 300 pL
of 1xXPBS) 6 h after irradiation and then three more
times (four times in total) over the following two weeks
(on days 7, 10, and 14). The injection protocol was ref-
erenced from previous studies [35]. Mice in the IR+ PBS
group were injected with the same volume of 1XxPBS.
Mice were euthanized by cervical dislocation at 1 week,
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2 weeks, 1 month, 3 months and 6 months post-injection
to collect lung samples for further experiments. Efforts
were made to minimize harm to the animals. All ani-
mal experiments were approved by the Laboratory Ani-
mal Centre of the Academy of Military Medical Sciences
(Animal Ethics Number: IACUC-DWZX-2022-876).

Establishment of hACE2¥V! Sftpc-Cre* mice models

In the human ACE2 conditional knock-in (CKI) mouse
model, the "CAG promoter-loxP-PGK-Neo-6*SV40 pA-
loxP-Kozak-Human ACE2 CDS-rBG pA" cassette was
inserted into ROSA26 intron 1. Homology arms for the
targeting vector was generated via PCR using a BAC
clone template. Cas9 and gRNA were co-injected with the
targeting vector into fertilized eggs to produce KI mice.
Offspring were genotyped using PCR and sequenced
for analysis. This work was performed by Cyagen Bio-
technology Co., Ltd.. The target mouse population was
expanded by hybridization with wild-type mice and con-
firmed by hybridization of the offspring with alveolar
epithelial-specific Cre™ mice (Sftpc-Cret mice) to obtain
hACE2CKVCKLGftpcCret mice. All animal experiments
were conducted in accordance with procedures approved
by the Animal Ethics Committee of the Academy of Mili-
tary Medicine IACUC-DWZX- 2022 -876).

Detection of bronchoalveolar lavage fluid

After irradiation for 0, 7, 14, and 28 d, 4 mice in each
group were euthanized by cervical dislocation and the
trachea-lungs were removed with sterile surgical instru-
ments, taking care not to puncture the lung tissue. A
lavage needle was inserted into the trachea and 1 mL
of sterile 1 XPBS was infused. The bronchoalveolar lav-
age fluid (BALF) was extracted and transferred to a tube
containing EDTA. After centrifugation at 12,000x g for
15 min, the supernatant was taken and stored at -80°C.
The expression levels of IL-6, TNF-a and IL-18 in BALF
were detected using ELISA kits (Laizee).

(See figure on next page.)
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Histology and hematoxylin-eosin and Masson staining
After irradiation or control treatment for 1 m, 3 m, and
6 m, 4 mice from each group were euthanized using cer-
vical dislocation and the lungs were removed with sterile
surgical instruments. Lung tissues from each mouse was
fixed in 4% PFA for at least 48 h, dehydrated in a gradi-
ent of ethanol, and embedded in paraffin. The specimens
were cut into 4 pm sections for hematoxylin—eosin (H&E;
G8220, Solarbio) and Masson staining (G1340, Solarbio).
The sections were observed and photographed under a
light microscope.

The results of H&E and Masson staining of mouse
lung tissue were analyzed using CaseViewer2.4 scanning
and browsing software involving selection of three ran-
dom areas of lung tissue sections at 200-fold imaging.
Subsequently, Image-Pro Plus 6.0 analysis software was
employed for analysis. The number of alveoli and total
alveolar area within each field of view were determined,
and the ratio of the number of alveoli to the total alveo-
lar area was recorded as the number of alveoli per unit
field of view. A crosshair ("'+’) was drawn at the center of
each field of view, and the ratio of its total length to the
number of intersecting alveolar septa was noted as the
mean lining interval per unit field of view. The difference
between the total bronchial area and the bronchial lumen
area in each visual field was defined as the percentage
of collagen per unit field of view. The ratio of the blue-
stained collagen fiber area to the total tissue area within
each visual field was recorded as the collagen content.
The above analysis process was conducted with the assis-
tance of specialized pathologists.

CT imaging

At 6 months after irradiation, four mice from each group
were anesthetized using a continuous ether-oxygen mix-
ture and placed in a small animal CT scanner, and 255
cross-sectional CT scans of the chest were performed.
The axial plane was taken at the level of the fifth tho-
racic vertebra, this is the location where the largest area
is photographed, and we chose this location to uniformly

Fig. 1 The construction and biological characteristics of miR-486-5p-engineered MSC exosomes. A Schematic representation of exosome
extraction using ultracentrifugation. B A representative transmission electron microscopy image of exosomes, with arrows indicating typical
exosomes. Scale bar=200 nm. C Nanoparticle tracking analysis of exosomes. D Western blot analysis of MSCs (MSC) and MSC-derived exosomes
(MSC-Exo). The protein expression of HSP70, CD81, CD63 and TSG101 were detected and GAPDH was used as an internal control. E Top 30 small
RNAs identified using exosomal sequencing. F Green fluorescence infected with gradient multiplicity of infection (MOI) of Ad-GFP-miR-486-5p
adenovirus. Scale bar=200 um. G Expression of miR-486-5p in miR-486-5p-engineered MSC (miR-486-MSC) determined using gPCR. Data

are expressed as the mean =+ SD. *p <0.05, **p < 0.01. H Comparison of the proliferation activity of miR-486-MSC and MSC. I Identification

of CD90, CD73, CD105, CD45, CD34, and CD14 expression on the surface of miR-486-MSC using flow cytometry. J Expression of miR-486-5p

in miR-486-5p-engineered MSC-exosomes (miR-486-MSC-Exo) compared with MSC-exosomes (MSC-Exo). Data are expressed as the mean + SD.

*p<0.05,*p<0.01
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Fig. 2 MiR-486-5p-engineered MSC exosomes increased proliferation and migration of MLE-12 cells after irradiation. A Proliferation of MLE-12

cells treated with MSC-Exo or miR-486-MSC-Exo at 0, 24, 48, 72, and 96 h using CCK-8 assay. 1 x PBS was used as the control. Data are expressed

as the mean+SD. *p < 0.05, **p <0.01. B Proliferation of MLE-12 cells treated with 6, 8, 10, or 12 Gy y-rays irradiation at 0, 24, 48,72 and 96 h

using CCK-8 assay. 0 h cells were used as control. Data are expressed as the mean+SD. *p <0.05, **p < 0.01. C Proliferation of MLE-12 cells treated
with MSC-Exo or miR-486-MSC-Exo at 0, 24, 48, 72, and 96 h after irradiation with 10 Gy y-rays using CCK-8 assay. The irradiated cells served

as a control. Data are expressed as the mean +SD. *p <0.05, **p <0.01. D Proliferation of MLE-12 cells transduced with miR-NC or miR-486-5p at 0,
24,48, 72, and 96 h after irradiation with 10 Gy y-rays using CCK-8 assay. The irradiated cells served as a control. Data are expressed as the mean +SD.
*p<0.05, **p<0.01. E Morphology of MLE-12 cells treated with MSC-Exo or miR-486-MSC-Exo at 48 h after irradiation with 10 Gy y-rays using
Giemsa staining, bar=200 um. F-G Scratch assay to assess the migration of MLE-12 cells treated with MSC-Exo or miR-486-MSC-Exo. Representative
images and quantitative analysis rate at 0, 6, 12, and 24 h were shown. Scale bar=200 um. Data are expressed as the mean+SD. *p < 0.05, *p <0.01
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shoot mice in order to eliminate the differences caused by
different fibrosis in different parts of mice.

Immunofluorescence

After gradient dewaxing and permeability treatment,
paraffin sections of mouse lung tissues were treated with
sealing solution for 1 h and incubation at 4 ‘C overnight
with primary antibodies (rabbit anti-SMAD?2, Cell Sign-
aling). they were then incubated with a fluorescent sec-
ondary antibody (goat anti-rabbit) at room temperature
for 1 h away from light. After the sections were rinsed to
remove unbound antibody, the sections were sealed and
photographed under a fluorescence microscope. Image]J
software was used to quantify the mean pixel intensity in
the red channel, which equates to the ratio of red fluores-
cence intensity per unit field of view to the cell area, to
evaluate the fluorescence signal per unit area.

Transfection and dual luciferase reporter assay

The miR-486-5p mimic (miR-486-5p) and control mimic
(miR-NC) were designed and synthesized by Fenghui.
Co., Ltd.. MLE-12 cells were seeded in medium without
antibiotics overnight before transfection. Transfection
at a final concentration of 50 nM was performed using
Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s protocol. At the same time, TGF-P1 (2 ng/mL)
was added to each well. After 48 h, the cells were col-
lected for the assays.

Control or miR-486-5p vectors were co-transfected
into HEK293 cells with human SMAD2 3 "UTR derived
psiCHECK-2 construct (wild type or mutant type) using
the same transfection method. The psiCHECK-2 con-
struct is a dual luciferase reporter vector containing two
luciferase genes, Renilla luciferase and firefly luciferase,
which can be used as internal controls. The construct
derives from human SMAD2 3’ UTR that is inserted
into the psiCHECK-2 vector, enabling the study of miR-
486-5p regulation of SMAD2 gene expression. After
transfection for 24 h, luciferase activity was analyzed.

(See figure on next page.)
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Detection of Akt phosphorylation

MLE-12 cells were cultured and seeded in plates until
they reached approximately 60% confluence. MSC-Exo
and miR-486-MSC-Exo were added to each well at a con-
centration of 50 pg/mL, while 1XPBS was used as the
control. After 24 h, insulin was added to each well at a
final concentration of 100 nM and incubated at room
temperature for 5 min. As an inhibitor group, Ly294002
was added to the wells 1 h before the addition of insulin.
The proteins were collected for western blot detection.

Statistical analysis

All values are represented as the mean + standard devia-
tion. Student’s t-test was used for comparisons between
two groups, and analysis of variance (ANOVA) was used
for comparisons among multiple groups. Differences
between groups were considered significant at p<0.05.
Use * symbols to represent inter-group significance: *
p<0.05,* p<0.01.

Results

The construction and biological characteristics

of miR-486-5p-engineered MSC-exosomes

UC-MSCs were isolated and expanded. Figure 1A
shows the preparation procedure for the MSC-derived
exosomes. The morphology and particle size distribution
of the exosomes were determined using TEM and NTA
(Fig. 1B-C). The expression of exosomal marker proteins,
such as CD9, CD63, CD81, HSP70, and TSG101, was
validated using western blot (Fig. 1D). Exosomal small
RNA sequencing revealed that multiple miRNAs, includ-
ing miR-486-5p, were highly enriched in the exosomes
(Fig. 1E). Furthermore, miR-486-5p engineered MSC-
exosomes (miR-486-MSC-Exo) were constructed. MSCs
were transfected with either miR-486-5p or a control
gene via adenovirus-mediated gene transduction. After
48 h, the transfection efficiency and expression of miR-
486-5p in MSCs were detected using GFP and qPCR
(Fig. 1F-G). The expression of cell surface markers CD90,
CD105, CD73, HLADR, CD34, CD45, CD14 and CD11b
of both control and miR-486-5p transduced MSCs were
detected (Fig. 1H-I, Figure S1). Adenovirus-mediated

Fig. 3 MiR-486-5p engineered MSC exosomes alleviated erastin-induced ferroptosis in MLE-12 cells. A Cell viability of MLE-12 cells treated

with increasing doses of erastin (from 0.5 to 8 uM) at 24 h using CCK-8 assay. Data are expressed as the mean +SD. *p < 0.05, **p <0.01. B Cell
viability (24 h) of MLE-12 cells treated with MSC-Exo or miR-486-MSC-Exo after adding erastin (1 uM) using CCK-8 assay. Fer-1 was used as a positive
control. Data are expressed as the mean £ SD. *p<0.05, **p < 0.01. C Morphological changes (24 h) and D divalent iron accumulation (24 h)

of MLE-12 cells treated with MSC-Exo or miR-486-MSC-Exo after adding erastin (1 uM) using giemsa staining and divalent iron staining. Fer-1

was used as a positive control. E Dihydroethidine (DHE) (24 h) and F mitochondrial fluorescence probe (mito-tracker) labeling (24 h) of MLE-12 cells
treated with MSC-Exo or miR-486-MSC-Exo after adding erastin (1 uM). Fer-1 was used as a positive control. Scale bar=10 um G-I mRNA expression
(24 h) of GPX4, ACSL4, and SLC7A11 in MLE-12 cells treated with MSC-Exo or miR-486-MSC-Exo after adding erastin (1 uM) using gPCR. Fer-1

was used as a positive control. Data are expressed as the mean +SD. *p <0.05, **p < 0.01
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miR-486-5p expression did not affect cell proliferation
or expression of cell surface markers. MiR-486-5p-mod-
ified MSCs were further cultured, and their supernatants
were collected for exosome preparation. The levels of
miR-486-5p in exosomes derived from MSCs or miR-
486-5p-MSCs were detected using RT-qPCR, and adeno-
viral vector-mediated miR-486-5p transduction led to an
approximately 700-fold increase in miR-486-5p levels in
MSC-secreted exosomes (Fig. 1J). Thus, miR-486-MSC-
Exo were characterized and analyzed in subsequent
experiments.

MiR-486-5p-engineered MSC exosomes enhanced
proliferation and migration of MLE-12 cells after IR
MLE-12 cells are commonly used as models of lung injury
and fibrotic disease. The cell model of RILI was estab-
lished by irradiating MLE-12 cells with y-rays at a dose of
10 Gy. Exosomes or 1 X PBS were added after irradiation
or non-irradiation, and cell survival was monitored con-
tinuously for 96 h. There were no significant differences
in the effects of miR-486-MSC-Exo compared to those of
MSC-Exo under normal conditions (Fig. 2A). Treatment
with irradiation resulted in a concentration-dependent
decrease in the proliferation capacity of MLE-12 cells
(Fig. 2B). Correspondingly, the ability of miR-486-MSC-
Exo to rescue cells from radiation-induced cell death at
96 h after irradiation was significantly higher than that
of MSC-Exo under radiation conditions (Fig. 2C). Com-
pared with miR-NC, miR-486-5p mimic also had a more
significant protective effect on radiation-induced lung
epithelial cell death at 96 h after irradiation (Fig. 2D).
The growth and scratch closure of MLE-12 cells repre-
sent their regenerative ability. The ability of miR-486-
MSC-Exo to promote proliferation and salvage radiation
damage was validated by Giemsa staining (Fig. 2E). At
the same time, both miR-486-MSC-Exo and MSC-Exo
prevented the loss of lung epithelial migration caused by
radiation injury (Fig. 2F-G). At 24 h after scratch, miR-
486-MSC-Exo significantly promoted scratch closure
compared with MSC-Exo. This suggests that miR-486-
MSC-Exo and MSC-Exo can enhance the proliferation
and migration of irradiated MLE-12 cells.

(See figure on next page.)
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MiR-486-5p-engineered MSC exosomes suppressed
erastin-induced ferroptosis in MLE-12 cells

Analysis of mRNA expression levels of GPX4, SLC7A11,
and ACSL4 in irradiated MLE-12 cells revealed that radi-
ation induced changes in these markers of ferroptosis,
indicating that ferroptosis is a form of cell death in radia-
tion injury (Figure S2). MSC-Exo and miR-486-MSC-Exo
demonstrated significant intervention effects on these
changes, suggesting a potential reduction of radiation
injury by inhibiting ferroptosis. An erastin-induced lung
epithelial MLE-12 cell ferroptosis model was confirmed
by a gradual decrease in cell viability (Fig. 3A). MiR-486-
MSC-Exo and MSC-Exo suppressed erastin-induced
ferroptosis in MLE-12 cells, but miR-486-MSC-Exo
exhibited stronger activity than that of MSC-Exo and
the positive control (Fer-1; Fig. 3B). Giemsa staining and
divalent iron staining showed that miR-486-MSC-Exo
and MSC-Exo maintained the morphology of ferroptosis
cells and prevented intracellular divalent iron accumula-
tion (Fig. 3C-D). DHE staining revealed that both miR-
486-MSC-Exo and MSC-Exo decreased the accumulation
of peroxide anions in the cytoplasm of ferroptosis cells
(Fig. 3E, S3A). Mito-tracker staining revealed that both
miR-486-MSC-Exo and MSC-Exo reversed erastin-
induced mitochondrial shrinkage (Fig. 3F, S3B). qPCR
further clarified changes in the expression of ferroptosis
markers (GPX4, ACSL4, and SLC7A11) in erastin-treated
MLE-12 cells. Results showed that miR-486-MSC-Exo
and MSC-Exo reversed characteristics of ferroptosis in
MLE-12 cells (Fig. 3G-I). This suggests that miR-486-
MSC-Exo prevents lung epithelial cell death in vitro, par-
tially by rescuing cells from ferroptosis.

MiR-486-5p-engineered MSC exosomes suppress
fibrosis-related gene expression in MLE-12 cells

After induction of ferroptosis in MLE-12 cells with eras-
tin (1 uM) for 6 h, a 24 h-culture supernatant was col-
lected and then transferred to newly laid MLE-12 cells
for co-culture. Cells were collected after 24 h, 48 h, and
72 h of co-culture to determine mRNA expression lev-
els (Fig. 4A). The results of qPCR showed that erastin
induced the up-regulated expression of fibrosis-related
genes, including FN, aSMA, SMAD2 and CTGEF, sug-
gesting a link between ferroptosis and fibrosis (Fig. 4B).

Fig. 4 MiR-486-5p-engineered MSC exosomes reduce pulmonary fibrosis in vitro. A-B mRNA expression of FN, aSMA, SMAD2, and CTGF in MLE-12
cells treated with erastin-induced supernatant at 24 h, 48 h, and 72 h via gPCR. Data are expressed as the mean +SD. *p<0.05, **p<0.01. C

mMRNA expression of FN, aSMA, SMAD2, and CTGF in MLE-12 cells treated with gradient concentrations (0, 1, 2, 4 ng/mL) of TGF-31. Data are
expressed as the mean+SD. *p < 0.05, **p <0.01. D mRNA expression of FN, aSMA, SMAD2, and CTGF in MLE-12 cells treated with MSC-Exo

or miR-486-MSC-Exo after adding TGF-B1 (2 ng/mL). Data are expressed as the mean+SD. *p < 0.05, **p < 0.01. E-L Protein expression

and quantitative analysis of FN, aSMA, SMAD2, and CTGF in MLE-12 cells with MSC-Exo or miR-486-MSC-Exo after adding TGF-31 (2 ng/mL),

with GAPDH as the internal reference. Data are expressed as the mean+SD. *p < 0.05, **p < 0.01
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To explore whether miR-486-MSC-Exo and MSC-Exo
have regulatory effects on fibrosis, TGF-p1-treated
MLE-12 cells were generated as a fibrosis model. Treat-
ment with TGF-P1 resulted in the up-regulated expres-
sion of fibrosis-related genes, FN, aSMA, SMAD2, and
CTGEF, in MLE-12 cells in a concentration-dependent
manner (Fig. 4C). Both miR-486-MSC-Exo and MSC-
Exo strongly reduced the TGF-Pl-induced expression
of the mRNA of these fibrosis genes (Fig. 4D). Among
them, compared with MSC-Exo, miR-486-MSC-Exo
significantly down-regulated the mRNA expression lev-
els of FN and aSMA induced by TGF-1. Western blot
analysis showed that both miR-486-MSC-Exo and MSC-
Exo could significantly reduce the expression levels of
TGEF-B1-induced fibrotic proteins, including FN, SMAD2
and CTGF (Fig. 4E-L). Compared with MSC-Exo, miR-
486-MSC-Exo significantly down-regulated the protein
expression levels of FN, SMAD2 and CTGF induced by
TGF-B1. The original protein expression level of aSMA
was very low in MLE-12 cells. Both MSC-Exo and miR-
486-MSC-Exo could moderately suppress the expression
level of TGF-B1-induced aSMA protein, whereas their
significance was slight. These results indicate the ability
of miR-486-MSC-Exo to suppress fibrotic gene expres-
sion in MLE-12 cells.

MiR-486-5p-engineered MSC exosomes ameliorate
inflammatory responses and fibrosis in RILI mice

To evaluate the therapeutic effect of miR-486-MSC-Exo
on RIPF in vivo, the chests of mice were irradiated with
y-rays at a dose of 20 Gy. MSC-Exo, miR-486-MSC-
Exo and 1XPBS were administered intravenously after
irradiation, and changes in survival rate, body weight,
inflammatory factor levels, and pathology of mice were
evaluated. An outline of the experimental process is
shown in (Fig. 5A). The survival of the mice injected with
exosomes or 1XxPBS after IR were measured (Fig. 5B).
The results showed that the death of mice in the IR group
occurred one month after IR, which may be related to
lung dysfunction and excessive fibrosis in the mice. In
comparison, the groups administered MSC-Exo or miR-
486-MSC-Exo had a high survival rate, especially no
death occurred in miR-486-MSC-Exo-treated group.

(See figure on next page.)
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This highlights the efficacy of exosomes in the treatment
of RIPF and suggests a therapeutic role for miR-486-5p
in pulmonary fibrosis. Neither exosomes nor 1XxPBS
affected mouse weight during the experiments (Fig. 5C).
Measurements of inflammatory factors in BALF showed
that radiation injury resulted in increased IL-6, TNF-a,
and IL-18 levels in mice, while exosome administration
significantly inhibited the increase of these inflamma-
tory factors (Fig. 5D-F). MiR-486-MSC-Exo significantly
reduced TNF-a levels compared with MSC-Exo on day
28 after treatment, suggesting supper anti-inflammatory
effects. According to the analysis results in (Fig. 5H-
K), the irradiated lung tissue showed obvious histologi-
cal changes from 1 to 6 months post-IR, including the
reduction of alveoli number, the increase of mean lining
interval, the thickening of total bronchial wall, and the
increase of collagen deposition, which were significantly
alleviated by treatment with miR-486-MSC-Exo and
MSC-Exo. Among them, miR-486-MSC-Exo, compared
with MSC-Exo, significantly reduced the total bronchial
wall area at 3 months post-irradiation, and significantly
increased the number of alveoli and decreased the per-
centage of collagen at 6 months post-IR. These results
indicate that miR-486-MSC-Exo can improve the sur-
vival rate of RILI mice and reduce radiation-induced
inflammatory infiltration and pulmonary fibrosis.

Construction of hACE2KVK! sftpc-Cret mice

and distribution of exosomes directed by RBD- miR-486-5p
in vivo.

MSC-derived exosomes modified with SARS-CoV-2-S-
RBD (RBD-MSC-Exo) and exosomes double-modified
with SARS-CoV-2-S-RBD and miR-486-5p (miR-486-
RBD-MSC-Exo) were prepared by adenovirus modifica-
tion of MSCs (Fig. 6A). Western blot confirmed positive
expression of RBD protein in RBD-MSC and RBD-MSC-
Exo (Fig. 6B). hACE2 conditional knock-in mice were
constructed, and pulmonary hACE2 mice (hACE2XV
CKI Sftpc-Cre™ mice) were obtained by hybridization with
the lung-specific promoter Cre* mice (Sftpc-Cre* mice)
(Fig. 6C). The genotypes of the homozygous and het-
erozygous mice produced by crossbreeding were iden-
tified using the mouse tail gene (Fig. 6D). Western blot

Fig. 5 MiR-486-5p engineered MSC exosomes reduce pulmonary fibrosis in vivo. A Schematic representation. B Survival curves and C body

weight changes of RIPF mice treated with MSC-Exo or miR-486-MSC-Exo, with nine mice in each group. 1 X PBS was used as negative control.

D-F Expression of IL-6, TNF-a, and IL-18 in the bronchoalveolar lavage fluid (BALF) of RIPF model mice treated with MSC-Exo or miR-486-MSC-Exo
via ELISA. Data are expressed as the mean +SD. *p < 0.05, **p <0.01. G Representative images of H&E and Masson staining at 1 M, 3 M, or 6 M in RIPF
mice treated with MSC-Exo or miR-486-MSC-Exo, with four mice in each group. 1 xPBS was used as negative control. The red, green, and orange
arrows indicate alveoli, bronchial walls, and collagen, respectively. Scale bar=200 pm. H-K Statistical analysis of H&E and masson, including number
of alveoli per unit field of view, mean lining interval per unit field of view, total bronchial wall area per unit field of view, and percentage of collagen
per unit field of view. Data are expressed as the mean +SD. *p <0.05, **p < 0.01
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confirmed the high expression of hACE2 in the lung tis-
sues of hACE2CXVKI Sftpc-Cret mice induced by tamox-
ifen (Fig. 6E). This provided a model for evaluating the
distribution of RBD- MSC-derived exosomes in vivo.
Based on this model, the effect of MSC-derived exosomes
in the treatment of RIPF through targeted delivery of
miR-486-5p was evaluated.

After labeling with DiR dye, RBD-miR-486-5p
exosomes and scramble-miR-486-5p exosomes were
injected into hACE2XVCK! Sftpc-Cre™ mice through the
tail vein, namely RBD-group and Scramble-group, and
the organ distribution of the exosomes in hACE2XV
CKL Sftpc-Cre* mice was measured. The results showed
that after intravenous administration, most of the
exosomes were first distributed to the lungs and liver via
the circulatory system (Fig. 6F-I). On and after day 3 of
administration, the ratio of lung radiation efficiency in
the RBD-group was significantly increased compared
with the Scramble-group, which means that the exoso-
mal modification of RBD can achieve the retention of
exosomes in lung tissue.

MiR-486-5p engineered MSC exosomes improved
therapeutic efficiency for pulmonary fibrosis

through the targeted binding of RBD-hACE2

The therapeutic effect of the miR-486-RBD-MSC-Exo
on RIPF in vivo was explored using hACE2“KV/CKI Sftpe-
Cre™ mice. Exosomes or 1 x PBS were administered intra-
venously to RIPF mice after irradiation, and changes
in survival rate, body weight, pathology and imaging
changes of mice were evaluated. The experimental pro-
cedure is shown in Fig. 7A. Survival curves were gen-
erated, and the therapeutic effects of exosomes were
assessed (Fig. 7B). The results showed that mice in the
irradiated group (IR+PBS) died after the first month of
irradiation and exhibited a survival rate of only 55%. Cor-
respondingly, the survival rates of the MSC-Exo, miR-
486-MSC-Exo, RBD-MSC-Exo-treated groups were 88%.
In particular, no mouse deaths occurred in the miR-486-
RBD-MSC-Exo group. Neither exosomes nor 1XxPBS
affected mouse weight during the experiments (Fig. 7C).
Pathological analysis of lung tissues was performed, and
scanning photos (Fig. 7D) and analysis results (Fig. 7E-
H) showed significant histological changes in the lung

(See figure on next page.)
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tissue of the IR+ PBS group at 6 months post-IR, includ-
ing a decrease in the number of alveoli, an increase in the
mean lining interval, thickening of the total bronchial
wall, and an increase in collagen deposition. Although
the above symptoms were slightly relieved after treat-
ment with MSC-Exo, treatment with miR-486-MSC-Exo
significantly increased the number of alveoli. Treatment
with RBD-MSC-Exo significantly reduced the mean liner
interval. In contrast, the treatment of miR-486-RBD-
MSC-Exo exhibited a more significant effect on increas-
ing the number of alveoli, reducing the mean lining
interval, the total bronchial wall thickness, and collagen
deposition. CT imaging revealed similar results, with live
CT of RIPF mice showing a gray-like lesion at the lung
edge, which suggests fibrosis. However, the images of the
lungs in the RIPF groups administered exosomes showed
clear lung boundaries (Fig. 7I). These results indicated
that miR-486-RBD-MSC-Exo improved survival and
inhibited pulmonary fibrosis in RIPF mice.

MiR-486-5p engineered MSC exosomes alleviate
pulmonary fibrosis via miR-486-5p-SMAD2-Akt
phosphorylation

The therapeutic effect of miR-486-RBD-MSC-exosomes
in RIPF in hACE2CXVCK! Sftpe-Cret mice was investi-
gated using the procedure shown in Fig. 7. Immunoflu-
orescence of lung tissue sections revealed significantly
higher SMAD2 expression in RIPF mice compared to
that in control mice (Fig. 8A-B), which was not improved
following the administration of MSC-Exo or RBD-MSC-
Exo. However, SMAD?2 levels were significantly reduced
in the miR-486-MSC-Exo- and miR-486-RBD-MSC-Exo-
treated groups, suggesting that exosomes modified with
miR-486-5p can significantly reduce irradiation-induced
pulmonary fibrosis in vivo through SMAD2.

We further studied the regulatory mechanism of miR-
486-5p in SMAD2 expression. In vitro experiments
showed that an miR-486-5p mimic reduced SMAD2
mRNA (Fig. 8C) and protein expression (Fig. 8D-E) in
TGEF-B1-treated MLE-12 cells. Accordingly, the interac-
tion targets of miR-486-5p and SMAD2 were screened,
and it was found that miR-486-5p had specific targets
in both the human and mouse SMAD2 3'UTR (Fig. 8F).
HEK293 cells containing the human SMAD2 3 "UTR

Fig. 6 Exosomes can achieve targeted lung delivery in vivo via RBD-hACE2. A Structure diagram of RBD-miR-486-5p engineered exosomes
(miR-486-RBD-MSC-Exo). B Western blot analysis of RBD protein expression in RBD-MSC and RBD-MSC-Exo, with MSC as a comparison. GAPDH

was used as the internal reference. C Construction diagram of hACE2“*X -SftpcCre* mice. D Genotype identification of hACE2K/™ SftpcCre*
mice. E Western blot analysis of hACE2 expression in hACE2K/K SftpcCre™ mice and hACE2X _SftpcCre* mice with tamoxifen induction. B-actin

was used as the internal reference. F Early organ distribution of miR-486-RBD-MSC-Exo bound to DiR after intravenous administration in hACE

ZCKV

i -SftpcCre* mice. Scramble-miR-486-5p engineered exosomes (MiR-486-Scamble-MSC-Exo) was used as control. G-I Quantitative analysis
of fluorescence distribution from E. Data are expressed as the mean +SD. *p <0.05, **p < 0.01
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derived psiCHECK-2 construct (wild-type or mutant)
were transfected with miR-486-5p or miR-NC, and the
cells were harvested and analyzed for luciferase activ-
ity (Fig. 8G). The over-expression of miR-486-5p sig-
nificantly reduced the expression level of SMAD2 in the
wild-type construct but not in the mutant type, indicat-
ing that miR-486-5p targeted SMAD2 gene expression.

At the same time, we explored the role of the Akt path-
way in the regulation of SMAD2 by miR-486-5p. A clas-
sic insulin (5 min) -induced Akt phosphorylation model
was established, and western blot was used to verify
protein expression related to total Akt and Akt phos-
phorylation (p Akt) in the presence of MSC-Exo and
miR-486-MSC-Exo (Fig. 8H-J). The results showed that
miR-486-MSC-Exo significantly increased Akt phospho-
rylation, which was inhibited by the Akt phosphorylation
inhibitor LY294002 (Cell Signaling Technology). This
proves that miR-486-5p is involved in the repair of pul-
monary fibrosis by activating Akt phosphorylation and
targeting SMAD2.

Discussion

MSC-derived exosomes have shown the regenerative
effects against lung injury including RILF [36]. Gene
engineering could improve the regenerative activity of
MSC derived-exosomes by changing their biological
characteristics and increasing their effector levels. Based
on the interaction of SARS-CoV-2-S-RBD with ACE2, we
developed an engineered MSC-exosomes carrying miR-
486-5p to intervene in RIPF. ACE2 is a receptor protein
found on the surface of many cell types and is highly
expressed in the human lungs. Single-cell sequencing
reveals that ACE2 is mainly expressed in type II alveo-
lar, vascular endothelial, and mesenchymal cells, which
are sensitive to radiation injury [15]. ACE2 expression
is up-regulated in alveolar cells in injury or inflamma-
tory conditions and contributes to epithelial-mesenchy-
mal transition [37]. Furthermore, ACE2 activation can
inhibit the inflammatory response, apoptosis, and pul-
monary fibrosis. Thus, ACE2* cells are ideal targets for

(See figure on next page.)

Page 18 of 24

engineered MSC-exosomes to interference RILF. ACE2
is identified as the recognition receptor for SARS-CoV-2,
and can be carried by exosomes to act as a vaccine can-
didate against COVID-19 [12, 13]. ACE2 interacts with
RBD of the SARS-CoV-2 spike protein to form a complex
which promotes its crystallization [38, 39]. Exosomes
with high RBD levels have been shown activity to block
SARS-CoV-2 infections and protect ACE2™ cells [35, 40].
Thus, engineered MSC-derived exosomes based on the
interaction between the SARS-CoV-2-S-RBD and ACE2
were able to target ACE2* cells and lung. ACE2 is also
abundant in small intestines and kidneys of humans,
potentially leading to the distribution of RBD-engineered
exosomes in organs beyond the lungs. Even ACE2 tar-
geted exosomes can be distributed in other organs, it
has significant advantages in the treatment of traumatic
lung diseases, because ACE2 protein is an inflammation
response gene and upregulated in the injured lung [16].
RIPF is a complex pathological process in which radia-
tion induces reactive oxygen species (ROS) production
and activates fibroblasts to excessive deposition of the
extracellular matrix [41, 42]. Dysregulated cell activa-
tion and proliferation of complex cell populations such
as epithelial cells and fibroblasts in the lungs, is one of
the hallmarks of pulmonary fibrosis. Tissue damage sig-
nals associated with cell death, senescence and inflam-
mation cause deregulated epithelial cell proliferation
and activation, whereas MSC- derived exosomes provide
stimulating signals to promote regeneration in injured
lung tissues. MSC-derived exosomes repair tissue dam-
age by suppressing inflammation and fibrosis [43, 44]
and are considered ideal drug delivery for interven-
tion RIPF [11]. However, the distribution characteristics
of MSC-derived exosomes limit their delivery efficacy
to lung and effectiveness in the treatment of lung dis-
eases through systemic administration. MSC-derived
exosomes have different distribution dynamics com-
pared to MSCs [45, 46]. Intravenously administrated
MSC-derived exosomes initially accumulate in the liver,
whereas MSCs initially accumulate in the lungs [45, 46].

Fig. 7 The targeted binding of RBD-hACE2 in miR-486-5p-engineered MSC exosomes enhance treatment efficacy for pulmonary fibrosis.

A Schematic representation. B Survival curves of hACE2/K SftpcCre™* mice treated with MSC-Exo, miR-486-MSC-Exo, RBD-MSC-Exo

and miR-486-RBD-MSC-Exo after irradiation, with nine mice in each group. 1 X PBS was used as negative control. C Body weight changes

of RIPF mice treated with MSC-Exo or miR-486-MSC-Exo, with nine mice in each group. 1 xPBS was used as negative control. D Representative
images of H&E and Masson staining at 6 M in RIPF hACE2“/K _SftpcCre* mice treated with MSC-Exo, miR-486-MSC-Exo, RBD-MSC-Exo

and miR-486-RBD-MSC-Exo, with four mice in each group. 1xPBS was used as negative control. Scale bar=200 um. E-H Statistical analysis

of H&E and masson, including number of alveoli per unit field of view, mean lining interval per unit field of view, total bronchial wall area per unit
field of view, and percentage of collagen per unit field of view. The red, green, and orange arrows indicate alveoli, bronchial walls, and collagen,
respectively. Data are expressed as the mean +SD. *p < 0.05, **p < 0.01. | Representative small animal CT images in RIPF hACE2XK _SftpcCre* mice
treated with MSC-Exo, miR-486-MSC-Exo, RBD-MSC-Exo and miR-486-RBD-MSC-Exo. The red arrow indicates areas of fibrosis. 1 x PBS was used

as negative control
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Engineered MSC-exosomes could achieve lung retarget-
ing and improve regenerative efficiency in lung injury
through modification based on interactions of biological
molecules.

MSC-derived exosomes modified with SARS-CoV-2-
S-RBD were validated to be enriched in the lungs after
intravenous administration. Because the mice are not
susceptible to SARS-CoV-2 due to ACE2 differences, the
distribution and therapeutic efficacy of MSC-derived
exosomes containing the RBD was evaluated by using
human ACE2 transduced hACE2XVCK! Sftpc-Cret
mice. Multiple studies have reported that MSC-derived
exosomes can deliver miRNAs to cells and act as vehicles
to carry anti-inflammatory and anti-fibrotic small-mol-
ecule drugs into lung tissues to alleviate RIPF [47, 48].
Thus, MSC-derived exosomes modified with SARS-CoV-
2-S-RBD could function as a targeted delivery system of
effectors such as miRNAs for RIPF treatment. Although
drug delivery routes for lung diseases vary, including oral,
intravenous, inhalant, intratracheal [49], these retargeted
MSC-derived exosomes have the remarkable advantages
for RIPF because of their high bioavailability and direct
delivery of biologics to the microvascular endothelial
cells and bronchial epithelial cells.

MSC-derived exosomes contain a vast quantity of
small RNAs which play crucial roles intercellular com-
munication and tissue regeneration. Analysis of miRNA
profiles of MSC-derived exosomes focused on the highly
expressed small RNAs and indicate their potential roles
in biological activities. Among them, miR-486-5p is a
multifunctional miRNA and was first identified in hemat-
opoietic fetal liver tissue [50]. MiR-486-5p also acts
as a regulator to regulate cell proliferation, migration,
angiogenesis, apoptosis, erythroid differentiation, and
drug resistance [51-55]. Extensive studies have revealed
that miR-486-5p is involved in the regulation of oxida-
tive damage resistance and the inhibition of collagen
hyperproliferation, and fibrosis [56—58]. MiR-486-5p

(See figure on next page.)
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down-regulation was observed in the serum and lung tis-
sues of patients with silicosis and idiopathic pulmonary
fibrosis [21]. Additionally, miR-486-5p attenuates pulmo-
nary fibrosis in mouse models exposed to silica or bleo-
mycin [21]. Based on MSCs miRNA profile and biological
activity, miR-486-5p was considered as an ideal effec-
tor for engineered MSC-exosomes to intervene RIPFE.
Adenovirus treatment of MSCs resulted in a more than
700-fold increase in miR-486-5p expression in MSC-
derived exosomes. Thus, genetically modified MSCs with
miR-486-5p and membrane-loaded S-RBD could develop
a lung-retarget MSC-exosomes enriched miR-486-5p,
which have potential as a novel therapeutic approach to
RILI and alleviate RIPF.

The pathological features of fibrosis are associated with
the accumulation of extracellular matrix in the affected
tissues. Dysregulated cell activation and proliferation of
complex cell populations such as epithelial cells, MSCs,
fibroblasts, immune cells, and endothelial cells in the
lung is one of the key hallmarks of pulmonary fibrosis.
Usually, signals associated with cell death, senescence
and inflammation cause deregulated epithelial cell prolif-
eration and activation, whereas regenerative signals from
MSCs-derived exosomes promote proliferation that plays
a regenerative role in injured lung tissues. Ionization
leads to cell death and secondary inflammation, which
are critical processes in radiation-induced fibrosis. Eras-
tin is a potent, metabolically stable inducer of ferroptosis
[59]. By using radiation and erastin-induced ferroptosis
models of alveolar epithelial cells, the suppressive effects
of miR-486-5p-engineered MSC exosomes on ferroptosis
were validated in this study. Even MSC-derived exosomes
on ferroptosis and liver fibrosis have been respectively
reported [60, 61], the mechanisms that engineered MSC-
exosomes suppress alveolar epithelial cell ferroptosis
and secondary fibrosis still remain novelty. TGF-B1 is
a central mediator of fibrogenesis. Ferroptosis inhibi-
tors, such as liproxstatin-1, attenuates radiation-induced

Fig. 8 MiR-486-5p-engineered MSC exosomes alleviates pulmonary fibrosis via miR-486-5p-SMAD2-pAkt. A SMAD?2 protein expression in lungs
of RIPF hACE2X™ _SftpcCre* mice at 6 M after irradiation via immunofluorescence, with four mice in each group. Representative images were
shown. Scale bar=200 um. B Fluorescent quantitation of SMAD2 protein expression (red) in RIPF mice treated with different exosomes. Data are
expressed as the mean+SD. *p < 0.05, **p <0.01. € mRNA and D-E protein expression of SMAD2 in MLE-12 cells treated with miR-486-5p mimic
(miR-486-5p) after adding TGF-P1 (2 ng/mL). MiR-NC was used as control. Data are expressed as the mean +SD. *p <0.05, **p <0.01. F MiR-486-5p
target site in the SMAD2 3'UTR and the sequence alignment of miR-486-5p and the SMAD2 3'UTR. Mutated bases in the psiCHECK-2 construct
are bold. G Luciferase activity after co-transfection of miR-486-5p and SMAD2 into HEK293 cells. MiR-NC was used as a control. Renilla luciferase
activity was normalized to firefly luciferase activity. Data are expressed as the mean+SD. *p <0.05, **p < 0.01. H-J Western blot analysis of Akt
phosphorylation in MLE-12 cells treated with MSC-Exo or miR-486-MSC-Exo. Insulin was used as an inducer of Akt phosphorylation. LY294002
was used as an inhibitor of Akt phosphorylation. Data are expressed as the mean+SD. *p < 0.05, **p < 0.01
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pulmonary fibrosis by modulating GPX4 and inhibit-
ing TGF-B1 signaling [62]. By measuring fibrosis gene
expression in alveolar epithelial cells treated with super-
natant of ferroptosis cells in vitro, we provide the direct
evidence that ferroptosis links fibrosis and miR-486-
MSC-Exo intervene fibrosis through suppressing ferrop-
tosis. Furthermore, miR-486-RBD-MSC-Exo improved
survival and inhibited pulmonary fibrosis in a ACE2
humanized mouse model, in which miR-486-RBD-MSC-
Exo had increased distribution in the lungs. Comprehen-
sive assessment of radiation-induced lung tissue damage
and therapeutic effects of exosomes should consider
multiple indicators including changes in survival rates,
weight, early cytokine changes, and full-course patholog-
ical changes. Even association between weight loss and
mortality in idiopathic pulmonary fibrosis were observed
both in clinical and chemical-induced animal models
[63], the weight loss was not significant in this mouse
RILI model in which local chest was irradiated. How-
ever, miR-486-RBD-MSC-Exo exhibited a more signifi-
cant effect on improving the pathological changes such as
increasing the number of alveoli, reducing the mean lin-
ing interval and collagen deposition. Both the in vitro and
in vivo data support the conclusion that miR-486-RBD-
MSC-Exo suppress fibrosis by suppressing ferroptosis.
The identification of miRNA-mRNA target interactions
is fundamental for elucidating the regulatory network
governed by miRNAs. Validated miR-486-5p targets
include phosphatase and tensin homolog (PTEN) and
FoXO1, whose suppression activates phosphatidyl ino-
sitol-3-kinase (PI3K) /Akt signaling [64]. MiR-486-5p
inhibits transforming growth factor (TGF)-p via target-
ing Smadl/2/4 and IGF-1. Other miR-486-5p targets
include matrix metalloproteinase-19 (MMP-19), Sp5,
histone acetyltransferase 1 (HAT1), and nuclear fac-
tor of activated T cells-5 (NFAT5) [64]. Among the pre-
dicted and validated targets network of miR-486-5p,
PI3K/Akt is a highly conserved signal transduction net-
work in eukaryotic cells that plays a crucial role in tissue
regeneration. Transforming growth factor-f1 (TGF-f1)
is considered as a crucial mediator in tissue fibrosis and
regulated by Smads. Thus, the akt activation and SMAD2
expression in miR-486-RBD-MSC-Exo treated cells were
validated. Even Akt pathway is fibrosis pathogen in fibro-
blast and macrophages, its activation is critical for tissue
regeneration in RILI [65]. MiR-486-5p activates the Akt
signaling pathway in human endothelial cells for repair
ischemic kidney injury [66, 67]. Thus miR-486-5p medi-
ated the activation of Akt might contribute to regen-
erative effect of miR-486-MSC-Exo. Furthermore, the
interaction targets of miR-486-5p and SMAD2 were
validated, and SMAD2 miR-486-5p-SMAD?2 regulatory
networks were identified in the TFG-Pl-induced cell
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models. MiR-486-MSC-Exo alleviate radiation-induced
lung injury and long-term pulmonary fibrosis through
suppressing ferroptosis. The retarget engineered MSC-
exosomes might be an effective approach for intervention
RIPE.

Conclusion

We developed an engineered MSC exosomes with SARS-
CoV-2-S-RBD- and miR-486-5p-modification. MiR-486-
RBD-MSC-Exo significantly suppress ferroptosis and
fibrosis of lung epithelial cells in vitro, alleviate radiation-
induced lung injury and long-term pulmonary fibrosis in
ACE?2 humanized mice. MiR-486-MSC-Exo exerted anti-
fibrotic effects through targeted inhibition of SMAD2
and activation of Akt phosphorylation. This study pro-
vides a potential therapeu approach for intervention
RIPE.
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