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Purpose: Exosomes (Exos) derived from human umbilical cord mesenchymal stem cells (hUC-MSCs) hold great potential for
treating bronchopulmonary dysplasia (BPD); however, safety concerns and effects of intranasal administration remain unexplored.
This study aimed to explore the safety of hUC-MSCs and Exos and to investigate the efficacy and bio-distribution of repeated
intranasal Exos administration in neonatal BPD models.

Methods: Characteristics of hUC-MSCs and Exos were analyzed. A subcutaneous tumor formation assay using a single dose of hUC-
MSCs or Exos was conducted in Crl:NU-Foxnlnu mice. Vital signs, biochemical indices, pathological alterations, and Bp_FDG
microPET/CT analysis were examined. Pulmonary pathology, three-dimensional reconstructions, ultrastructural structures, in vivo and
ex vivo bio-distribution imaging analyses, enzyme-linked immunoassay assays, and reverse transcription-quantitative polymerase
chain reaction analyses of lung tissues were all documented following intranasal Exos administration.

Results: Characteristics of hUC-MSCs and Exos satisfied specifications. Crl:NU-Foxnlnu mice did not exhibit overt toxicity or
carcinogenicity following a single dose of hUC-MSCs or Exos after 60 days of observation. Repeated intranasal Exos administration
effectively alleviated pathological injuries, restored pulmonary ventilation in three-dimensional reconstruction, and recovered endothe-
lial cell layer integrity in ultrastructural analysis. Exos steadily accumulated in lung tissues from postnatal day 1 to 14. Exos also
interrupted the epithelial-mesenchymal transition and inflammation reactions in BPD models.

Conclusion: As a nanoscale, non-cellular therapy, intranasal administration of Exos was an effective, noninvasive treatment for BPD.
This approach was free from toxic, tumorigenic risks and repaired alveolar damage while interrupting epithelial-mesenchymal

transition and inflammation in neonatal mice with BPD.

Plain language summary: This study aimed to address the safety concerns surrounding hUC-MSCs and Exos and to investigate, for
the first time, the bio-distribution and efficacy of repeated intranasal administration of Exos in a neonatal BPD model. Repeated intranasal
Exos administration significantly ameliorated pulmonary pathological injuries and predominantly accumulated in the lungs, as demon-
strated by fluorescence tracking from the first day after birth. Furthermore, Exos reduced epithelial-mesenchymal transition and
inflammatory cytokines in BPD models. These findings suggest that intranasal administration of Exos is a safe, effective, and noninvasive
approach to treat BPD without toxic or tumorigenic risks. Intranasal exos as a nanoscalic, non-cellular therapy has a significant potential
for the treatment of BPD, although further examinations are necessary to fully clarify their mechanisms and long-term effects.
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Introduction

Bronchopulmonary dysplasia (BPD) is the most common and severe chronic respiratory disease in premature infants. It is
characterized by alveolar simplification, impaired secondary alveolar septation, and disrupted pulmonary microvascular
development, typically occurring during the saccular phase or earlier and often accompanied by fibrosis.'> With
advancements in perinatal medical care, including the use of postnatal corticosteroids in at-risk preterm infants, less
invasive surfactant administration, and non-invasive ventilatory support in the delivery room, have significantly reduced
the risk of death and disability in preterm infants.*”’ Despite these advances, the incidence of BPD has remained
unchanged.® Recent studies indicate that incidences of BPD in preterm infants range from 2.4% to 71.6%, varying with
gestational age (GA) and birth weight.””'® BPD is a multifactorial disorder related to several long-term sequelae,
including impaired respiratory function, neurodevelopmental delays, and motor dysfunction.'' Its effects can persist
into adolescence, profoundly impacting quality of life and placing a substantial burden on families. As a result, there is
an urgent need to identify effective and safe treatment options for BPD. Oxygen supplementation is essential for
premature infants; however, prolonged exposure to hyperoxia is a major contributing factor to BPD development.'
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Due to the immaturity of the body’s antioxidant system, exposure to high oxygen concentrations can induce excessive
oxidative stress, resulting in alveolar epithelial cell damage, impaired gas exchange, and pulmonary fibrosis (PF). These
effects are mediated by the promotion of epithelial-mesenchymal transition (EMT) and the upregulation of inflammatory
cytokines."*™'> A well-established model for replicating the BPD phenotype involves hyperoxic exposure in newborn
mice. This model demonstrates key features of BPD, including pulmonary edema, alveolar simplification, disordered
angiogenesis, fibrin deposition, and inflammatory injury, closely resembling the pulmonary pathology observed in
humans.'®"®

The hUC-MSCs have emerged as a promising candidate for BPD treatment due to their ability to mitigate oxidative
stress, suppress inflammatory cytokine production, and promote alveolarization and angiogenesis in neonatal rats
exposed to hyperoxia conditions.'”?® A recent Phase I clinical trial with a two-year follow-up demonstrated that repeated
intravenous doses of hUC-MSCs in extremely low-gestational age neonates (ELGANSs) at high risk of BPD were not
linked to morality or serious adverse events.”! Despite significant progress, challenges are persistent in the direct
application of hUC-MSC therapy. These challenges include ethical concerns related to sources of hUC-MSCs, the
standardization of hUC-MSC culture and therapeutic efficacy, microvascular occlusion, tumorigenic risks, and pathogen
transmission.”**

Extracellular vesicles (EVs) obtained from hUC-MSCs have drawn attention as a potentially safer and more targeted
substitute due to these challenges. EVs are generally classified into three main subtypes: exosomes, microvesicles, and
apoptotic bodies, based on size, segmentation parameters, contents, and transmembrane proteins. Exos are nanosized
particles secreted by all cell types that play a role in intercellular communication by transporting proteins, lipids, and
RNA to sites of neonatal lung disease, and are considered as a new way of cell-to-cell communication.>*** Unlike hUC-
MSCs, Exos do not carry the same risk of transplant-related side effects, making them an attractive option for clinical
use. Exos derived from hUC-MSCs retain similar biological functions, including anti-inflammatory and regenerative
capabilities, while raising less safety concerns.’®?” Studies have demonstrated that Exos alleviate inflammation and
oxidative stress damage, promote angiogenesis, and enhance alveolarization, indicating their potential to address key
pathological aspects of BPD.?* >° Exos obtained from hUC-MSCs present a promising avenue for treating BPD, offering
regenerative and immunomodulatory benefits while mitigating the risks associated with direct hUC-MSC
transplantation.’ 132 The hUC-MSCs are considered an ideal source for producing Exos due to their non-invasive
isolation, rapid self-renewal, proliferation capabilities, and comparable immunomodulatory properties, facilitating lung
tissue repair.*'** However, a prior study highlighted the potential toxicity of various nanoparticles in vivo and ex vivo,
warranting further investigation.**

Although Exos are a type of nanoparticles, there is currently no international standard for determining the safe dosage
in mice or for assessing their biodistribution following intranasal administration in the BPD model.>> GW4869 inhibits
the neutral sphingomyelin 2 (NSMase2) and thereby blocks the synthesis and secretion of Exos, which could serve as an
Exos inhibitor in vivo and ex vivo.>® To address this knowledge gap, this research used a newborn hyperoxia-exposed
C57BL/6J mouse model of BPD to investigate the therapeutic effects of Exos in vivo. Given the significant potential of
Exos in rescuing BPD, this research primarily focused on culturing hUC-MSCs and administering Exos noninvasively
via continuous nasal drip.

Materials and Methods

This research adhered to the principles outlined in the Declaration of Helsinki and received approval from the Ethics
Committee of Southwest Medical University (License Number: KY 2023269). Written informed consent was obtained
from all umbilical cord donors. All animal procedures were conducted in compliance with the Animal Ethics Procedures
and Regulations of the People’s Republic of China. All animal experiments were approved by the Southwest Medical
University Animal Ethical and Experimental Committee (License Number: 20241024-016). Pregnant wild-type C57BL/
6J mice (6-8 weeks old) were obtained from the Experimental Center of Southwest Medical University (Sichuan, China),
while male athymic nude mice (Crl:NU-Foxnlnu) were purchased from Vital River Laboratory Animal Technology Co.,
Ltd. (Sichuan, China). All mice were housed in a specific pathogen-free facility within the experimental animal center,
with fully automated temperature control (22°C + 2°C) and humidity (50% = 5%). Animals were maintained on a 12:12-
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hour light-dark cycle with free access to food and water. All surgical procedures were conducted under isoflurane
anesthesia to minimize animal suffering.

Cell Culture and Characterizations

The hUC-MSCs were isolated from the umbilical cord tissue of healthy full-term infants at the time of delivery at the
Affiliated Hospital of Southwest Medical University. Fresh umbilical cord tissue was thoroughly washed with phosphate-
buffered saline (PBS, C0221A, Beyotime, China), minced using sterile surgical scissors, digested with 0.25% collagenase
type II (C8150, Solarbio, China) for 50 min at 37°C, and centrifuged at 1000 g for 15 min. The resulting cell pellet was
resuspended in a culture medium consisting of Dulbecco’s Modified Eagle Medium (DMEM/F12, 12634010, Thermo
Fisher, USA) supplemented with 20% fetal bovine serum (FBS, ST30-3031, Pan Seratech, Germany) and maintained at
37°C with 5% CO,. The culture medium was changed for the first time on the fifth day and subsequently replaced every
three days. hUC-MSCs were maintained at passage 3 (P3) in a serum-free maintenance medium (CF0101, Crgen, China)
and stored in the gas phase of liquid nitrogen for long-term preservation. Routine subculturing was performed using
0.25% trypsin without EDTA (C0205, Beyotime, China) once the cells reached over 85% confluence. Specific staining
was conducted using Alizarin Red S (PD-017, Procell, China), Alcian Blue (PD-018, Procell, China), and Oil Red
O (PD-019, Procell, China) to confirm the differentiation into osteocytes, chondrocytes, and adipocytes, respectively,
following the manufacturers’ protocols. Morphological analysis and flow cytometry assays were employed to identify
hUC-MSCs.

Soft-Agar Colony Formation Assay

The tumorigenicity of hUC-MSCs was assessed using a soft agar colony formation assay ex vivo. The hUC-MSCs (1 x
10% cells per well) of P3 were seeded into a biofree 6-well plate, containing a 0.7% low-melting point agarose layer,
with a 1.2% agarose overlay (A8350, Solarbio, China). The highly aggressive human melanoma cell line A375 was
used as a positive control. The less aggressive human lung epithelial cell line Beas-2B served as the negative control.
Complete culture medium was used as the blank control. The cells were incubated at 37°C with 5% CO, for 28 days,
with medium changes every three days. Colonies were observed under inverted phase contrast microscopy (Olympus,
Tokyo, Japan).

Isolations and Characterizations of Exos and DiR-Exos

P3 to P8 hUC-MSCs were cultured, and their culture supernatants were concentrated using a 100-kDa molecular
weight cutoff membrane (UFC9100, Millipore, USA). The supernatants were sequentially centrifuged at 500 x g for
10 min, 3000 x g for 15 min, and 11,000 x g for 30 min to remove dead cells. Subsequently, the supernatants were
ultracentrifuged at 4°C and 100,000 x g for 70 min. The resulting pellets were resuspended in PBS, followed by
a second ultracentrifugation under the same conditions. The final pellets of Exos were resuspended in sterile PBS
and stored at —80°C for subsequent experiments. Additionally, DiR was combined with Exos at ratio of 2 pg DiR/
100 pg Exos in sterile PBS solution for 30 min at 37°C in the absence of light, followed by ultracentrifugation at
100,000 x g for 70 min. Transmission electron microscopy (TEM) was used to examine morphological properties.
Exos or DiR-Exos were dropped onto a copper grid with 10 uL and stained with 2% uranyl acetate solution for
1 min and air-dried. Their images were captured using TEM at a magnification of 20,000 x. Nanoparticle tracking
analysis (NTA; Malvern, China) was used to analyze the particle size of Exos and DiR-Exos, and zeta potential
measurements were used to determine the surface charge. The extracted particles were diluted to a concentration
between 1 x 107 and 1 x 10° particles/mL with pure water. After removing the air bubbles from the sample
chamber, the particle sizes and surface charge were analyzed. The identity of the isolated Exos was confirmed by
Western blot analysis for the surface markers CD9 (60232, Proteintech, China), CD63 (67605, Proteintech, China),
CD81 (27855, Proteintech, China), TSG101 (67381, Proteintech, China), and Calnexin (66903, Proteintech, China).
The protein ladders used for Western blotting were PageRuler™ Prestained Protein Ladders (26616, Thermo
Fisher, USA).
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The Animal Studies Using Athymic Nude Mice

A total of 32 male Crl:NU-Foxnlnu mice, aged 4-5 weeks, weighing 20-21g, were randomly divided into four groups:
the control group, the A375 group, the hUC-MSC group, and the Exos group, with eight mice per group. All mice were
housed in a specific pathogen-free (SPF) environment. To establish a transplantation model, 0.2 mL of P3 hUC-MSCs 5
x 10° cells/kg cell suspension was subcutaneously injected into the right back of the mice into the nude mice. The control
group received 0.2 mL cell diluent PBS solution and the A375 group received 0.2 mL A375 5 x 10° cells/kg cell
suspension injected subcutaneously. Each nude mouse in the Exos group was injected with 0.2 mL 1 x 107 particles/g
Exos subcutaneously. The subcutaneous injection dose of hUC-MSCs was based on a previous study using nude mice.’’
The dose of Exos was referred to the formula from Experimental Zoology, with the dose for nude mice to 1.4 x 107
particles/g according to body surface area. Tumor diameter, length, body weight, and food consumption for each mouse
were recorded every other day, beginning one week after injection. Tumor volume was calculated twice weekly using the
formula: volume = length x width? x 0.5.

The Critical Micro PET-CT Scan Analysis

Three Crl:NU-Foxnlnu mice per group were scanned using MicroPET/CT (Siemens, Munich, Germany) on day 30 post-
injection. The radiochemical purity of "*F-FDG exceeded 95%. Before the experiment, the mice were fasted for 12 hours.
A bolus injection of 3.7 MBq (100 puL) of '"®F-FDG was administered intravenously via the tail vein, followed by a 60-
min imaging acquisition period. Anesthesia was induced with a 2% isoflurane-oxygen mixture administered 20 min
before scanning. The mice were positioned prone on the PET/CT imaging bed. The following scanning parameters were
applied for a 10-min scan: 500 pA, 80 kV, and 1.8 mm disk collimation. A volume of interest (VOI) was manually
delineated on the CT images, and the coregistered PET/CT images were used for further analysis. Semi-quantitative
assessment of '®F-FDG uptake in the tumor tissue was conducted, with the maximum (SUV ,..,) and mean (SUV mean)
standard uptake values calculated based on the peak and average radioactivity concentrations within the VOI. The
InliView-01B software performed a semi-quantitative analysis to define the metabolic volume (MV) within the contours,
using a 40% threshold of SUV 4.

Plasma Index Measurement and Pathological Changes

The observation period for tumor-bearing Crl:NU-Foxnlnu mice was extended to 60 days. The experiments were
terminated for ethical considerations when the weight loss in the nude mice exceeded 20% or clinical symptoms were
severe. Blood samples were collected on the day 31°' and 60™ post-injection, prior to euthanasia, and centrifuged at
2000 rpm for 5 min at 4°C. The serum was then subjected to biochemical testing to assess toxicity, including glucose
(GLU) and liver function markers such as lactate dehydrogenase (LDH), alkaline phosphatase (ALP), aspartate
aminotransferase (AST), and alanine aminotransferase (ALT). Kidney function indicators, including blood urea nitrogen
(BUN), creatinine (CREA), and uric acid (UA), were also measured. Organ coefficients, considered a key index of
chronic toxicity, were calculated as percentages representing the proportion of body weight attributed to each organ.
Additionally, primary organs and tumors were individually extracted, weighed, recorded, and photographed on days 31
and 60 post-injection. These samples were fixed in 4% paraformaldehyde (PFA, P0099, Beyotime, China), embedded in
paraffin, and sectioned into 5-um slices for hematoxylin and eosin (H&E, AWI0443a, Abiowell, China) staining.

Telomerase Activity Detection

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) was employed to evaluate the telomerase
activity of A375 cells, hUC-MSCs, and Exos. Total RNA from A375 cells and hUC-MSCs was extracted using a total
RNA isolation kit (RC112, Vazyme, China) according to the manufacturer’s protocol. For Exos, total RNA was isolated
using TRIzol reagent (R411, Vazyme, China). RNA samples (1000 ng each) were reverse transcribed into complementary
DNA (cDNA) using HiScript III RT SuperMix for qPCR (R323, Vazyme, China) according to the manufacturer’s
instructions. Real-time quantitative PCR was performed using ChamQ Universal SYBR qPCR Master Mix (Q711,
Vazyme, China) on a QuantStudio 3 Real-Time PCR System (A28567, Thermo Fisher, USA), with GAPDH as the
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internal control. The thermal cycling conditions were 15 min at 37 °C, 5 sec at 85 °C, followed by 5 min at 95 °C, and 40
cycles of 10 sec at 95 °C and 30 sec at 60 °C. The relative quantification of telomerase reverse transcriptase (TERT,
QH05865S, Biotime, China) mRNA expression was calculated using the cycle threshold (2% 4<") method.

Treatment of Newborn Mice

Within 12 hours of birth, newborn C57BL/6J mice were randomly assigned to either the normoxia or hyperoxia group.
The hyperoxia group was placed in a sealed hyperoxic chamber with a constant oxygen flow rate of 2 L/min, maintaining
an oxygen concentration of 85%. The normoxia group was kept in the same room and exposed to normal oxygen
concentration (21%). To minimize excessive oxygen toxicity, the dams were rotated between the normoxia and hyperoxia
groups every 24 hours. The hyperoxia chamber was cleaned for 30 min daily after being opened. Four experimental
groups of neonatal mice were established: normoxia, hyperoxia, hyperoxia+exosomes, and hyperoxiatGW4869. In the
hyperoxia+exosomes group, mice received 2 x 10° particles/g of Exos via nasal injection into both nostrils every
other day from postnatal day (PND) 1 to PND 14, totaling seven doses. Similarly, mice in the hyperoxiatGW4869 group
received 2 pg of GW4869 nasally every other day from PND 1 to PND 14, for a total of seven doses (14 ug per mouse),
also administered into both nostrils using a micropipette. Body weight, growth condition, response, and survival rate
were recorded daily. Ten neonatal mice were randomly selected and euthanized under isoflurane anesthesia at the end of
PND 1, 3, 5, 7, and 14, under hyperoxic exposure. The left lung was preserved in 4% paraformaldehyde for
histopathological analysis, while the right lung was stored at —80°C for RT-qPCR and enzyme-linked immunosorbent
assay (ELISA) analysis.

Hematoxylin-Eosin Staining

After fixing the lung tissue in 4% paraformaldehyde for 24 hours, it was paraffin-embedded, baked, deparaffinized, and
rehydrated with xylene. The tissue sections, cut at 5 um, were stained with H&E. Using a digital section scanner (KF-
PRO-002, Biolink, China), 10 random areas of each section were captured at 20x magnification. A semi-quantitative
analysis was performed, with two pathology professors evaluating the extent of lung damage. Pathological alterations
included inflammatory cell infiltration, lung tissue congestion, bleeding, pulmonary edema, alveolar wall thickening, and
hyaline membrane formation.*® The lung injury scores ranged from 0 to 8, with 0 indicating no injury (normal), 2
indicating mild injury (less than 25% of the visual field affected), 4 indicating moderate injury (up to 50% of the visual
field affected), 6 indicating severe injury (up to 75% of the visual field affected), and 8 indicating extremely severe injury
(widespread damage to the visual field). The inflammation grade of the alveolar interstitium was determined based on the

3.3% A score of 0 indicated no or occasional

extent of inflammatory cell infiltration, scored on a scale from 0 to
inflammatory cells, 1 indicated a few loosely arranged inflammatory cells, 2 indicated numerous cells in interstitial and
intra-alveolar spaces, and 3 indicated abundant inflammatory cells in the perivascular space. The radical alveolar count
(RAC) was determined by counting the number of alveoli intersected by a vertical line drawn from the edge of the
terminal bronchus to the nearest pleural or mediastinal border. Alveolar wall thickness was measured using Image
J software, by drawing a line across the center of the alveolar wall, measuring its length, and counting the number of
alveoli intersected by the line. The mean linear intercept (MLI) was calculated, excluding large tracheids and vessels. In
10 parenchymal areas of the same sample, secondary septal counts were manually recorded by dividing the number of

septal tips by the total number of alveolar spaces per field.

Microcomputed Tomography Acquisition

Five mouse pups per group were monitored for two weeks, with microcomputed tomography (u-C7T) images captured on
the PND 1, 3, 5, 7, and 14. Neonatal C57BL/6J mice were used for the evaluations, which were conducted using
a Siemens Inveon CT scanner (Erlangen, Germany). To minimize the inter-mouse variability, dynamic u-CT imaging was
employed to assess lung structural changes in the same individual mice over time. This longitudinal approach offers
significant advantages for evaluating multiple cohorts at specific time points, including the ability to quantify individual
mice over time and perform pairwise statistical evaluations of lung parameters. It also reduces the number of animals
required for each experiment, providing ethical and financial benefits. Mice were anesthetized with 2% isoflurane in 90%
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oxygen and positioned prone for imaging. Prior to each scan, system calibration was performed using a standard phantom
to evaluate noise levels, contrast, uniformity, and resolution. The X-ray voltage was set to 80.0 kV, with a tube current of
0.5 mA, and the X-ray spectrum was filtered with a 0.18 mm filter placed in front of the mouse. Lung samples were
scanned over a 360° rotation for 1 min and 30 sec to capture overall lung parameters. Lung volume was quantified in
Hounsfield units (HUs) using three-dimensional (3D) Slicer™ software. Mean lung density was measured semi-
quantitatively using 3D reconstruction models of lung tissue, excluding major blood vessels, the trachea, and the
heart, and focusing on regions of interest. This study introduces a novel algorithm, informed by recent research, to
more accurately segment lung tissue regions based on HUs thresholds: —860 to —435 hU for normally aerated regions,
—434 to —121 hU for poorly aerated regions, and —120 to 120 hU for non-aerated regions.*>*' Additionally, volume
calculations for various pulmonary ventilation states and the percentage of pulmonary CT-aerated volume were recorded.

Bio-Distribution of Exos

A solution of 1.1’-dioctadecyl-tetramethylindotricarbocyanine iodide (DiR) (D12731, Thermo Fisher, USA) was dis-
solved in dimethyl sulfoxide (DMSO) (D8371, Solarbio, China) at a concentration of 1 mg/mL to label Exos in vivo. DiR
was combined with Exos at a ratio of 2 ug DiR to 100 pg Exos in sterile PBS solution, incubated for 30 minutes at 37°C
in the absence of light, and ultracentrifuged at 100,000 g for 70 min. The resulting pellet was resuspended in PBS to
a final concentration of 2 pg/ul. Neonatal mice were intranasally administered PBS, Exos, or DiR-labeled Exos (DiR-
Exos) under hyperoxic conditions. Each mouse received a total of 1.4 x 10 particles/g of Exos intranasally, with 2 x 10°
particles/g administered every other day for seven consecutive doses. Following intranasal administration, the mice were
euthanized, and fluorescence imaging was performed on the whole body and vital organs using an IVIS Lumina imaging
system (FXPRO, Thermo Fisher, USA). The average radiant efficiency was analyzed using the Living Image 4.7.2
software (excitation = 750 nm, emission = 780 nm).

The Electron Microscopy

Left lung tissue from newborn mice exposed to hyperoxia was processed for TEM as follows: 1 mm?® of lung tissue was
fixed in a modified Karnovsky fixative containing 2.5% glutaraldehyde. The tissue was washed with 100 mm sodium
cacodylate buffer, followed by fixation in 1.25% potassium ferricyanide and 1% osmium tetroxide for 2 hours. The tissue
was then washed three times with sterile water, dehydrated using graded acetonitrile, and embedded in epoxy resin
overnight. Specimens were then divided into 60 nm ultrathin chapters, double-stained with aluminum citrate and uranyl
acetate, and examined with a TEM (JEM-1400Flash, JEOL Co., Ltd., Japan). Images were captured using a Hamamatsu
side-mounted digital camera (MA01801, Woburn, USA).

Enzyme-Linked Immunosorbent Assay

Frozen lung tissues from neonatal mice were homogenized using a homogenizer with the addition of lysis buffer and
centrifuged at 10,000 g for 15 min. The supernatants were collected for analysis. According to the manufacturer’s
instructions, the levels of C-X-C motif chemokine 10 (CXCL10, SYP-M0014QX, Upingbio, China), interleukin-1 beta
(IL-1B, SYP-MO0026, Upingbio, China), interleukin-6 (IL-6, SYP-M0031, Upingbio, China), and transforming growth
factor beta 1 (TGF-B1, SYP-M0416, Upingbio, China) in the lung tissues were measured using ELISA kits. Absorbance
at 450 nm was detected with an Epoch microplate reader (A51119700C, Thermo Fisher, USA).

Immunohistochemistry

Immunohistochemistry (IHC) analysis was performed to assess the expression of several relevant proteins. Lung tissue
sections (5 um thick) from PND 14, embedded in paraffin, were prepared in advance. These samples underwent
sequential treatments, including deparaffinization, permeabilization, and hydration, by immersion in a 0.2% Triton
X-100 solution in 1x PBS for 15 min at room temperature. Blocking was performed using 10% goat serum for the
next step. The tissue sections from the four groups were incubated overnight at 4 °C with primary antibodies against a-
SMA (1:5000, ET1607-53), CD31 (1:200, ER31219), E-cadherin (1:500, EM0502), and Twist1 (1:200, EM1710-24), all
obtained from Huaan Biotechnology Co., Ltd. (Hangzhou, China). After washing with PBS, the sections were incubated
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with HRP-conjugated goat anti-rabbit IgG (1:100, HA1001) or goat anti-mouse IgG (1:100, HA1006) for 1 hour.
Following additional washes, staining was performed using 3.3’-Diaminobenzidine (DAB) solution, followed by
hematoxylin counterstaining. The slides were dehydrated and sealed. Five nonoverlapping regions were independently
selected by two pathologists from each group, resulting in a total of ten regions per group. Average optical density
(AOD) and positively stained brownish-yellow particles were analyzed using Image J software. Pulmonary vascular
density was calculated using the following formula: pulmonary vascular density (%) = (regions positively stained by lung
tissue endothelial cells (EC) for CD31)/(the total area of lung parenchyma) x 100%.

Genotypic Assessment

On day 14, the mRNA expressions of Twistl, E-cadherin, CD31, a-SMA, IL-1p, IL-6, TGF-B, and CXCL10 were
measured using RT-qPCR. Total RNA from each group was extracted using a total RNA isolation kit (RC112, Vazyme,
China) according to the manufacturer’s instructions. The concentration and quality of RNA were assessed using the
Nanodrop One Spectrophotometer (Thermo Fisher, USA). Reverse transcription was performed to synthesize comple-
mentary DNA (cDNA) (R323, Vazyme, China) from 1000 ng of RNA from each group. The specific primer sequences
used for PCR reactions are provided in Supplementary 1.

Statistical Analysis
Statistical analyses were performed using GraphPad Prism version 9.5.1 (GraphPad Software, La Jolla, USA;
www.graphpad.com). Data are presented as mean =+ standard deviation (SD). A two-independent-sample ¢-test was

used for comparisons between two groups, while a one-way analysis of variance (ANOVA) was used for
comparisons among more than two groups. A P-value of <0.05 was considered statistically significant.

Results

Isolation and Characteristics of hUC-MSCs

After seven days of planting, inverted phase contrast microscopy revealed migrated hUC-MSCs. The cells showed
a tendency to stabilize and homogenize before being subcultured to the third passage. Passage 3 (P3) hUC-MSCs were
densely packed and displayed a paralleled or whirlpooled pattern, resembling normal spindle firbroblast-like cells
(Figure 1A). Following three weeks of osteogenic induction, the hUC-MSCs exhibited positive Alizarin Red
S staining (Figure 1B), while positive Alicante Blue staining indicated strong chondrogenic differentiation
(Figure 1C). Identification of hUC-MSCs was further confirmed by Oil Red O staining after two weeks of ex vivo
adipogenic differentiation (Figure 1D). Flow cytometry analysis showed that the immunophenotype of hUC-MSCs was
positive for cell-specific biomarkers such as CD73, CD44, CD29, and CD166, negative for CD11b, CD34, CD45, and
IgGlkappa (Figure 1E). In summary, these findings confirm that the hUC-MSCs were successfully isolated and
characterized, making them suitable for further research.

Colony Formation Assay ex vivo

The tumorigenicity of hUC-MSCs exposed to prolonged hyperoxia was assessed by soft-agarose colony formation. As
expected, a number of A375 cell colonies were observed as a positive control (Figure 1F), whereas Beas-2b (Figure 1G),
hUC-MSCs (Figure 1H), and the blank control (Figure 11) showed no signs of colony formation after four weeks of soft
agarose culture. Compared to hUC-MSCs and Beas-2b cells, which did not exhibit any discernible colony formation,
A375 cells produced a significantly higher number of colonies in soft agar. Clone numbers of hUC-MSCs and Beas-2b
cells showed no statistically significant difference (Figure 1J). These findings collectively demonstrate that prolonged
exposure to hyperoxic conditions successfully preserved the non-oncogenicity property of hUC-MSCs ex vivo.

Characterization of Exos and DiR-Exos
TEM analysis revealed that Exos exhibited biconcave structures, restricted to lipid bilayers (Figure 2A). Exos and DiR-
Exos were characterized by nanoparticle tracking analysis (NTA), with median diameter ranging from 120.9 nm to 133.7
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Abbreviation: hUC-MSCs, human umbilical cord mesenchymal stem cells.

nm (Figure 2B and C). The zeta potential of Exos was measured at —4.25 + 0.11 mV, while DiR-Exos had a range of was
—12.6 +£ 0.04 mV (Figure 2D and E). Western blot analysis confirmed that Exos derived from hUC-MSCs expressed
surface markers of CD9, CD81, CD63, and TSG101 positively, while Calnexin was expressed negatively (Figure 2F).

NTA analysis determined that concentration of Exos was 1 x 107 particles/g per million cells. Therefore, the physical
properties of Exos, including morphology, size distribution, zeta potential and surface antigen markers, were fully
qualified.

Tumorigenicity and Sub-Acute Toxicity Assessment of Exos and hUC-MSC:s in vivo

An overview of the tumorigenicity assessment procedure in vivo was provided, and the tumorigenicity risks of Exos and
hUC-MSCs were assessed in tumor xenograft Crl:NU-Foxnlnu mice. (Figure 3A). No clinical signs of hair loss, or
adverse reactions were observed in the PBS, hUC-MSCs, and Exos groups. Nude mice injected with A375 cells
displayed a significant reduction in activity and response, with a visible tumor nodule at the injection site (Figure 3B).
After 30 consecutive days of sub-acute toxicity observation, CT and MicroPET/CT imaging were performed on nude
mice. Consistent with caliper measurement, the A375 group showed a significant increase in CT scanning and MV. On
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Abbreviations: Exos, exosomes; TEM, transmission electron microscopy; NTA, nanoparticle tracking analysis; DiR, |.I’-dioctadecyl-tetramethylindotricarbocyanine iodide.

the other hand, Crl:NU-Foxnlnu mice processed with hUC-MSCs, Exos or PBS did not format tumor in the subcuta-
neous injection site. There was no MV detected among three groups (Figure 3C). To further explore the xenografts’
glucose uptake on day 30 post-injection, '*F-FDG MicroPET/CT imaging was conducted. A375 group exhibited the
highest contrast agent uptake in both coronal and axial sections, compared to the other three groups (Figure 3D). While
no contrast agent uptake was observed at the subcutaneous injection site in the other groups, the SUV ,.x and SUV ean
values for the A375 group were the highest, measuring 1.1429 and 0.9160, respectively (Figure 3E). In addition, no
statistically significant differences were found in CT volume, metabolic volume, SUV ., and SUV ;, values among the
Exos, hUC-MSCs, and A375 groups. This suggested that the A375 group exhibited a more robust metabolism at the
tumor site compared to the other groups. After 30 days of treatment with hUC-MSCs or Exos, no significant increase in
glucose, liver function markers, or kidney function markers was observed, suggesting minimal systemic side effects. In
contrast, A375-treated nude mice exhibited elevated levels of GLU, LDH, AST and ALT markers compared to the three
other groups (Figure 3F). Histopathological analysis revealed no signs of cell metastases or tumor formation at the
injection site or in other organs in animals administered with PBS, hUC-MSCs, or Exos. Nevertheless, A375-treated
mice exhibited fragmented cell nuclei in the kidneys, liver, tumor tissues, and lymph gland in the dorsolateral abdominal
region. These fragmented cell nuclei were microscopically consistent with features of human malignant melanoma
(Figure 3G). These findings supported the idea that hUC-MSC or Exos did not increase the risk of sub-acute toxicity or

carcinogenesis in vivo.

Inhibition Telomerase Activity of Exos and hUC-MSCs
Telomerase activities of hUC-MSCs at P 8 under normoxic condition were 26.71%, while Exos showed 18.75%. Under
hyperoxic conditions, telomerase activities of hUC-MSCs at P8 were 36.22%, and Exos were 24.12%. Compared to the
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A375 group, which served as a positive control, the telomerase activities were 190.86%. However, there was no
statistical difference in telomerase activities between the normoxia and hyperoxia groups of hUC-MSCs and Exos
(Figure 3H). TERT gene expression was consistently positive throughout the experiment, as indicated by the positive
telomerase activity in A375 cells. These results showed that Exos or hUC-MSC did not induce carcinogenesis ex vivo.

Tumorigenicity and Chronic Toxicity Assessment of Exos and hUC-MSCs in vivo
Following A375 cells injection, the positive control group exhibited entirely different outcomes. Over the course of the
observation period, body weight in the A375 group steadily decreased from day 18 to day 60 post-injection. In contrast,
no noticeable changes in body weight or food consumption in the PBS, hUC-MSCs, and Exos groups (Figure 4A).
A significant reduction in food intake was observed in nude mice injected with A375 cells from day 12 through day 60
(Figure 4B). Tumor volume in the A375 group increased steadily from day 10 to day 60 post-injection, whereas no signs
of tumor formation were detected in the PBS, hUC-MSCs, and Exos groups (Figure 4C). No significant differences were
observed between the PBS, hUC-MSCs, and Exos groups. However, organ coefficients of A375 group were obviously
decreased in heart, lungs, liver, and pancreas (Figure 4D). Despite these changes, no significant alterations in glucose
levels, liver function markers or kidney function markers were observed, indicating that almost no systemic damage
occurred after 60 days of consecutive observation of the hUC-MSCs or Exos group. However, the A375-treated mice
showed significantly higher levels of LDH, ALP, AST, ALT and UA markers compared to the three other groups.
Additionally, glucose levels in the A375 group were lower than the other three groups at the 60-day post-injection
examination (Figure 4E). Histopathological analysis at day 60 revealed fragmented cell nuclei in the kidneys, liver, tumor
tissues, and lymph gland of the A375-treated mice, which were microscopically associated with malignant melanoma in
humans. In contrast, no histopathological changes or cell metastases were observed in these organs of the PBS, hUC-
MSCs, or Exos’-treated mice on the day 60 post-injection (Figure 4F). These results confirm the chronic biosafety and
non-tumorigenic characteristic of Exos and hUC-MSCs in vivo.

Hyperoxic Exposure Inducing Lung Injury and Alveolar Simplification

The BPD mouse model was successfully established through hyperoxia-induced injury in this research. Dynamic changes
in alveolar improvement were observed using light microscopy in neonatal mice on the PND 1, PND 3, PND 5, PND 7,
and PND 14 under either normoxic or hyperoxic conditions (Figure 5A). From PND 3, the normoxic group showed no
signs of inflammatory cell infiltration in the alveolar septa, congestion, hemorrhage, significant pulmonary edema, or the
formation of hyaline membranes. In contrast, the hyperoxic group exhibited progressive inflammatory cell infiltration,
noticeable pulmonary edema, the formation of hyaline membranes, and varying degrees of pulmonary congestion and
hemorrhage in the alveolar septa. These inflammation and lung damage scores increased from PND 3 when exposed to
sustained high oxygen conditions, reaching extreme severity by PND 14 (Figure 5B and C). As the alveoli of newborn
mice developed and proliferated under normoxic conditions, secondary crest densities and MLI gradually increased from
PND 5 to PND 14 (Figure SE and G). Pulmonary alveoli of hyperoxia-exposed mice appeared simpler, with more uneven
sizes, smaller RAC values (Figure 5D), larger alveolar cavities, and thinner alveolar walls (Figure 5F). Consequently,
prolonged hyperoxia induced significant lung injury and alveolar simplification in the BPD mouse model.

General Health States of Normoxic or Hyperoxic Administration

The overall health status of the C57BL/6J mouse pups was based on body composition, milk intake, activity level, mental
status and hair condition. In the hyperoxia, and the hyperoxia+tGW4869 groups, the pups exhibited thinner bodies,
reduced milk intake, dull hair, and decreased activity over time. Neurologic symptoms, including head tremors and gait
instability, started to appear by PND 7 following oxygen exposure. However, the normoxic group displayed normal
health with no unusual symptoms. The Exos group under hyperoxic conditions did not show any obvious abnormalities
in body shape, milk consumption, or hair condition, although gait instability and head tremors persisted through PND 7
(Figure 6A). Between PND 1 and PND 3, body weights were similar across four groups. However, by PND 4, the
normoxia group showed a significant increase in body weight compared to the hyperoxia and hyperoxiatGW4869
groups. From PND 5 to PND 14, no significant difference in body weight was observed between the normoxia and
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Figure 4 Safety evaluation of hUC-MSCs and Exos of chronic toxicity and tumorigenic impacts in vivo.

Notes: (A) Weight changes among four groups of Crl:NU-FoxnInu mice over 60 consecutive days during treatments. (B) Food consumption changes. (C) Tumor volume
changes. (D) Organ coefficient analysis. (E) Plasma indexes over 60 consecutive days (GLU, LDH, ALP, AST, ALT, UA, CREA and BUN). (F) Pathological morphology of
major tissues after treatment over 60 days. Fragmented cell nuclei were indicated as red arrows. Length of the scale bar=200 pm. Statistical analysis of weight differences and
food consumption among the four groups after vaccination, ns = not significant. *vs PBS group. ***, P<0.001, ***, P<0.0001, two-way ANOVA analysis. n = 4 mice. Created
in BioRender. Xu, W. (2025) https://BioRender.com/m17h982.

hyperoxia+Exos groups. After 14 days of continuous oxygen exposure, the hyperoxiatGW4869 and hyperoxia groups
had the lowest body weights, while the normoxia and hyperoxiatExos groups had the highest, with statistically
significant differences (Figure 6B).
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Notes: (A) Pathological morphology of alveolar changes in newborn mice with BPD model. (B) Lung injury score of normoxia and hyperoxia group. (C) Pathologic grade of
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were recorded. (F and G) Alveolar wall thickness and MLI were identified and documented as lung injury markers. Data were indicated as mean + SD. * vs normoxia group.
*, P<0.05. ***, P<0.001. Length of the scale bar=100 pm. n = 10 mice. Created in BioRender. Xu, W. (2025) https://BioRender.com/z03g659.

Abbreviations: BPD, bronchopulmonary dysplasia; RAC, radical alveolar number; MLI, mean linear intercept.

On PND 7, the body weight of the hyperoxia group and the hyperoxia+tGW4869 group decreased compared to the
normoxia group; however, no statistically significant difference in the body weight was observed in the hyperoxia+Exos
group (Figure 6C). The survival rate of newborn pups exposed to prolonged hyperoxia was lower than that in the
normoxic and hyperoxiatExos groups. Specially, the survival rates of pups exposed to prolonged hyperoxia on the PND
1, 7, and 14 was 100%, 85.71%, and 51.43%, respectively. In the hyperoxia+tGW4869 group, survival rates were 100%,
75%, and 20.83% on the PND 1, 7, and 14, respectively. Mortality in C57BL/6J mouse pups increased with prolonged
exposure to hyperoxic conditions, but this was partially rescued by intranasal administration of Exos under hyperoxia. No
pups died in the normoxia group or hyperoxiatExos groups, whereas significant mortality was observed in the hyperoxia
group and hyperoxia+tGW4869 groups, indicating a statistically significant difference in survival rates (Figure 6D).

Exos Rescuing Hyperoxia-Induced Lung Injury and Alveolar Simplification

By nasal administration of Exos in hyperoxic conditions, C57BL/6J mouse pups showed reduced inflammatory cell
infiltration in the alveolar cavity, improved hemorrhage and lung tissue congestion, relief of pulmonary edema, and
enhanced alveolarization on the PND 7 and PND 14. In contrast, pups treated with GW4869 under hyperoxic conditions
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Figure 6 Pathological changes in alveolar of BPD mice after intranasal administration.

Notes: (A) Comparison of body shape between four groups of mice at PND 1, 3, 5, 7, and 14. |: normoxia group, II: hyperoxia, lll: hyperoxia+Exos, IV: hyperoxia+GW 4869.
(B) Weight changes in four groups of C57BL/6] mice over 14 consecutive days after birth. (C) Statistical analysis of weight differences among the four groups on PND 7. Data
are shown as mean = SD. *vs normoxia group. *vs hyperoxia group. *P<0.05, ***P<0.0001, **P<0.01, ns = no difference. Ordinary one-way ANOVA analysis. (D) Survival rate
of C57BL/6) mice for 14 consecutive days. (E) Representative pathological images of lungs of C57BL/6) mice after intranasal administration at different time point. (F) Lung injury
score among four groups. (G) Pathologic grade of inflammation among four groups. (H-K) RAC value, alveolar wall thickness, MLI, and secondary crest densities were
calculated in four groups from PND | to PND 4. Data are shown as mean + SD.*vs normoxia group. "vs hyperoxia group. ¥#P<0.001, #P<0.05, *P<0.01, *#p<0.001, ns = no
difference, two-way ANOVA analysis. Length of scale bar = 100 um. n = 10 mice. Created in BioRender. Xu, W. (2025) https://BioRender.com/v41v974.

Abbreviation: PND, postpartum day.

did not exhibit any improvements in inflammatory cell infiltration, pulmonary congestion and hemorrhage, or pulmonary
edema (Figure 6E). Compared to the hyperoxia group, lung injury scores in the hyperoxia+tGW4869 group began to
increase from PND 1 and showed no statistical significance on the PND 7 or PND 14. However, the lung injury scores in
the hyperoxia+Exos group were significantly lower on the PND 7 and PND 14 (Figure 6F). Furthermore, inflammation
scores in the hyperoxia group started to increase from PND 7 to PND 14, with no statistical difference compared to the
hyperoxia+tGW4869 group. The hyperoxia+Exos group exhibited lower inflammation scores on the PND 7 and PND 14
compared to the hyperoxia group (Figure 6G). Thus, Exos administration effectively mitigated lung injury and
inflammation induced by hyperoxia. RAC values, secondary crest densities, and alveolar wall thicknesses were all
lower in the GW4869 group on PND 7 and PND 14 than the normoxia group (Figure 6H-J). In contrast, MLI in the
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GW4869 group showed significant improvement on the PNDI1, 7 and 14 under continuous hyperoxic conditions
(Figure 6K). These results confirmed that GW4869 administration did not enhance alveolarization or lessen lung damage.
In comparison, Exos administration resulted in significant improvements in RAC, secondary ridge densities and alveolar
wall thickness on the PND 7 and 14 (Figure 6H-J), while MLI was much lower (Figure 6K). The above results
demonstrated that intranasal administration of Exos was an effective approach to alleviate hyperoxia-induced lung injury
(HILI) and promote alveolarization in the BPD mouse models.

Exos Improving Lung Ventilation in u-CT Tomography Construction

To complement the pathological analysis, all C57BL/6J neonates in the four groups underwent routine u-C7T scans; which
were performed on PND 1, 3, 5, 7, and continued until PND 14. Representative sagittal, coronal, and axial sections of
lung u-CT images were displayed. In the x-CT scan, air-filled regions such as the bronchi and alveoli appeared dark,
while denser areas such as regions of inflammation, appeared brighter (Figure 7A). Additionally, 3D reconstruction
models of lung tissue from C57BL/6J mice in the identical size range were listed (Figure 7B). The mean lung density of
neonatal mice exposed to hyperoxia on PND 1 gradually increased compared to the normoxia group. Intranasal
administration of Exos under hyperoxia conditions, however, markedly reduced the mean lung density from PND 3 to
PND 14 compared to the hyperoxia group (Figure 7C). No statistically significant difference in total lung volume was
observed on PND 1 among the four groups. Continuous exposure to high concentrations of oxygen, however, led to
a reduction in pulmonary volume from PND 3 to PND 14, in contrast to the normoxia group. Exos intranasal
administration under hyperoxia conditions rescued lung volume from PND 3 onward, whereas GW4869 administration
did not reach a similar effect (Figure 7D). On PND 14, three distinct regions with different ventilation conditions in
C57BL/6] mice were well matched with the visible structures on transverse CT scans, demonstrating the feasibility of
this algorithm (Figure 7E). The oxygen levels in the normally ventilated regions of lung tissue in C57BL/6J mice were
reduced after 14 days of hyperoxic exposure. Following intranasal administration of Exos, the proportion of pulmonary
CT aerated volume that showed normal aerated regions was elevated compared to the hyperoxia group. In contrast,
inhibition of Exos under hyperoxic conditions did not result in any increase in the normally ventilated lung tissue regions
(Figure 7F). Statistical validation also confirmed these findings across all groups. The hyperoxia group showed more
poorly aerated regions than the normoxia group. Exos administration alleviated these poorly aerated regions, whereas
GW4869 did not show any improvement. Intranasal administration of Exos did not improve non-aerated regions under
hyperoxia conditions (Figure 7G). These data supported the notion that regular intranasal administration of Exos under
sustained hyperoxia could partially improve pulmonary ventilation of newborn C57BL/6J mice.

Bio-Distribution of Exos, DiR-Exos in vivo and ex vivo

PBS, Exos, or DiR-labeled Exos were administered intranasally into the nares of C57BL/6J mouse pups with BPD every
other day from PND 1 to PND 14. DiR-Exos were used to investigate their bio-distribution and tracked non-invasively,
both in vivo and ex vivo using IVIS images (Figure 8A). Under the same experimental conditions, DiR-Exos exhibited
obvious fluorescence signals, which were not detected positively in the PBS or Exos group (Figure 8B). Fluorescence of
DiR-Exos was predominantly localized in the abdomen within 24 hours after intranasal administration and continued to
be present in the abdominal and thoracic regions until PND 14. This phenomenon, however, was not observed in the PBS
or Exos groups (Figure 8C). The average fluorescence efficiencies of the DiR-Exos group increased gradually from PND
1 to PND 14, with a statistically significant difference observed compared to the Exos and PBS groups (Figure 8D).
Fluorescence images confirmed that, following intranasal administration, DiR-Exos was predominantly present in lung
tissues from PND 1 and continued to accumulate in the lung until PND 14. The primary organs of the PBS or Exos
groups, however, showed almost no fluorescent signal ex vivo (Figure 8E). Lung tissue displayed the highest DiR signal
from PND 1, 3, 5, 7, to 14, reinforcing the qualitative observations with quantitative data from ex vivo organ imaging
(Figure 8F, H, J, L and N). The normalized fluorescence intensity indicated that DiR-Exos predominantly accumulated in
lung, liver, kidney and heart at PND 1, 3, 5, 7 and 14 (Figure 8G, I, K, M and O). To the best of our knowledge, the bio-
distribution of DiR-Exos in neonatal BPD mouse model is being examined for the first time both in vivo and ex vivo
using routine intranasal administration.
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Figure 7 ;-CT images of lungs in newborn C57BL/6] mice with BPD.

Notes: (A) Axial, coronal and sagittal images were acquired at various time points, ranging from PNDI to |4. Bifurcation of right bronchi in newborn mice was recorded
with a red square to make sure the same position was chosen in all images. (B) Representative images exhibited 3D reconstruction of the lungs of C57BL/6) mice at various
time points, ranging from PND | to 14. (C) Mean lung density in HU. (D) Whole lung volume. Data were indicated as mean #* SD. * vs normoxia group. *¥, P<0.01. **¥
P<0.001. * vs hyperoxia group, ™ P<0.01, ¥ P<0.001. n = 5 mice. (E) Representative color maps and 3D reconstruction models of different ventilation areas in lung CT on
PND 14. Blue represented normally aerated regions. Yellow represented poorly aerated regions. Red represented non-aerated regions. (F) Proportions of pulmonary CT
aerated volume on PND 4. (G) Statistical analysis of pulmonary CT normal aerated regions, poor aerated regions, and non-aerated regions. Data were indicated as mean *
SD. *vs normoxia group, *vs hyperoxia group, *P<0.05. **& P<0,0001, **#P<0,0001, ns = no difference. Ordinary one-way ANOVA analysis. n = 5 mice. Created in
BioRender. Xu, W. (2025) https://BioRender.com/e22k667.
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Figure 8 Fluorescence tracking of Exos in vivo and ex vivo.

Notes: (A) Workflow for tracking PBS, Exos or DiR-Exos in BPD mouse model in vivo. PBS, Exos, and DiR-labeled Exos were administered intranasally into nostrils of
newborn C57BL/6] mouse pups, respectively. (B) Representative fluorescence images of PBS, Exos and DiR-Exos. (C) Typical fluorescence images on PND |, 3, 5, 7, and 14
following intranasal delivery of PBS, Exos, or DiR-Exos in BPD mice model in vivo. (D) Average fluorescence efficiencies. Error bars were represented as mean + SD, *vs
normoxia group. *P<0.05, ****P<0.001, two-way ANOVA analysis. (E) Representative images of fluorescence organs on PND 1, 3, 5, 7, and 14 following intranasal delivery of
PBS, Exos, or DiR-Exos in BPD mice model ex vivo. Organ notes were on the right side of panel. (F, H, J, L and N) Average radiant efficiency of organs of DIR-Exos on PND
I, PND 3, PND 5, PND 7 and PND 14. Figure 8 (G, I, K, M and O) Normalized fluorescence intensity of organs of DIR-Exos on PND |, PND 3, PND 5, PND 7 and PND
14. Data were indicated as mean + SD. n=5 mice. Created in BioRender. Xu, W. (2025) https://BioRender.com/r48b794.

Exos Restoring Pulmonary Capillaries and Endothelial Cells Components

TEM was used to observe the capillary lumen of C57BL/6J pups under normoxia on PND 14, revealing the presence of
normal red blood cells (RBC) and thin blood-air barriers (BABs). Lamellar bodies (LB), intercellular tight junctions
(Tjs), and microvillus (Mvs) at the cell apex were all observed in alveolar epithelial type II (AT2) cells (Figure 9A;, Aj).
Long-term exposure to 85% oxygen disrupted the normal architecture of pulmonary capillaries, resulting in a collapsed
capillary lumen, thickened, uneven BABs, and significant disruption of endothelial cell layer components. In AT2 cells
exposed to hyperoxia, clear disruptions were evident, including endodermal detachment, relaxation of intercellular Tjs,
absence of Mvs, and vacuolization of LBs (Figure 9B;, B;;). Exos administered intranasally under hyperoxia showed the
recovery of thin BABs, a broad capillary lumen containing RBCs, and the interruption of the epithelial-mesenchymal
transition in AT2 cells of recovering LB, Mvs, and Tjs (Figure 9C;, C;;). However, intranasal administration of GW4869
under hyperoxic conditions induced EMT in AT?2 cells. This resulted in thicken BABs, a collapsed capillary lumen, and
heterogeneously thick ECs (Figure 9D;, Dj;). To quantify the ultrastructural alterations in the four groups, thicknesses of
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Figure 9 Representative images of TEM ultrastructure for ECs and AECs.

Notes: (A;) Pulmonary capillaries and normal AT2 cells exhibited thin BABs, a broad capillary lumen with red blood cells inside, LB in the cytoplasm of AT2 cells, Mvs at the
top of the cell, and intercellular Tjs under normoxic conditions in C57BL/6] mice lungs on PND 14. (A;;) Under higher magnification, AECs, BM, and ECs were clearly
differentiated into three layers in the BABs. (B;) Pulmonary capillaries and AT2 cells displayed thick BABs, a collapsed capillary lumen, ECs with uneven thick cytoplasm, AT2
cells exhibited vacuolized LB, Mvs absence, relaxation of intercellular Tjs, and endodermal detachment under hyperoxic conditions in BPD mice lungs on PND [4. (B;;)
Under hyperoxic conditions, ECs occupied the majority of space, and BABs were thicker. (C;) Pulmonary capillaries and AT2 cells presented thin BABs, a wide capillary
lumen with red blood cells, recovery of LB, Mvs, and Tjs with repeated intranasal administration of Exos under hyperoxia on PND [4. (C;;) Exos intranasally administered
under hyperoxic conditions exhibited thinner BABs and ECs. (D;) Pulmonary capillaries and AT2 cells displayed thick BABs, a collapsed capillary lumen, ECs with
heterogeneously thick cytoplasm, vacuolized LB, Mvs at the top of the cell, and loose Tjs with repeated intranasal administered GW4869 under hyperoxia on PND [4.
(Dii) GW4869 intranasally administered under hyperoxic conditions resulted in heterogeneously thicker BABs and ECs. Length of scale bar (A, B;, C;, D;) = 2um. Length of
scale bar (A;, B;i, Cj, D;) = 0.5um. Red asterisk indicated intercellular tight junctions. Blue arrow head indicated endodermis cells. Red arrow head indicated blood-air
barriers. (E) Mean value of BAB thickness of each group using ten different versions of field of each capillary. (F) Thickness of EC cytoplasm of each group. (G) Thickness of
AEC cytoplasm of each group. (H) Proportion of EC layer components of each group. Data were presented as mean + SD. **P<0.0] compared to normoxia group,
#p<0,00 1, ¥45P<0,0001, *#P<0.001 compared to hyperoxia group, n = 10 capillaries. Created in BioRender. Xu, W. (2025) https://BioRender.com/n03u632.
Abbreviations: EC, endothelial cells; AEC, alveolar epithelial cell; AT2, alveolar epithelial type Il; BAB, blood-air barriers; LB, lamellar bodies; BM, basement membrane;
Mvs, microvillus; Tjs, intercellular tight junctions.

BAB, EC, and AEC were measured. Intranasal Exos administration partially restored the normal BAB thickness, whereas
these thicknesses in the hyperoxia and hyperoxia+tGW4869 groups remained higher than in the normoxia group
(Figure 9E). EC thicknesses in the hyperoxia and hyperoxiatGW4869 groups were significantly increased compared
to the normoxia group, but the Exos intranasal administration was restored to the normal EC thickness (Figure 9F).
Neither Exos or GW4869 administration restored normal AEC thickness, and the AEC thickness in the hyperoxia group
was lower than in the normoxia group (Figure 9G). In the hyperoxia group, ECs were predominantly occupied in BABs;
this proportion was restored in the Exos-treated group. Exos administration significantly improved the EC layer
components in type II alveolar epithelial cells by reducing the proportion of EC layer components compared to the
hyperoxia group (Figure 9H). In conclusion, intranasal Exos administration partially restored the structure of pulmonary
capillaries by modulating the thickness of the BAB and the EC layer components in AT2 cells.
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Exos Alleviating Inflammation Reactions

C57BL/6] mouse pups exposed to hyperoxia from PND 1 to PND 14 exhibited progressively higher levels of the pro-
inflammatory cytokines CXCL-10, IL-1p, IL-6, and TGF-B1, compared to the normoxia group (Figure 10A-D). Nasal
administration of Exos reduced the pro-inflammatory cytokine levels of CXCL-10, IL-18, IL-6, and TGF-B1 compared to
the hyperoxia group. Similarly, GW4869 under constant hyperoxic conditions also decreased the pro-inflammatory
cytokines CXCL-10, IL-1B, IL-6, and TGF-B1 in C57BL/6J mouse pups on the PND 7 and PND 14, in contrast to the
hyperoxia group (Figure 10E-H). Therefore, regular intranasal administration of Exos may help lessen inflammation
reactions in the lungs of newborn mice with BPD.

Exos Repairing Pulmonary Vascular Injury and Disrupting Epithelial-Mesenchymal

Transition

IHC analysis of lung tissue from newborn puppies revealed that the lungs failed to form secondary crests under
hyperoxic conditions, leading to fewer and larger alveoli, simplification and uneven size of alveolar structures, and
significant disruption of pulmonary vascular development, as evidenced by a decrease in CD31-stained vessels
(Figure 11A and C). GW4869 administration halted pulmonary vascular development and reduced CD31 expression,
with no significant differences from the hyperoxia group. In contrast, intranasal administration of Exos in hyperoxic
conditions increased CD31 expression and improved pulmonary vascular density to near normoxic levels, suggesting that
Exos may repair pulmonary vascular damage induced by in hyperoxia in C57BL/6J mouse pups (Figure 11C and F). The
mesenchymal marker a-SMA was increased in the hyperoxia group, while epithelial markers such as E-cadherin and
Twistl were reduced compared to the normoxia group. Exos administration via the nasal route successfully reversed the
hyperoxicity-induced decrease in E-cadherin and Twist1 and reduced a-SMA levels in lung tissue (Figure 11B, D and E).
IHC results indicated that intranasal Exos treatment could repair lung vascular injury, promote vascular development,

enhance epithelial marker expression, and reverse epithelial-mesenchymal transition caused by hyperoxia.
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Figure 10 Inflammation cytokines levels in lung tissues in mice.

Notes: (A-D) CXCL-10, IL-1B, IL-6 and TGF-BI levels of in the lung tissue among normoxia and hyperoxia groups ranging from PND| to 14 were measured by ELISA. (E-
H) CXCL-10, IL-1B, IL-6 and TGF-B| levels of PND 7 and PND 14 in the lung tissue among the normoxia hyperoxia, hyperoxia+Exos, and hyperoxia+tGW4869 groups were
measured by ELISA. All experiments were repeated at least three times. Data are shown as meant SD.*vs normoxia group. #vs hyperoxia group. *P<0.05, **P<0.01,
#5p<0,001, #P<0.05, #P<0.01, #P<0.001. n = 10 mice. Created in BioRender. Xu, W. (2025) https://BioRender.com/q6 |b238.

Abbreviations: CXCL-10, C-X-C motif chemokine 10; IL-1p, interleukin-| beta; IL-6, interleukin-6; TGF-B1, transforming growth factor beta I.
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Figure |1 Immunostaining indicators of EMT and pro-angiogenic cytokines.

Notes: (A) IHC of a-SMA, CD3I, E-cadherin, and Twist| levels in C57BL/6] newborn mouse lung tissues. (B-E) AOD of a-SMA, CD31, E-cadherin, Twistl. (F) Pulmonary
vascular density analysis. *vs normoxia group. *vs hyperoxia group. **P<0.001, **P<0.0001, #P<0.05, **P<0.001, **#P<0.0001, ns = no difference, one-way ANOVA
analysis. 400% magnification, scale bar=100um. n = 10 mice. Created in BioRender. Xu, W. (2025) https://BioRender.com/u87f655.

Abbreviations: EMT, epithelial-mesenchymal transition; a-SMA, a-smooth muscle actin; AOD, average optical density.
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Exos Reducing mRNA Expressions of Inflammation and Epithelial-Mesenchymal
Transition Markers

The mRNA expressions of CD31, E-cadherin, Twistl, a-SMA, CXCL-10, IL-1B, IL-6, and TGF-B were evaluated on
PND 14 lung tissues to assess lung vascular injury and the inducement of EMT. CD31, E-cadherin, and Twist] mRNA
expressions were lower in the hyperoxia group and higher in the Exos group. In contrast, the mRNA expression of aSMA
was significantly higher under hyperoxic conditions than under normoxic controls, while it was lower in the Exos and
GW4869 groups. CXCL10, IL-1B, IL-6, and TGF- were all inflammatory cytokine mRNA expressions that were
significantly higher in the hyperoxia group than in the normoxia group, while they were lower in the Exos group
(Figure 12). Thus, Exos administration may reduce the inflammation of cytokines and disrupt epithelial-mesenchymal
transitions in terms of mRNA expressions.
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Figure 12 Heatmap representing mRNA expressions.

Notes: Based on RT-qPCR results, the mRNA expressions of the inflammatory cytokines CXCL-10, IL-1, IL-6, and TGF-B1, as well as the EMT indicators a-SMA, CD3l,
E-cadherin, and Twist| were measured in samples that were normoxic, hyperoxic, hyperoxic+exos, and hyperoxic+GW4869. AC, values were presented. A higher C, value
indicated a lower mRNA expression. * vs normoxia group. *P<0.05, **P<0.01, ***P<0.001. Two-way ANOVA analysis. n = 3 mice.

Abbreviation: RT-qPCR, reverse transcription-quantitative polymerase chain reaction.
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Discussion

This study aimed to investigate the potential therapeutic effects of Exos isolated from hUC-MSCs in a neonatal mouse
model of BPD. It represents the first attempt to treat BPD in animals through the repeated intranasal administration of
Exos. Our findings provide critical insights into the tumorigenicity risks associated with both Exos and hUC-MSCs. Key
results include the promotion of alveolarization, restoration of efficient lung ventilation, recovery of pulmonary
capillaries, bio-distribution of intranasally administered exosomes, disruption of EMT in alveolar type II cells, and the
reduction of inflammatory cytokines, all of which contribute to the alleviation of HILI.

Human umbilical cord tissues are an ideal source of Exos, as they are readily available and free of ethical
controversies, given that they are typically discarded as waste during childbirth. Additionally, hUC-MSCs exhibit
a high proliferation rate and low immunogenicity, making them extensively used in clinical applications. In line with
our findings, primarily cultured hUC-MSCs demonstrated typical characteristics, including adherence properties of
adherent cells, multi-lineage differentiation potential ex vivo, expression of typical surface antigens as observed in
flow cytometry analysis, and negative results in soft agarose colony formation assays. These findings are consistent with
previous research.** Furthermore, our studies on Exos isolated from hUC-MSCs revealed fundamental features such as
morphology, size distribution, zeta potential, and the expression of positive antigens.*> To sum up, these properties make
hUC-MSCs an excellent choice for the standardized production of Exos.

Tumorigenicity and toxicity are major concerns in Exos-based therapy, particularly involving hUC-MSCs origins.
Telomerase activity, a key regulator of cancer, plays a pivotal role in tumor development and progression, being detected
in over 90% of all tumor type.** Previous study demonstrated that the therapeutic effects of P3 hUC-MSCs were
comparable to those of P8 hUC-MSCs but gradually diminished during long-term normoxic culture conditions.** In the
current study, we examined the telomerase activity of P8 hUC-MSCs and Exos under normoxic and hyperoxic
conditions. We found that telomerase activity remained stable during long-term hyperoxia treatment. Additionally, no
positive hUC-MSC or Exos clones were detected in the soft agarose colony formation assay, indicating that long-term
treatment inhibited tumorigenicity ex vivo. Regarding tumorigenicity and toxicity concerns in vivo, a previous study
reported that the primary side effects of intravenously administering a high dose of hUC-MSCs at 50 million cells/kg
included a 20% mortality rate, blood secretions from the urethra or oral-nasal regions, reduced food intake, and eventual
respiratory and circulatory failure. No toxicity or adverse effects were detected at dose of 5x10° cells/kg in F344RG
rats.*® Another study showed that intravenous administration of a high-dose of hUC-MSCs at 3.0 x 10”cells/kg exhibited
transient coma, which could be eliminated by slow-speed infusion in cynomolgus macaque.”? Subcutaneous injection of
0.5 mL of P4 hUC-MSCs with 1 x 10°/L cell suspension in Balb/c nude mice did not produce toxic results after eight
weeks of observation.’” To prioritize animal welfare and prevent mortality, this study reduced the density of hUC-MSCs
to a safer range. Subcutaneous injection of hUC-MSCs at doses up to 5x10° cells/kg or Exos 1.4x107 particles/g did not
result in tumor formation in critical organs of either the Exos or hUC-MSC groups. No abnormal biochemical indices,
clinical symptoms, or histological evidence of tumorigenic risk were observed. Further safety evaluations were
performed in healthy Crl:NU-Foxnlnu mice. '*F-FDG PET/CT scanning is a widely used technique for assessing the
aggressiveness of malignant tumors. Both SUV .., and SUV;, have been utilized as prognostic factors for malignant
tumors in earlier studies.*’ In this study, immunocompromised mice that underwent '*F-FDG MicroPET/CT scanning
showed no uptake of the contrast agent at the site of subcutaneous injection after one month. Mice in both the hUC-
MSCs and Exos groups survived without significant abnormalities in body weight, food consumption, organ coefficients,
or serum biochemical parameters. These findings demonstrate that the hUC-MSCs and Exos applied in this study are
non-toxic and non-tumorigenic during sub-acute observation for 30 days in vivo. Furthermore, immunocompromised
mice were also used as a model to test chronic tumorigenicity, as these animals are highly susceptible to the tumorigenic
phenotype of positive control cell lines. The successful establishment of xenograft tumor models in vivo was confirmed
by tumor formation at the injection site 10 days post-injection and by reduced body weight in the immunocompromised
mice.*® A previous study identified a diverse mutation spectrum in hUC-MSCs at different passages; however, no
mutations associated with tumorigenic risk were detected based on whole-exome sequencing of high-frequency mutation
analysis and subcutaneous tumorigenesis tests.*” Among 12 hUC-MSC strains research demonstrated donor-dependent
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heterogeneity in hUC-MSCs, yet no abnormalities in karyotype or tumorigenicity were found.>® Our study confirmed that
neither the hUC-MSCs nor Exos groups exhibited tumor formation in nude mice 60 days post-injection. Additionally, no
histopathological abnormalities were observed in the main organs of either the hUC-MSC or Exos groups. These findings
align with previous research confirming the long-term non-tumorigenicity of hUC-MSCs. Additionally, there was still no
abnormal in glucose, liver or kidney function markers examined in the hUC-MSCs or Exos group, indicating the chronic
biosafety of hUC-MSCs and Exos in vivo.

GW4869 was an inhibitor of Exos biogenesis and a noncompetitive nSMase2 inhibitor. Intraperitoneal administration
of GW4869 in mice improved thoracic aortic calcification and nearly completely inhibited increased the mRNA
transcription of osteogenic marker genes. These small extracellular vesicle (SEV) propagated miRNAs could serve as
biomarkers and therapeutic targets for vascular calcification.’’ GW4869 was used to inhibit Exos release in mice and ex
vivo, which accelerated senescence in both mice and cell types while confirming the essential role of Exos secretion by
delaying aging.”* GW4869 could also diminish the effects induced by Exos in M2 macrophages stimulating brown, beige
fat differentiation in fibro adipogenic progenitors (FAPs) in vivo and ex vivo.”> GW4869 effectively prevented the
secretion of Exos in vivo by inhibiting the production of Exos, making it a powerful tool for studying Exos function.
Thus, by using GW4869, we were able to elucidate the critical role of Exos in therapeutic efficacy. Inclusion of the
GW4869 group allowed us to verify whether Exos are the primary mediators of therapeutic effects. As Exos played a role
in treatment, we hypothesized that in the GW4869 group, the efficacy should be significantly diminished or absent due to
the lack of Exos. Therefore, this group helped to demonstrate whether Exos play a key role in the therapeutic efficacy.
For example, purified exosomes from NRK-52E cells activate rat kidney fibroblasts (NRK-49F) following hypoxic
treatment. Inhibition of Exos by GW4869 treatment abolished NRK-49 cell activation and ameliorated renal fibrosis
following unilateral ischemia reperfusion injury (UIRI) in vivo.>* Considering that GW4869 could affect some normal
physiological processes, we selected a dose of 2 pg for each administration in newborn mice, ensuring safe and non-
invasive delivery. GW4869 acted as an inhibitor of Exos, allowing us to exclude the influence of factors other than Exos
on the therapeutic effect. We also built up a hyperoxia control group to distinguish between the Exos effects and the
possible non-specific interference caused by GW4869. The comparison between the GW4869 group and the Exos group
under hyperoxic conditions was considered critical in this study. This comparison helps to confirm the specificity of the
therapeutic effect of Exos, distinguishing it from other extracellular components or non-specific mechanisms. In our
research, Exos administration restored lung injury and inflammation scores induced by hyperoxia; however, these
improvements were interrupted by GW4869 treatment. As for alveolar simplification, Exos intranasal treatment recov-
ered RAC values, secondary alveolar densities and alveolar wall thicknesses, reduced MLI injured by hyperoxia, and
improved alveolarization. Nevertheless, the GW4869 treatment halted these improvements. GW4689 blocked the
beneficial improvements of Exos on hyperoxia-induced alveolar development in mice, confirming the therapeutic effects
of Exos when administered intranasally on pulmonary vascular and alveolar development under hyperoxia. The specific
mechanisms were still required for further investigation.

MSCs have become a promising and potential treatment for BPD due to their natural ability to self-renewal, high
efficiency in generating and replacing terminally differentiated cells, and their role in pulmonary vascular regeneration.”
In a study involving four BPD patients, two intravenous doses of UC-MSCs at dose of 1 x 10° cells/kg patient body
weight, administered 7 days apart, led to recovery from BPD without severe adverse effects.’® However, another study
reported intravascular infusion of MSCs led to pulmonary embolism at a high dose of 8 x 107 cells/kg in rats.’’
Additionally, the maximum tolerated dose of hUC-MSCs in mice was 2 x 10 cells/kg.’® A phase -II clinical study
suggested that the maximum hUC-MSC dose of intravenous infusion for premature infants is 5 million cells/kg, given
their low weight and immature organ function.’® Numerous studies have demonstrated that the paracrine effects of MSCs
play a critical role in the treatment of BPD, particularly through Ex0s.°®®' Compared to MSCs, Exos offer distinct
advantages in mitigating hyperoxia-induced pulmonary damage, including immune tolerance, avoidance of microvas-
cular blockage, and high efficacy in delivering therapeutic components.®>**> Exos are inherently heterogeneous, primarily
due to variations in their origins, isolation techniques, disease states, administration methods, dosage, and timing.64’65
Many scientists believe that EVs have the potential to replace MSCs. A pre-clinical evaluation demonstrated that single
and repeated intravenous administration of EVs at 30 pg protein to naive mouse showed a non-toxicity, and the bio-
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distribution is major concentrated in liver, spleen and lung. EVs derived from hUC-MSCs could also alleviate lung injury
and inflammation induced by lipopolysaccharide (LPS).%® A previous study reported that intra-tracheal administration of
Exos in a newborn Sprague-Dawley rats with BPD attenuated pulmonary hypertension, improved survival in a non-dose
dependent manner, and a dose of Exos at 60 x 10° particles/g improved rats’ survival. However, a set of EV-based
preclinical studies on models of BPD verified that different doses required to be considered for cell treatment and EVs
treatment, and optimal therapeutic dosage is still under exploring.®” A safety dose study in cynomolgus monkeys reported
that intravenous injection of Exos at a dose of 3.85 x 10'? particles did not result in obvious side effects on the general
clinical conditions or Th1/Th2 cytokines.>® In this study, Exos were used to treat BPD in place of hUC-MSCs, and their
effects in vivo were studied. The Exos dose was calculated using the Experimental Zoology formula based on body
surface area, resulting in a total of 1.4 x 107 particles/g administered multiple times in the neonatal BPD model.

The hallmark pathological features of BPD include impaired alveogenesis and angiogenesis.®® In this study, we
utilized BPD models of C57BL/6] mouse pups exposed to constant hyperoxic conditions. Lung development in mice is
mostly finished by postnatal 2-3 weeks.®> On PND 5, mice lungs were saccular and developed alveoli until PND 30.7°
Therefore, it is optimal to develop a short-term model by exposing mice to hyperoxia for 14 days to investigate
hyperoxia-induced alveolar injury. This mouse model is widely used in BPD due to its similarity to the pulmonary-
saccular developmental stages observed in preterm infants.”'"* Our results indicated that neonatal C57BL/6J mice
exposed to hyperoxia exhibited simplified alveolar structures, as evidenced by reduced RAC, lower secondary crest
densities and alveolar wall thickness, along with increased lung injury scores and MLI. These findings were consistent
with the hallmark pathological features of BPD, reinforcing the validity of our model in vivo. However, significant
differences exist between mouse model and human preterm infants, making it difficult to achieve model of human BPD
de novo. For example, the relatively simpler lung architecture in mice and the postnatal nature of their alveolarization
process may not fully replicate the in utero development seen in premature infants. A recent single-cell RNA sequencing
study firstly identified increased expression of Actal+ and Tubb3 in neonatal lungs. Further research might utilize
transgenic mice for Actal+, Tubb3 or other specific genes in treating BPD.”! While mechanisms of animal models in
BPD remain valuable, further experiments are required to extrapolate findings to human premature infants. A review
including 40 published studies using EVs as therapeutics in humans showed great heterogeneity in dosages due to route
of administration and target disease.”* The first prospective study of bone marrow MSC-EVs, referred to as ExoFlo,
administered a single 15 mL intravenous dose (equivalent to 1.2x10'? particles) in 24 patients with COVID-19-related
respiratory distress syndrome. This treatment improved the patients’ oxygenation, reduced C-reactive protein and
D-dimer levels, and was well-tolerated without any adverse events.”> Subsequently, a prospective Phase II multicenter,
double-blind, randomized, placebo-controlled trial reported that two 15 mL doses of ExoFlo, administered intravenously
(equivalent to 1.2x10'2 particles per dose), in 34 patients with moderate-to-severe COVID-related ARDS, reduced the
duration of ventilation and mortality at day 60, without causing any adverse events. Overall mortality, duration of
ventilation, and time to discharge all exhibited a dose-response trend favoring the high dose of ExoFlo.’® Interestingly,
Exos derived from human adipose-derived MSCs (haMSC-Exos) was reported to be safe and effective in treating severe
COVID-19 through aerosol inhalation of Exos at 2.0 x 10® nano vesicles for consecutively 5 days.”” Zofin, as a recently
developed EVs-based therapy obtained from human amniotic fluid, has been subsequently used in the treatment of three
patients with severe COVID-19, patients with post-COVID-19 symptoms, and patients with mild to moderate COVID-19
symptoms, with intravenous order of 10'" particles administered three or four times. Zofin treatment for COVID-19
patients, consisting of three or four intravenous doses of 10" particles, demonstrated improvements in respiratory and
general clinical symptoms, as well as reductions in inflammatory biomarkers, without adverse events.”* *° In a phase II
randomized, multicentric clinical trial conducted in Iran, COVID-19 patients with ARDS who received intravenous
treatment with MSCs at dose of 100x 10° cells followed by inhalation their released EVs at 8 pg per 1x 10° cells, could
effectively reduce circulating inflammatory markers, and were likely to reduce respiratory failure and death.®' While both
ExoFlo and Zofin were administered intravenously, inhalation haMSC-Exos at a quantitative range of 2-16x 10® particles
showed good tolerability in healthy volunteers.®® A large number of studies have demonstrated that BPD therapeutic dose
of Exos in vivo was infected by multiple factors, such as sources, local or systemic administration mode, frequencies, and
animal species. It was reported that standard therapeutic dose of EVs obtained from MSCs for treating BPD in animal
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model ranging from 0.25 x 10° to 1 x 10'? particles, varying by up to about 400-fold.** ¢ Based on the findings of this
study, followed by weight normalization and dose conversion using the body surface area, it is estimated that the total
safe dose of exosomes for adults (assuming a body weight of 70 Kg) in the treatment of bronchopulmonary dysplasia
(BPD) may be approximately 7.98 x 10'° particles. For infants (assuming a body weight of 3 Kg), the estimated total safe
dose is 5.04 x 10° particles. These calculations provide an initial reference for potential clinical applications, and further
experimental and clinical studies are necessary to validate these proposed doses to ensure their efficacy and safety.
Pulmonary CT analysis was widely used for the diagnosis, evaluation, and prognosis of premature infants and
school-aged children.?”*® Previous research demonstrated that structural pulmonary abnormalities and reduced lung
volume were observed on CT scans of patients with BPD.** The primary manifestations of pulmonary structures on
human CT images include regional heterogeneity, extensive pulmonary tissue remodeling, hyperinflation, and abnor-
mal modifications of the pulmonary parenchyma.’® In contrast to human BPD, pulmonary tissue damage in newborn
mice within the BPD model, which involves continuous exposure to a high-oxygen environment, occurs uniformly.
Therefore, it is crucial to investigate and evaluate newborn mice using x-CT imaging in the context of the BPD model.
Previous research has shown that neonatal mice exposed to high oxygen levels develop inflammation, pulmonary
edema, collagen deposition, and fibroblast proliferation. These pathological changes can be effectively assessed using
established acquisition parameters for u-CT imaging.*™?' Although x-CT indicators, such as pulmonary volume and
density, are considered primary markers in mouse models of lung diseases,”® no study have investigated 3D lung
reconstruction in newborn mice using a BPD model to explore pulmonary aeration. In this study, u-CT scans were
employed to monitor dynamic alterations in hyperoxia-associated lung changes in BPD mouse models following
intranasal administration of Exos or GW4869. Using u-CT, the mean lung density in the hyperoxia group was
significantly higher compared to the normoxia group, but it decreased following regular Exos administration.
Similarly, whole pulmonary volume and normally aerated regions were reduced in the hyperoxia group compared to
the normoxia group, but were restored after regular intranasal administration of Exos. The effects of Exos could be
halted by GW4869 administration. The findings from this study in the BPD model of newborn mice were partially
consistent with results from previous studies.”’*** As demonstrated by 3D reconstruction using established HU limit
values, the innovative discoveries of this study primarily focused on the recoveries of lung volume and density
following regular intranasal administration of Exos, as well as the effective improvement of lung ventilation regions.
As natural macromolecular carriers, Exos could transport various bioactive molecules, bind to and internalize target
cells, regulate pulmonary inflammatory responses, promote alveolar development, repair epithelial cell injuries and
improve alveolar ventilation in BPD models. Exos may delay AT?2 cells transdifferentiation by downregulating Wnt5a,
which assisted to repair lung tissue of impaired alveolarization and improved alveolar ventilation.’* As to anti-
inflammatory responses, Exos enriched with TSG-6 could downregulate IL-1p, IL-6 and TNF-a expressions in the
lung, inhibited proliferation and expression of macrophages, and promoted the phenotypic transition from M1 to M2.
This process was mediated by TLR4/NF-kB signaling inhibition and STAT1/3 activation, which promoted AT2 cells
viability and alveolarization in BPD.?"°7 In addition, Exos could promote endothelial cell proliferation, migration,
tube formation, and pulmonary angiogenesis partially by elevating miR-185-5p targeted cyclin-dependent kinase 6
(CDKG6) cascade, whereas miR200-a-3p overexpression had the opposite effects.”®*” As for immune regulation, Exos
may facilitate macrophages transition to M2 phenotype by inhibiting NF-«kB p65 axis and stimulating STAT3
pathway.'” MiR-335-5p from Exos inhibited MET TL14 expression, promoted m6A modification of integrinp4
(ITGB4), which inhibited glycolysis and alveolar epithelial cells inflammatory factors and finally alleviating pulmon-
ary interstitial edema, inflammatory cell infiltration.'®"'° Previous study verified the critical role of angiogenesis in
normal alveolarization, and dysfunction of vascular formation is one of the main features of BPD. CD31 acted as
a communicated signal between epithelial and endothelial cells, therefore promoting angiogenesis.'®> Exos could
upregulate von Willebrand factor (VWF) and CD31 receptor 1 (CD31R1) in endothelial cells. CD31R2 might also take
part in alveolar capillary formation mediated by Exos.®> Numerous research reported the positive effects of Exos on
improving alveolar formation, lung tissues repairing, inflammation inhibition, and improving lung ventilation in BPD.
In our research, intranasal Exos could arrived at lung within 24 hours, and promoting alveolar ventilation by increasing
normal aerated regions reduced by hyperoxia, restoring mean lung density, and lung volume, which could be halted by
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GW4869 inhibition. As for lung tissue repairing, impaired vascular development was further indicated by low CD31
expression, irregularly thinned BABs and ECs, and reduced pulmonary vascular densities. Regular intranasal admin-
istration of Exos every other day prevented neonatal mice exposed to hyperoxia from succumbing to lung injury. This
treatment also increased alveolar wall thickness, RAC, and secondary crest densities. Moreover, Exos improved
pulmonary vascularization under hyperoxia by upregulating CD31 expression, increasing pulmonary vascular densi-
ties, and restoring EC thickness within BABs. Conversely, the Exos inhibitor GW4869 disrupted these beneficial
effects. These results demonstrated that persistent intranasal Exos administration is beneficial for treating BPD in vivo.
A previous study indicated that damage to AT2 cells under hyperoxic conditions frequently induces EMT.'
Additionally, EMT typically contributed to PF by inhibiting the proliferation of AT2 cells.'®® This study suggested
that Exos could be administered intranasally to BPD models to effectively restore lung aeration, promote angiogenesis,
and enhance alveogenesis. The findings further indicated that intravenous administration of Exos mitigated hyperoxia-
induced lung damage by reducing inflammation and disrupting EMT on a regular basis. These results demonstrated
that intranasal administration of Exos might play an important role in improving pulmonary ventilation in BPD mouse
models, and mechanisms required discussion furtherly.

Exos could be delivered through various methods, such as intra-tracheal or intravenous administration, acrosol inhalation, or
intraperitoneal injection. Optimal drug delivery methods were crucial for maximizing therapeutic efficacy while minimizing
potential side effects.®' These results also provided a new approach for treating BPD non-invasively using nano-vesicles.
Intranasal delivery, a non-invasive and efficient administration method, is particularly advantageous for EVs as it avoids
gastrointestinal breakdown and first-pass metabolism.'® A recent study verified that intravenous injection and intranasal

197 Inhalation of secretome and

administration of hiPSC-Exos did not cause adverse effects on blood biochemical indicators.
Exos exhibited better therapeutic effects than MSC counterparts for promoting alveolar repair in silica-induced PF, with the dose
standardized at 10 x 10” particles/kg in rats.'”® A previous study demonstrated that intranasal delivery of Exos could promote
interleukin-10 (IL-10) production and protect mice from allergic asthma.'® Additionally, intranasal administration of Exos has
gained significant attention in the treatment of central nervous system disorders due to its ability to provide direct access to neural
pathways and deliver therapeutic agents directly to the brain."'® Previous research has demonstrated that plant-derived exosomes
are often delivered to the respiratory system via intranasal administration for the treatment of pulmonary diseases. For the first
time, BPD mouse pups were treated using this approach to evaluate the therapeutic effects of intranasal Exos on short-term HILI.
The bio-distribution characteristics of intranasally administered Exos in vivo and ex vivo were also investigated.''' Our findings
align with the earlier research, showing that the average fluorescence efficiency of lung tissues labeled with DiR-Exos began to
increase from PND 1. Furthermore, we discovered that repeated intranasal administration of Exos gradually increased lung tissue
fluorescence efficiency, reaching its peak on PND 14. Variations in normalized fluorescence intensity and average fluorescence
intensity of lung tissues may be attributed to differences in administration routes and animal models.''*'"* Another study found
that intraperitoneal injection of MSCs or EVs was more effective than intravenous injection in reducing pulmonary damage and

preventing microthrombus formation in blood vessels.''*

Thus, the non-invasive, non-cellular treatment of BPD through
intranasal administration of Exos has shown promising potential. The findings of this study determined that the retention time
of Exos in neonatal mice exceeded 48 hours. This information may provide valuable insights for optimizing the timing of
intranasal administration in BPD mouse models.

Inflammation was a critical component of BPD and played a key role in regulating lung matrix remodeling. Recent study
demonstrated that prolonged exposure of neonatal mice to high oxygen levels activates macrophages through IL-6 signaling.”
Furthermore, alveolarization and pro-fibrotic lung remodeling were disrupted by CXCL10-driven macrophage chemotaxis via
CXCR3 signaling.''> TGF-B was secreted and stored in the extracellular matrix, while IL-1p was secreted by activated lung
macrophages. Both cytokines were key inflammatory mediators that disrupt alveolar development in BPD."'®"'7 There were
three different sub-types of TGF-B, namely TGF-B1, TGF-B2, and TGF-B3, each exhibiting different temporal expression
patterns during pulmonary development in animals. TGF-B1 was typically expressed during the early saccular stage of lung
development, and its proper expression was crucial for normal early lung maturation.''® Additionally, guanine nucleotide-
binding proteins Gaq/11 played a crucial role in the spatial regulation of lung development in mice by mediating integrin-
dependent TGF-f activation in lung epithelial cells. The MSC-specific deletion of Gaqg/11 also affected lung development in
mice, leading to increased MLI, unevenly enlarged alveolar cavities, reduced secondary crest densities, and abnormal pulmonary
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vascular by PND 14.""? This phenotype was similar to BPD. Multiple studies reported that hyperoxia induced overexpression of
TGF-B. Mouse pups exposed to a high oxygen concentration of 85% from the PND 1 to PND 20 showed increased TGF-$1
expression throughout alveolar development, along with elevated pSmad2/pSmad3 levels. Notably, a intraperitoneal adminis-
tration of TGF-P neutralizing antibody reduced Smad2/Smad3 phosphorylation and significantly improved alveolarization and
elastin deposition.'*° Additionally, TGF-B1 was essential for PF development, acute lung injury, as well as ventilation induced
lung injury (VILI). By activating TGFBR1, TGF-B1 regulated JAK/STAT, Smad, MAPK, Wnt, and ERK signaling pathways,
and promoting the development of EMT in PF."*' TGF-B1 was up-regulated after high positive end-expiratory pressure (PEEP)
ventilation and associated with the occurrence of alveolar capillary leakage.'*> TGF-B1 overexpression in the first week of the
lung primarily impacted lung injury-related symptoms such as pulmonary edema, alveolar collapse, decreased alveoli surface
density and fibrotic septal wall remodeling. Gene transfer to the respiratory system, downregulated proteins, and elevated surface
tension were also followed.'** In our study, up-elevated expression of TGF-B1 was also observed in the hyperoxia group, and the
pathological characteristics in lungs were consistent with BPD mouse models on PND 7 and PND 14, with lessening alveolar
densities, RAC values, and secondary crest densities. Previous study reported that MSC infusion could reduce pro-inflammatory
cytokine levels and promoted pulmonary development and vascularization in mouse models.'** The hAMSCs administration
attenuated EMT in PF by delivering miR-181a-5p, which downregulated TGFBR1. This process promoted epithelial cell
proliferation and alleviated epithelial cell apoptosis through paracrine effects.'?> MSCs also inhibited the expression of TGF-p1,
increase the activity of downstream epithelial Na™ channel (ENaC), PI3K/AKT, and Racl signaling pathways, and repair
deleterious tissue conditions in BPD animal models.'*® IL-1p was identified as one of the central cytokines in the disease-
associated networks in BPD. Hyperoxia exposure increased IL-1f expression in both blood serum and bronchoalveolar lavage
fluid, contributing to lung inflammation and the development of BPD.'?”'?® In LPS-induced BPD animal models, activation of
the NOD-, LRR- and pyrin domain-containing 3 (NLRP3) inflammasome was related to BPD developing, characterized by
increased caspase-1 activation, elevated IL-1p levels, inflammation, and decreased alveolarization.'?® Caspase-1 could activate
pro-IL-1B, turning them into mature proinflammatory cytokines. Simultaneously, caspase-1 cleaved and activated gasdermin
D (GSDMD) pores, which not only permitted the influx of water and ions but also led to lytic cell death, a pro-inflammatory form
of programmed cell death known as pyroptosis. The GSDMD pores allowed the release of IL-1p into extracellular space, which
alleviated inflammation and disrupted alveolarization.'** Additionally, blocking IL-1p by IL-1 receptor antagonist (IL-1ra) or
inhibiting the NLRP3 inflammasome by glyburide in hyperoxia-exposed mice led to reduced inflammation and improved
alveolarization. Ventilated preterm baboons showed activation of NLRP3 inflammasome, accompanied by an elevation in IL-1p:
IL-1ra ratio. The IL-1B:IL-1ra ratio in tracheal aspirates from preterm infants with respiratory failure serves as a predictor for the
development of BPD."*' In BPD rats, Exos treatment could promote pulmonary vascular remodeling, alleviate the abnormality
of IL-1p, alleviate the abnormality of IL-1p, and improve alveolar densities.®’ Our study confirmed that regular intranasal
administration of Exos effectively reduced expressions of TGF-§ and IL-1 on PND 7 and 14 in mice models, rescuing lung
injury and inflammation scores caused by hyperoxia while increasing alveolar density, RAC values, and secondary crest
densities. However, these effects were inhibited by GW4869 inhibition.

Limitations

Despite the promising results, this study has several limitations. First, the intranasal administration of Exos, although the
pulmonary prognosis was significant.'** Future research could focus on improving Exos utilization efficiency in
pulmonary tissue following a single intranasal administration. Additionally, inter-donor variations could not be assessed
due to the limited sample size of hUC-MSCs used in this investigation. Standardized quality studies involving both Exos
and hUC-MSCs are necessary to confirm these findings further. Genetic analysis of tumorigenic risks of Exos and hUC-
MSCs is suggested. Lastly, pulmonary pathology changes were evaluated in the BPD mouse model only up to PND 14,
Future preclinical research should comprehensively investigate the long-term effects and potential adverse outcomes of
intranasal Exos administration for BPD treatment.

Conclusion
In summary, our study is the first to confirm the therapeutic efficacy and bio-distribution of repeated intranasal
administration of Exos in neonatal BPD mice models, which might repair hyperoxia induced pulmonary injury via
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improving effective ventilations of lung tissue, promoting pulmonary alveolar simplification, rescuing pulmonary
capillaries, decreasing inflammatory cytokines and interrupting EMT. Athymic nude mice at a single dose of 5 x 10°
cells/kg of hUC-MSCs or 1.4 x 107 particles/g of Exos exhibited no obvious toxicity and tumorigenicity during 60 days
of consecutive observation. In consequence, our research sheds light on a nano-based non-cellular, non-invasive
treatment of BPD at a safe dose, providing a potential strategy for BPD therapy.
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