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Introduction: Acute respiratory distress syndrome (ARDS) is a life-threatening type of acute lung injury (ALI) characterized by
elevated mortality rates and long-term effects. To date, no pharmacological treatment has proven effective for ARDS. Mesenchymal
stem cell-derived apoptotic vesicles (apoVs) were recently found to have excellent therapeutic potential for inflammatory diseases. In
this study, our aim was to investigate the therapeutic effects and underlying mechanisms of apoVs in ALIL

Methods: ALI was induced in mice through intratracheal instillation of lipopolysaccharide (LPS). ApoVs were then administered two
hours post-induction, and their impacts on platelet activation, neutrophil infiltration, and NETosis were assessed. Additionally, the role
of CD73 in mediating these effects was thoroughly investigated.

Results: ApoVs inhibit platelet activation, thereby impeding the infiltration of neutrophils into the lung and the initiation of NETosis,
ultimately alleviating ALI. Remarkably, apoVs were enriched with CD73, which was critical for apoV-mediated repression of platelet
activation and neutrophil NETosis, as well as the therapeutic effects observed in lung injury.

Conclusion: This study reveals that apoVs inhibit platelet activity and neutrophil NETosis via CD73, offering an innovative and
effective cell-free therapeutic strategy for ALI/ARDS.
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Introduction

Acute respiratory distress syndrome (ARDS) is a severe form of acute lung injury (ALI) with high mortality rates.’
Characterized by diffuse lung injury, leukocyte infiltration and gas exchange impairment.”® ARDS may also cause long-
term muscle weakness or cognitive impairment in patients who survive the acute phase of the disease.” Despite extensive
research, there is still no effective pharmacotherapy for ARDS. Mesenchymal stem cell (MSC)-based therapy has been
proposed as a potential treatment due to its anti-inflammatory and immunomodulatory properties.”® However, the
underlying mechanism of MSC-based therapy is still unclear. Recent evidence suggests that MSCs undergo apoptosis
and release apoptotic vesicles (apoVs) into the host circulation or engrafted tissues, and this apoptotic process is
necessary for the inflammatory regulation and immunosuppression functions of MSCs.'%!" ApoVs, which contain

DNA, RNA, proteins, and organelles,'> have been reported to have significant potential as a cell-free therapy.'*'*
However, whether apoVs possess therapeutic potential for ALI/ARDS remains to be elucidated.
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Studies on ALI/ARDS have consistently identified neutrophils as key cellular mediators of the early innate immune
response.'>'¢ In the context of ALI/ARDS, neutrophils have been shown to exhibit increased chemotaxis, activated
metabolism, and delayed apoptosis.'”'® As neutrophils migrate across the epithelium, they release toxic mediators and
undergo NETosis, which involves the creation of neutrophil extracellular traps (NETs) to eliminate the insult.'® However,
NETosis can cause bystander damage, exacerbating tissue damage®® and promoting a prothrombotic state that further
activates platelets.”' Therefore, we aimed to investigate whether apoVs can reduce the severity of ALI/ARDS by
controlling the biological behavior of neutrophils.
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Pulmonary endothelial injury in ARDS triggers platelet activation, which in turn promotes proinflammatory responses
and induces thrombosis, thereby exacerbating endothelial injury.** Activated platelets also secrete chemokines and
interact with neutrophils, resulting in neutrophil chemotaxis and NETosis in the injured lung, further aggravating lung
injury.* It has been reported that some MSCs can inhibit platelet activation and aggregation through CD73.22° CD73 is
a homodimeric glycosylphosphatidylinositol (GPI)-anchored enzyme that converts AMP to adenosine. Adenosine
activates adenosine receptors, triggering diverse signal transduction pathways that suppress platelet activation and
inflammation.?” To date, it remains unclear whether apoVs can attenuate neutrophil activation by inhibiting platelet
activation through CD73.

This study demonstrated that intratracheal administration of MSC-derived apoVs could ameliorate inflammatory
injury in mice with ALL. The beneficial effect of apoVs is probably attributable to the CD73-dependent inhibition of
platelet activation and suppression of neutrophil NETosis. This finding reveals a potential cell-free therapeutic strategy
for lung injury in ALI/ARDS patients.

Material and Methods

Animals

Eight-week-old male C57BL/6 mice were purchased from the Guangdong Medical Laboratory Animal Center and used
for all animal experiments. Animals were grouped using a method of randomization. Animals used in this study were
maintained in accordance with the Guideline for ethical review of animal welfare of laboratory animals published by the
China National Standardization Management Committee (publication No. GB/T 35892-2018). Animal experiments were
approved by the Institutional Animal Care and Use Committee of Sun Yat-sen University (SYSU-IACUC-2021-000434).

Cells

Human bone marrow MSCs (BMMSCs) (Cat. No. 7500) were purchased from ScienCell (San Diego, CA, USA).
BMMSCs were cultured in a-MEM supplemented with 15% FBS, 100 U/mL penicillin, 100 mg/mL streptomycin, 2 mM
L-glutamine, and 0.1 mM L-ascorbic acid phosphate at 37°C in a humidified tissue culture incubator with 5% CO,. The
culture medium was replaced every 3 days. When the cells reached 90% confluency, cells were digested with TrypLE
Express Enzyme (Thermo Fisher Scientific, Waltham, America) for subsequent passaging. In the experiments, BMSCs
were used at P3- P6. The characteristics of the BMMSCs were verified by colony-forming unit assays, cell morphology
evaluations, osteogenic differentiation assays, adipogenic differentiation assays, and surface marker expression analysis.

For osteogenic differentiation, once the cells reached approximately 90% confluency, the culture medium was
replaced with osteogenic induction medium containing 1.8 mM monopotassium phosphate, 10 nM dexamethasone,
100 U/mL penicillin, 100 mg/mL streptomycin, 0.1 mM L-ascorbic acid phosphate, 2 mM L-glutamine, 15% fetal bovine
serum, and a-MEM culture medium. Osteogenic induction medium was refreshed every 3 days. After 14 days of
differentiation, the cultured cells were stained with alizarin red.

For adipogenic differentiation, once the cells reached approximately 90% confluency, the culture medium was
replaced with adipogenic induction medium for 3 days and followed by 1 day in maintenance medium. This cycle
was repeated, and after 20 days, the cells were cultured in maintenance medium for an additional 4 days. Subsequently,
the cells were stained with Oil Red O.

Antibodies and Reagents

Antibodies against TNF-a (#ab1793), IL-6 (#ab6672), citrullinated histone H3 (H3Cit #ab5103), Alix (#ab275377) and
CD73 (#ab133582) were purchased from Abcam (Cambridge, MA, USA). Antibodies against Ly6G (#GB11229) and
myeloperoxidase (MPO, #GB12224) were purchased from Servicebio (Wuhan, China). Antibodies against cleaved
caspase 3 (c-caspase 3, #9664), caspase 3 (#9662), and calreticulin (#12238s) were purchased from Cell Signaling
Technology (Waltham, MA, USA). Antibodies against CD9 (#sc-13118) and the CD73 inhibitor AMP-CP (#sc-214457)
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
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The Ly6G-PE (#127608), CD11b-APC/Cyanine7 (#101226), CD61-FITC (#104305), CD61-PE (#104307) and
CD62P-APC (#148303) antibodies were purchased from BioLegend. The CD29-PE (#556049), CD73-PE (#550257),
CD90-PE (#561970), CD105-PE (#560839), CD146-PE (#550315), CD166-PE (#559263), CD34-FITC (#555821),
CD45-PE (#555483) antibodies and Annexin V-FITC (#556419) were purchased from BD Biosciences (San Jose, CA,
USA). LPS (#3024) and the antibody against B-actin (#A5441) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Staurosporine (STS, #ALX-380-014) was purchased from Enzo Life Sciences (Farmingdale, NY, USA). Phorbol
12-myristate 13-acetate (PMA, #1652981) was purchased from BioGems (Westlake Village, CA, USA). Adenosine
diphosphate (ADP, #23811000) and collagen (#23802100) were purchased from SINNOWA Co. (Nanjing, China).
Collagenase type I (#L.S004197) was purchased from Worthington (Lakewood, NJ, USA). Dispase II (#04942078001)
was purchased from Roche (Basel, Switzerland). Adipogenic differentiation and staining kit (#WWL-G040) was
purchased from Shanghai Fuheng Biotechnology (Shanghai, China). The mouse bone marrow neutrophil isolation kit
(#P8550) was purchased from Solarbio Science Technology (Beijing, China).

Isolation and Characterization of apoVs

ApoVs are produced during cellular apoptosis. To induce apoptosis, BMMSCs were treated with 500 nM STS for
6 hours. Then, apoVs were isolated by sequential centrifugation. Briefly, after centrifugation at 800 xg for 10 min to
remove cells and debris, the supernatant was centrifuged at 2000 xg for 10 min. Then, the supernatant was further
centrifuged at 16000 xg for 30 min, and the pellet was washed twice in phosphate-buffered saline (PBS). The size
distribution of apoVs was measured with a ZetaView PMX120 (Particle Metrix, Germany), and the morphological
features of the apoVs were observed with a transmission electron microscope (TEM) (JEOL, Japan). The expression of
annexin V in apoVs was examined by immunofluorescence staining with a confocal microscope (Carl Zeiss, Oberkochen,
Germany) and flow cytometry with a NovoCyte flow cytometer (Agilent, Xian, China). The protein expression levels of
caspase 3 and c-caspase 3 in apoVs were measured by Western blotting.

LPS-Induced ALI Mouse Model

An ALI mouse model was established by administering LPS via intratracheal instillation.”® After the mice were
anesthetized, LPS was injected into the trachea at a dose of 5 mg/kg to induce ALIL. Two hours after LPS administration,
apoVs (1x10' particles in 20 pL of PBS for each mouse) were injected into the mice in the LPS+ apoV group via
intratracheal instillation. The mice with ALI received 20 pL of PBS instead of apoVs. At 24 hours after LPS
administration, the lungs of all the mice were scanned with a microCT scanner (PINGSENG Healthcare, China), and
the mice were then sacrificed. Blood, lung, and bronchoalveolar lavage fluid (BALF) samples were harvested for
subsequent experiments.

Tissue and BALF Collection

The lungs were collected for histological evaluation, analysis of the lung wet/dry weight ratio, and protein extraction. For
BALF collection, a catheter (Carelife Co. Ltd., China) was inserted into the trachea, and then the lungs were flushed with
1 mL of PBS. Next, approximately 0.7 mL of BALF was retrieved.”” The BALF was centrifuged at 500 x g for 5 min,
and the supernatant was collected for protein concentration analysis.

Measurement of the Lung Wet/Dry Ratio
One lobe of the right lung harvested from the mice in each group was used for the wet/dry weight ratio calculation.
Briefly, the lung tissues were harvested and weighed immediately, and the wet weight was recorded. Then, the lung
tissues were placed in an oven at 60°C for 24 hours and weighed to determine the dry weight. The lung wet/dry ratio was
calculated by dividing the wet weight by the dry weight.*

Histological Analysis
For lung injury analysis, the lung tissue was fixed in 4% paraformaldehyde, dehydrated, embedded in paraffin, cut into
5-um-thick sections, and stained with hematoxylin and eosin (H&E). The evaluation was performed in a blinded manner.
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Three random fields of view of each lung tissue sample at high power (40x) were chosen for scoring. The following
variables were assessed: (A) neutrophils in the alveolar space (none = 0, 1-5 cells = 1, > 5 cells = 2), (B) neutrophils in
the interstitial space/septa (none = 0, 1-5 cells = 1, > 5 cells = 2), (C) hyaline membranes (none = 0, one membrane = 1,
> 1 membrane = 2), (D) proteinaceous debris in the air spaces (none = 0, one instance = 1, > 1 instance = 2), and (E)
alveolar septal thickening (< 2% mock thickness = 0, 2—4x mock thickness = 1, > 4x mock thickness = 2). To obtain the
lung injury score, the scores for A—E were then entered into the following formula, which contains multipliers that assign
different levels of importance for each phenotype associated with the disease state: score = [(20 x A) + (14 x B) + (7 x C)
+ (7 x D) + (2 x E)])/100. Then, the scores for the three fields of view per mouse were averaged to obtain the final score.”!

Immunofluorescence Staining

Lung tissue samples were fixed in 4% paraformaldehyde, dehydrated with 30% saccharose, embedded in optimal cutting
temperature (OCT) compound (Leica, Germany) and cut into 8-pum-thick frozen sections. The cells were fixed in 4%
paraformaldehyde. Then, the samples were permeabilized with 0.1% Triton X-100 in PBS. After being blocked with 5%
bovine serum albumin (BSA), the samples were incubated with primary antibodies (antibodies specific for mouse TNF-a,
IL-6, Ly6G, H3Cit, MPO, CD61 and annexin V) at 4°C overnight. Next, the sections were incubated with an Alexa
Fluor-conjugated secondary antibody (Invitrogen, Carlsbad, CA, USA) at room temperature for 1 hour. After being
washed, the cells were counterstained with 4°,6-diamidino-2-phenylindole (DAPI). Images of the samples were acquired
by confocal microscopy, and the images were evaluated with ImageJ software.

Immunohistochemical Staining

Paraffin-embedded lung tissue sections were deparaffinized and rehydrated. After antigen retrieval with citrate, endo-
genous peroxidase in the samples were blocked with 3% H,0, for 30 min at room temperature. The samples were then
blocked with 5% BSA for 30 min and incubated with a primary antibody specific for Ly6G at 4°C overnight. Then, the
sections were incubated with the corresponding biotinylated secondary antibody (Santa Cruz Biotechnology) for 1 hour
at room temperature and with the avidin-biotin-peroxidase complex (ABC Elite Kit, PK-6200, Vector Labs) for an
additional 30 min. After the sections were incubated with diaminobenzidine solution (DAB, SK-4100, Vector Labs), they
were counterstained with hematoxylin. All tissues were observed and images were recorded with a light microscope (Carl
Zeiss, Oberkochen, Germany).

Enzyme-Linked Immunosorbent Assay (ELISA)

The serum of the mice was collected after the blood was centrifuged at 1000 X g for 15 min and stored at —80°C. The
cytokine interleukin (IL)-10 in the serum was measured by ELISA (Maisha Industries Limited Company, Yancheng,
China) according to the manufacturer’s instructions.

Flow Cytometry
Lung tissue cells were collected via enzymatic digestion. Briefly, lung tissue was minced and digested with 3 mg/mL
collagenase type I and 4 mg/mL dispase II for 1 hour at 37°C. Then, the dissociated cell suspension was filtered through
a 70 mm cell strainer. Red blood cells were lysed using red blood cell lysis buffer. The harvested cells were washed with
ice-cold PBS.

To investigate the infiltration of neutrophils into the lungs, lung tissue cells were collected, stained with Ly6G-PE and
CD11b-APC/Cyanine7 antibodies for 20 min, and subjected to flow cytometry analysis.

To investigate neutrophil NETosis, the cells were fixed and permeabilized for 30 min, incubated with a primary
antibody against H3Cit for 1 hour, incubated with an Alexa Fluor 488-conjugated secondary antibody for 30 min,
incubated with a Ly6G-PE antibody for 20 min, and then subjected to flow cytometry analysis.

Assessment of Platelet Activation
Blood samples were collected in sodium citrate anticoagulant tubes and centrifuged at 300 x g for 10 min. The
supernatant was collected and centrifuged at 3000 x g for 15 min. The platelets were in the precipitate. To evaluate
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platelet activation in vivo, platelets from mice in different groups were collected, stained with CD61-PE and CD62P-
APC antibodies at 37°C for 30 min and then evaluated by flow cytometry analysis.

To evaluate platelet activation in vitro, platelets were collected and adjusted to 300000platelets/uL with platelet-poor
plasma from the same mouse. In the activated groups, the platelets were treated with ADP or collagen for 5 min, while
the platelets in the apoV-treated groups were treated with ADP/collagen and apoVs for 5 min. CD73 inhibitor-treated
apoVs were pretreated with AMP-CP for 15 min. Then, the platelets were collected, stained with CD61-PE and CD62P-
APC antibodies and subjected to flow cytometry analysis.

Platelet aggregations were tested using a PL-12 platelet function analyzer (SINNOWA Co., Nanjing, China). Platelet
aggregations were tested by automatically and sequentially counting platelet numbers in the citrated whole blood sample
before and after adding agonists at fixed time intervals. According to the instructions, blood sample was transferred to
a polycarbonate tube for detection. The platelet count was detected and automatically set as the baseline. Then, agonists
or agonists and apoVs were added to the blood samples from the experimental groups. Blood samples from one mouse
were divided into three groups (control, agonists and agonists + apoVs) or five groups (control, agonists, agonists +
apoVs, agonistst CD73%P-apoVs and agonists + inhibitor + apoVs). After the test, a PL-12 platelet function analyzer
reported a series of parameters for the samples, including the maximum aggregation ratio (MAR%) and average

aggregation ratio (AAR%) of platelets.’**"

Isolation of Neutrophils

Neutrophils were isolated from the bone marrow of C57BL/6 mice using a mouse bone marrow neutrophil isolation kit.
In brief, bone marrow was flushed out from the tibias and femurs using RPMI 1640 medium supplemented with 10%
FBS, followed by preparation of a single-cell suspension at a density of 2x10%-1x10° cells/mL. Neutrophils were
subsequently purified from the single-cell suspension following to the manufacturer’s instructions. The isolated neu-
trophils were cultured in RPMI 1640 medium supplemented with 10% FBS, 100 U/mL penicillin, 100 mg/mL
streptomycin and 2 mm L-glutamine.

For NETosis induction experiments, neutrophils were stimulated with platelets for 4 hours.

Assessment of Neutrophil NETosis

A co-culture system of platelets and neutrophils was established to investigate the effect of activated platelets on
NETosis. Platelets were pretreated based on designated experimental groups and subsequently co-cultured with neu-
trophils for 4 hours. Following co-culture, the level of NETosis was evaluated. The methods for platelet pretreatment
were consistent with those described in the “Assessment of Platelet Activation” section. The experimental groups were as
follows: control, ADP-treated platelets, ADP+apoV-treated platelets, ADP+CD73%" -apoV-treated platelets, and ADP
+inhibitor+apoV-treated platelets.

|dentification of Key Effector Proteins on apoVs

We utilized the “clusterProfiler” package in R software to convert UniProt IDs originating from proteomic analysis of apoVs
from BMMSCs into NCBI Gene Symbols. Then, we downloaded the ‘GOBP_ADENOSINE METABOLIC PROCESS’
gene set from the Molecular Signatures Database (MSigDB). Venn diagrams were subsequently generated to identify the

consensus adenosine metabolic enzymes within the apoVs.

Transfection of Small Interfering RNA into BMMSCs

For CD73 knockdown, BMMSCs were transfected with siRNA-CD73 (siCD73, RiboBio, Guangzhou, China) or siRNA-
negative control (siControl) using Lipofectamine RNAIMAX transfection reagent (Thermo Fisher Scientific, Waltham,
MA, USA) following the manufacturer’s instructions. Transfection efficiency was evaluated by RT—-qPCR, flow cyto-
metry and Western blotting.
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Quantitative Real-Time Polymerase Chain Reaction

The transfection efficiency of siCD73 was determined by RT—qPCR. Briefly, MSCs were harvested, and total RNA was
extracted using an RNA-Quick Purification Kit (ESscience, Shanghai, China). Subsequently, mRNA was reverse
transcribed into cDNA by Primescript II RTase (Takara, Otsu, Japan). RT—-qPCR was performed on a Light Cycler
System (LightCycler, Roche Diagnostics) with a TB Green Premix Ex Taq II kit (Takara, Otsu, Japan). Gene expression

AACT

was calculated via the 2~ method. The housekeeping gene GAPDH was used to normalize mRNA levels. The

primers used in this study are shown in Table S1 in the Supplementary Material.

Western Blotting

Cells or apoVs were harvested and lysed in RIPA buffer on ice for 30 min. Total protein concentrations were measured
with a Pierce BCA protein assay kit (Thermo Scientific, Waltham, MA, USA). Equal amounts of protein for each sample
were separated via sodium dodecyl sulfate—polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride
membranes. Subsequently, the membranes were blocked with 5% BSA for 1 hour at room temperature and incubated
overnight at 4°C with primary antibodies specific for Ly6G, MPO, H3Cit, caspase 3, c-caspase 3 and B-actin. The
membranes were incubated with horseradish peroxidase-conjugated secondary antibodies for 1 hour. The protein bands
were detected with an imaging system (Bio-Rad Laboratories, Hercules, CA, USA). The protein expression levels were
normalized to those of B-actin.

Statistical Analysis

GraphPad Prism 8 (GraphPad Software, USA) was used to perform statistical and generate graphs. According to the
homogeneity test of variance, comparisons among more than two groups were analyzed using one-way analysis of
variance (ANOVA) with Tukey’s post hoc test. All data are expressed as the mean + standard deviation (SD). P < 0.05
was considered to indicate statistical significance.

Results

Intratracheal Administration of MSC-Derived apoVs Attenuated Acute Lung Injury in
Mice with ALI

The human BMMSCs used in our study were identified by their colony formation ability, typical fibroblast-like
morphology, osteogenic and adipogenic differentiation capability, and expression of MSC surface markers (Figure

d13,14 and

S1A-E). ApoVs were isolated from MSCs using a sequential centrifugation process, as previously reporte
exhibited a double-membrane spherical structure when observed via transmission electron microscopy (TEM) (Figure
S1F). Nanoparticle tracking analysis revealed that the size of apoVs ranged from 50—250 nm (average size of 165 nm)
(Figure S1G). Immunofluorescence staining and flow cytometry analysis revealed that the apoVs were positive for the
apoV-specific marker phosphatidylserine (indicated by Annexin V staining) (Figure S1H and I). To further confirm the
purity of apoVs, Western blotting was performed, which revealed that apoVs expressed specific apoptosis-associated
markers, such as c-caspase 3 and calreticulin, as well as common EV markers, such as CD9 and Alix (Figure S1J). These
results were consistent with previous studies and verified the characteristics of apoVs.'*

To investigate the effects of apoVs on lung injury, mice with LPS-induced ALI were treated with MSC-derived apoVs
at 2 hours post-LPS injury (Figure 1A). Histological analysis revealed that the mice with ALI exhibited typical features
of ALIL such as diffuse alveolar damage, numerous infiltrating neutrophils, alveolar congestion, hemorrhage, and
interstitial edema (Figure 1B). We discovered that both systemic infusion and intratracheal administration of apoVs
significantly ameliorated lung injury, as evaluated by H&E staining and lung injury scoring (Figure 1B, and C and Figure
S2A and B). In addition, mice with ALI exhibited impaired lung alveolar-capillary membrane conductance, as indicated
by increased lung wet/dry ratios and total protein concentrations in the BALF (Figure 1D and E). However, systemic
infusion and intratracheal administration of apoVs rescued mice with ALI from lung alveolar-capillary membrane injury
(Figure 1D and E and Figure S2C and D). Subsequently, we used PKH26-labeled apoVs to show that a greater lung
distribution of apoVs was detected in the mice subjected to intratracheal administration than in the mice subjected to
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Figure | Intratracheal administration of BMMSC-derived apoVs attenuated lung injury in the ALl mouse model. (A) The schematic diagram shows the approach used for
treatment of the ALl mouse model with BMMSC-derived apoVs. (B) Representative H&E staining of lung samples. Compared with ALl induction, apoV treatment significantly
alleviated lung injury in mice. Bar = 100 um. (C) The lung injury scores were lower in the mice that received apoV treatment than in the mice with ALI (n=9). (D) The lung wet/
dry ratios showed that apoV treatment attenuated LPS-induced lung edema (n=5). (E) Protein concentrations in BALF from different groups (n=5). (F) Representative micro-
CT images of the lung showing that apoV treatment rescued the ALI. (G) Serum IL-10 levels increased after apoV treatment (n=3). (H, I) Inmunofluorescence staining of lung
samples revealed significantly increased concentrations of TNF-a (H) and IL-6 (I) in mice with ALI (n=5). Bar = 20 um. ApoV treatment decreased the levels of these cytokines.
The lower panels show magnified images of the boxed areas in the upper panels (B, H, I). *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001.

systemic infusion at 24 hours post-administration (Figure S2E). In addition, intratracheal administration of apoV's is more
convenient and noninvasive, so we chose it as the optimal approach for apoV treatment in subsequent experiments.
Radiographic imaging, particularly computed tomography (CT) scanning, is essential for the diagnosis of ALI/
ARDS.** Our CT scans revealed that mice with ALI exhibited lobar consolidations and ground-glass opacities in the
lungs, whereas the images from normal mice were clear and lucent. ApoVs notably rescued the radiological appearance
of the lungs in mice with ALI (Figure 1F). ALI/ARDS is associated with the accumulation of proinflammatory cytokines

and decreased levels of anti-inflammatory cytokines,*>~°

and our findings showed that apoV treatment significantly
increased the serum level of the anti-inflammatory cytokine IL-10 (Figure 1G). Additionally, immunofluorescence
staining revealed strong accumulation of the proinflammatory cytokines TNF-a and IL-6 in the lung tissue of mice
with ALI (Figure 1H and I); this accumulation was significantly reduced after apoV treatment (Figure 1H and I). These

results demonstrate that apoV treatment can ameliorate lung injury in mice with ALI.

ApoVs Inhibited Neutrophil Infiltration and NETosis in the Lung Tissue of Mice with
ALl

The immune response is a critical element in the progression of ALI/ARDS. Specifically, neutrophils play a central role
in ALL'>'® Therefore, we evaluated the changes in neutrophils in the lung tissue of mice with ALIL The results revealed
a dramatic increase in the proportion of Ly6G'CD11b" neutrophils, whereas treatment with apoV reversed this increase
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in neutrophil abundance (Figure 2A). In addition, the protein expression of Ly6G was increased in the lung tissue of mice
with ALI and was suppressed by apoV treatment, as determined by Western blotting (Figure 2B). Immunohistochemical
staining and immunofiuorescence staining further demonstrated that the accumulation of Ly6G" neutrophils in the lung
tissue of mice with ALI was significantly reduced by apoV treatment (Figure 2C and D).

Morphological analysis of neutrophils by confocal microscopy revealed that most of the neutrophils in the lungs of
mice with ALI displayed ruptured nuclear envelopes with release of decondensed chromatin, suggesting the occurrence
of NETosis. ApoV treatment reversed this accumulation of NETotic neutrophils (Figure 2E). The results of Western
blotting and immunostaining analysis supported this finding, as the expression of the NETosis markers MPO and H3Cit
was increased in mice with ALI but subsequently decreased by apoV treatment (Figure 2F and G). Flow cytometry
further verified that the number of Ly6G and H3Cit double-positive NETotic neutrophils in lung tissues was increased in
mice with ALI but significantly reduced after apoV treatment (Figure 2H). Excessive NET formation can cause damage
to the host.'” These results indicated that apoV treatment may ameliorate lung injury in mice with ALI by repressing
neutrophil infiltration and NETosis.
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ApoVs Suppressed Platelet Activation, Neutrophil-Platelet Aggregate (NPA)
Formation and Platelet-Mediated NETosis

It has been previously established that platelet activation is a key factor in the adhesion of neutrophils to platelets, as they
lead to the formation of NPAs and subsequently increase neutrophil influx into the lung during ALI/ARDS.*”** In
addition, platelet activation promotes NETosis. To explore the potential of apoVs to suppress platelet activation and NPA
formation, we conducted immunofluorescence analysis of lung tissue. Our results showed that mice with ALI exhibited
an increased number of Ly6G and CD61 double-positive NPAs and CD61" platelets (Figure 3A). In contrast, apoV
treatment markedly decreased the number of NPAs and platelets. Additionally, apoV treatment reversed the decrease in
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the number of circulating platelets observed in mice with ALI (Figure 3B). This suggests that the formation of NPAs in
ALI may consume circulating platelets, and apoV treatment can suppress the formation of NPAs in lung tissues, thereby
decreasing the consumption of circulating platelets during ALIL.

CD62P has been reported to facilitate platelet activation and the subsequent adhesion of neutrophils to platelets.*”**
To assess the effect of apoVs on platelet activation in vivo, we employed flow cytometry analysis with CD62P and CD61
staining. Our findings revealed that apoV treatment significantly reduced the proportion of activated platelets in the blood
of mice with ALI (Figure 3C). As platelet activation is strongly linked to platelet aggregation,*' we further evaluated the
effect of apoVs on platelet aggregation in vitro. ADP or collagen was used to induce platelet aggregation (Figure 3D and
E). As expected, apoV treatment decreased the platelet aggregation induced by ADP or collagen (Figure 3D and E). Flow
cytometry analysis confirmed that the ADP- or collagen-induced increases in activated platelet ratios were markedly
inhibited by apoV treatment (Figure 3F and G). To examine the effect of activated platelets on NETosis, we established
an in vitro coculture system with platelets and neutrophils. The results showed that platelets activated by ADP could
trigger NETosis; however, when pretreated with apoVs and ADP, platelets displayed a reduced capacity to induce
NETosis, as determined by H3Cit staining of neutrophils via flow cytometry analysis (Figure 3H). Taken together, these
results suggest that apoVs may inhibit platelet activation during ALI, thereby suppressing neutrophil infiltration and
NETosis.

ApoV-Mediated Inhibition of Platelet Activation and Neutrophil NETosis is Dependent
on CD73

It has been reported previously that MSCs primarily inhibit platelet activation by regulating adenosine metabolism.**
Adenosine metabolites are crucial signaling molecules for platelet function. Adenosine triphosphate (ATP) and ADP
promote platelet activation, whereas adenosine inhibits platelet activation.*” Therefore, we analyzed all the proteins of
hBMMSC apoVs (proteomic analysis data were obtained from published research®®) and genes involved in adenosine
metabolism. The results revealed that 3 proteins in apoVs are involved in adenosine metabolic processes (Figure 4A),
among which CD73 exhibited the highest expression (Figure 4B). CD73 is an enzyme that catalyzes the conversion of
extracellular adenosine monophosphate (AMP) to adenosine. Previous research has shown that MSCs can inhibit platelet
activation through CD73-converted adenosine.>* Therefore, we detected CD73 expression on apoVs and found that
apoVs had higher CD73 protein expression than MSCs (Figure 4C). According to these results, we hypothesized that
apoVs might repress platelet activation and neutrophil NETosis through CD73. To test this hypothesis, CD73*”-MSCs
were generated and used to obtain CD73-knockdown apoVs (CD73%P-apoVs) (Figure 4D-G). We confirmed the effect of
CD73 on apoV-mediated inhibition of platelet activation by using CD73%”-apoVs and a CD73 inhibitor and found that
CD73%P-apoVs and apoVs pretreated with a CD73 inhibitor showed a diminished capacity to inhibit platelet activation
and aggregation (Figure 4H and I). Additionally, both CD73%P-apoVs and apoVs pretreated with a CD73 inhibitor
showed a comparatively reduced ability to inhibit activated platelet-induced NETosis in vitro, as indicated by flow
cytometry (Figure 4J). These results suggest that apoV-mediated suppression of platelet activation and NETosis is
dependent on CD73.

ApoVs Inhibited NETosis and Neutrophil Infiltration and Subsequently Attenuated
Lung Injury in Mice with ALI Through CD73

To better understand the role of CD73 in apoV-mediated inhibition of NETosis in vivo, we treated mice with ALI with
apoVs and CD73%P-apoVs. Our results revealed that compared with apoVs, CD73*-apoVs failed to reduce neutrophil
NETosis, as indicated by double-positive staining for Ly6G and H3Cit via flow cytometry (Figure 5A). Moreover, we
discovered that CD73%P-apoV's were unable to inhibit the accumulation of Ly6G™ neutrophils in the lung tissue of mice
with ALI, as determined by immunofluorescence staining and flow cytometry (Figure 5B and C).

Furthermore, we investigated whether CD73 is required for the apoV-mediated therapeutic effect on ALIL. Our results
showed that CD73%P-apoVs failed to rescue lung injury, as assessed by H&E staining and lung injury scores (Figure 6A
and B). CD73%P-apoVs displayed an impaired capacity to rescue lung alveolar-capillary membrane injury in mice with
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ALLI as assessed by the lung wet/dry ratio and total protein concentration in the BALF (Figure 6C and D). Subsequently,
we used immunofluorescence staining to confirm the role of CD73 in apoV-mediated anti-inflammatory effects in the
lungs of mice with ALI (Figure 6E and F). The results revealed that compared with apoVs, CD73%-apoVs had a reduced
capacity to inhibit the production of TNF-a and IL-6 in the lung tissue of mice with ALI. Collectively, our results suggest
that the therapeutic effect of apoVs on ALI is largely dependent on CD73.

102 https: International Journal of Nanomedicine 2025:20



Tan et al

Control

LPS+PBS

LPS+apoVs

LPS+CD73XP-apoVs

Q3-1 Q3-2
4 55.71%

NO

-1

3
10%

[o2]
o

N
o

NETosis neutrophils
in lung tissue (%)
'S
o

ek

3 o8

A

ek

N

Sk

L6 ————»

6’(
< xz'i’o \$ NG
0% 405

Q
%

B Control LPS+PBS

Sk ek dekk

-
o

/DAPI
Relative fluorescence intensity of Ly6G

Hededek

LPS+CD73XP-apoVs

ek

c Control

1088

(2]
o

108

102 101

0

Neutrophils in lung tissue (%)
ey
o

Figure 5 ApoVs inhibited NETosis and neutrophil infiltration in the lungs of mice with ALl through CD73. (A) NETosis neutrophil ratio in the lung tissue (n=3).
(B) Immunofluorescence staining of neutrophils in lung tissue samples (n=5). Bar = 20 um. The lower panels show magnified images of the boxed areas in the
upper panels. (C) Flow cytometry analysis of neutrophil numbers in the lung tissue (n=3). ***P < 0.001, ****P < 0.0001; ns, not significant.

Discussion
MSCs have been shown to attenuate ALI through anti-inflammatory, immunomodulatory, and tissue repair effects.

However, MSC therapy still faces various challenges, such as safety, scalability, consistency, regulatory issues, and
limited cell resources.*” As an alternative treatment, cell-free therapeutics such as exosomes derived from MSCs have

44-48

been proposed to reduce inflammation, promote the restoration of leaky epithelial membranes, and reduce sequelae of the
cytokine storm.”*>? Nevertheless, the low yield of exosomes results in a high cost of production, which also limits their
application. Most studies report that an effective dose of exosomes ranges from 10-100 pg of exosomal protein per
mouse, but less than 1 ug of protein can typically be extracted from 1 mL of culture medium, making large-scale
production expensive.” In contrast, apoVs offer a simpler and more cost-effective alternative, with higher yields that
facilitate large-scale production and application. ApoVs have been demonstrated to have therapeutic effects in a variety
of contexts, including osteopenia, multiple myeloma, wound healing and sepsis.'**'*3**5 Our study found that MSC-
derived apoVs may be a viable therapy for ALI/ARDS. Furthermore, intratracheal administration allows apoVs to enter
the inflammatory site directly, thus improving administration efficiency and providing a more convenient and noninva-
sive option for clinical application.

Neutrophils are essential for inflammation in ALI/ARDS,® and severe cases of ALI/ARDS are always accompanied
by increased neutrophil infiltration and NETosis.>'®*” Transmigrated neutrophils release granule proteins, such as
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(n=3). (E, F) Inmunofluorescence staining of lung samples revealed that CD73 “P-apoVs failed to suppress the high concentrations of TNF-o (E) and IL-6 (F) observed in mice with

ALI (n=5). Bar = 20 pum. The lower panels show magnified images of the boxed areas in the upper panels (A, E, F). *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001, ns, not
significant.

elastases, matrix metalloproteinases, and cationic polypeptides, which further exacerbate ALI/ARDS.>® NETosis can also
aggravate ALI/ARDS.?® Therefore, neutrophil depletion or inhibition of neutrophil NETosis may be beneficial for
reducing inflammation in ALI/ARDS.>>®® Our previous study revealed that apoVs can switch from neutrophil
NETosis to apoptosis, thereby attenuating sepsis.”” In this study, we further revealed that apoVs not only suppress
NETosis in neutrophils but also impede the chemotaxis of neutrophils into the lungs, thus alleviating inflammatory injury
in mice with ALI. Our results demonstrate the multiple regulatory effects of apoV on neutrophils, providing a potential
therapeutic approach for ALI/ARDS.

During ALI/ARDS, platelets are activated and interact with neutrophils to form NPAs,> which can facilitate
neutrophil-endothelial interactions at sites of inflammation, resulting in the recruitment of neutrophils to the lung.®'
Furthermore, activated platelets have also been shown to stimulate NETosis in ALL®* The activation of platelets is
initiated by interactions with collagen or platelet agonists (such as ADP) that engage G protein-coupled receptors. This
leads to the release of large amounts of ADP, which in turn enhances coagulation and can be converted to AMP by
platelet CD39 activity.® Our study showed that apoVs inhibit platelet activation and that the subsequent infiltration and
NETosis of neutrophils depend on CD73. CD73 catalyzes the conversion of AMP to adenosine, which activates A2A
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receptors (A2AR) and other P1 receptors, increasing cAMP levels and phosphorylating vasodilator-stimulated phospho-
protein (VASP). This signaling pathway halts the activation cascade and reduces excessive platelet reactivity.>* This may
be the underlying mechanism by which apoVs inhibit platelet activation. Our findings indicate that the therapeutic effects
of apoVs on ALI/ARDS also depend on CD73. It is noteworthy that CD73 plays a critical role not only in regulating
platelet activity but also in modulating various immune cells. Studies have shown that CD73 inhibits neutrophil
activation, promotes macrophage polarization towards the M2 phenotype, suppresses T cell activity, enhances regulatory
T cell (Treg) differentiation, induces the expression of immunosuppressive receptors on dendritic cells, and reduces the
cytotoxicity of natural killer cells.**®® This study primarily examines the regulatory effects of apoVs on platelets and
neutrophils via CD73. However, further research is warranted to determine whether apoVs also influence other immune
cells within the ALI inflammatory microenvironment.

Conclusion

Our findings suggest that apoVs can attenuate lung injury in ALI by suppressing platelet activation and, as a result,
suppressing neutrophil infiltration and NETosis. The modulation of platelet activation is mediated by CD73. This study
highlighted the therapeutic potential of apoVs for ALI/ARDS and revealed the multiple regulatory effects of apoVs on
neutrophils, providing a new perspective for the treatment of ALI/ARDS.
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