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Introduction: Pulmonary microvascular endothelial cells (PMVECs) are notably implicated in the pathogenesis of sepsis-induced
lung injury. Exosomes derived from PMVECs facilitate intercellular communication among various cell types, especially crosstalk
with macrophages. Heme oxygenase-1 (HO-1), an early stress-responsive enzyme with inherent protective functions, has been
implicated in acute lung injury (ALI) mitigation. But research on the mechanism of HO-1 in macrophage polarization via PMVEC
exosomes in sepsis-induced lung injury is lacking.

Methods: To investigate the role of HO-1 in the interaction between endothelial cells and macrophages, HO-1 knockout mouse model
were established. Exosomes from PMVECs were isolated, and differential expression of microRNA (miRNA) was determined by
sequencing. An in vitro co-culture system involving Murine Alveolar Macrophage Cell Line (MH-S cells) and HO-1/ PMVECs-
derived exosomes (HP-exos) was used to investigate the underlying mechanisms. To further verify the involvement of HO-1 in
intercellular communication through exosomal miRNA in vivo, the level of pulmonary inflammation was evaluated, and the
polarization of pulmonary macrophages was analyzed.

Results: The results showed that miR-184-3p was significantly downregulated in HP-exos, and supplementation of miR-184-3p
enhanced the polarization of M1 macrophages, thus intensifying lung inflammation. HO-1 regulates the polarization of macrophages
by regulating endothelial exosomes. Overexpression of HO-1 downregulates miR-184-3p, which negatively regulates Semaphorin 7A
(Sema7a), which attenuated M1 type macrophages (M1) polarization and augmented M2 type macrophages (M2) polarization, thereby
partially mitigating lung injury and inflammation.

Conclusion: Collectively, we elucidated a novel potential therapeutic mechanism that HO-1 alleviate inflammation by modulating the
M1/M2 ratio in sepsis-induced ALI by regulating miR-184-3p/Sema7a expression.
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Introduction

Sepsis-associated acute lung injury (ALI) represents a prevalent and severe clinical syndrome characterized by a complex
and incompletely understood pathogenesis, with mortality rates reaching up to 40%.' The polarization of alveolar
macrophages between M1 (classical) and M2 (alternative) plays a crucial role in the pathogenesis of ALI>
Imbalanced polarization can trigger excessive inflammation, which strongly influences the development of sepsis-
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Graphical Abstract
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related organ damage and substantially affects clinical outcomes.® Cytokines released by these macrophages significantly
impact the initiation and progression of sepsis-induced ALL*

Pulmonary microvascular endothelial cells (PMVECs) constitute a uniform, continuous layer of thin endothelial cells,
acting as a semi-permeable membrane, facilitating nutrient transport, regulating vascular permeability, and preserving
microenvironmental equilibrium.” Recent studies have highlighted the additional immunoregulatory functions of
PMVECs, including recruiting immune cells and participating in antigen presentation.® Particularly vulnerable to
inflammatory damage during immune responses, the lungs, along with vascular endothelial cells in critical organs, are
primary targets for inflammatory mediators.’ In the physiological and pathological contexts of the lung, there is
a sophisticated crosstalk between PMVECs and macrophages. Endothelial cells secrete bioactive substances that
influence macrophage function and activity, while macrophages reciprocally modulate endothelial cell activities through
phagocytosis, antigen presentation, and immune regulation.'®'" This bidirectional interaction is crucial for maintaining
normal lung function, defending against pathogen invasion, and lung diseases progression.'? Our study is dedicated to
elucidating the molecular mechanisms driving the interactions from the standpoint of macrophage polarization, as well as
understanding how these dynamics are altered in acute lung injury, potentially offering novel preventative and therapeutic
approaches for lung damage.

Exosomes are diminutive vesicles released by all cell types and are ubiquitously present in various bodily fluids.'?
They traverse to distant organs via blood and fluids, carrying diverse bioactive molecules from their cells to facilitate
complex intercellular communication and play crucial roles in maintaining tissue function, regulating homeostasis, and
modulating immune activities.'*'® A distinctive feature of exosomes, setting them apart from other biological vesicles, is
their rich content of nucleic acids, including miRNAs.!” MiRNAs represent a novel class of short, endogenous non-
coding RNAs that function as post-transcriptional regulators of gene expression, influencing numerous cellular signaling
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pathways, serving as significant mediators of intercellular communication and influencing the pathogenesis of
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various diseases.”’ However, the specific regulatory mechanisms and functions of exosomal miRNAs are still poorly
understood, with limited studies focusing on their role in regulating the polarization of alveolar macrophages.

Heme oxygenase-1 (HO-1), an enzyme activated in response to stress, exerts an indispensable role in signaling and
cytoprotective functions across a range of organs and tissues.?'? It has been documented to possess anti-inflammatory
and antioxidant properties, facilitating the restoration of homeostasis following the onset of numerous pathological
conditions.”** Our prior research demonstrated that HO-1-derived carbon monoxide protects against sepsis-induced
ALL?*?7 and HO-1 can inhibit TXNIP/NLRP3 to affect macrophage polarization.”® To further explore the interaction
between endothelial cells and macrophages, considering the important role of exosomes in cell crosstalk, our research
focuses on exosomes enriched with miRNAs to investigate how HO-1 protects and regulates the state and function of
alveolar macrophages. These findings provide novel insights into the potential therapeutic applications of HO-1 and their
intrinsic protective mechanisms in cases of lung injury.

Materials and Methods

Animals

In accordance with laboratory animal regulations, the Animal Care and Use Committee of Tianjin Nankai Hospital
approved this study (Approval No. NKYY-DWLL-2022-031). Six-to-eight-week-old male C57BL/6] wild-type mice
weighing 20-22 g were purchased from SPF (Beijing) Biotechnology Co., Ltd. HO-1 conditional knockout (HO-17")
mice on a C57BL/6J background (HO-1"VCAG_CrePRT2) were provided by Beijing Biocytogen Co., Ltd. HO-1 expres-
sion was induced by intraperitoneal injections of tamoxifen (10 mg/mL, Sigma-Aldrich) once daily for five consecutive
days, followed by a one-week waiting period. All mice were maintained under controlled conditions at a temperature of
23 + 2 °C, a 12-hour light/dark cycle, and with ad libitum access to water and food.

Lung Histological Analysis

The lung tissue was processed following standard histological procedures, including fixation, dehydration, embedding,
and sectioning into 4 um slices, followed by hematoxylin and eosin (H&E) staining. The sections were analyzed using
a microscope (Leica, Germany). Assessment of ALI involved evaluating inflammatory cell infiltration, interstitial
expansion, edema, and hemorrhage. Lung injury severity was graded on a scale from 0 to 4 as follows: none (0), mild
(14), moderate (2+), severe (3+), and extremely severe (4+), using a semiquantitative scoring system. Two pathologists
who were blinded to the experimental protocol, independently assigned scores for each variable.

Lung W/D Ratio

The wet-to-dry weight ratio (W/D) was used to quantify the severity of pulmonary edema.?” Initially, the wet weight (W)
was measured, followed by determining the dry weight (D) after drying the tissue for 48 h at 65 °C.

Cell Culture and Treatments

MH-S cells, a mouse alveolar macrophage line (Procell, CL-0597, Wuhan, China), were cultured in Dulbecco’s Modified
Eagle Medium supplemented with 10% FBS and 1% penicillin—streptomycin (Gibco, 15,140-122) at 37 °C in a 5% CO,
humidified environment. The cells were seeded in 96-or 6-well plates for subsequent experiments and allowed to grow
until they reached 80-90% confluence. PMVECs (Procell, CP-M001, Wuhan, China) underwent identical cell handling
procedures.

Exosome Isolation and Characterization

Exosomes were isolated from the supernatants of PMVECs cultured for 24-48h serum-free DMEM. The isolation
procedure involved initial centrifugation of the PMVEC supernatants at 2,000xg for 30 min, followed by centrifugation
at 10,000xg for 45 min to remove dead cells and cellular debris. Subsequently, the cell-free supernatant was further
centrifuged at 100,000xg using a Beckman Coulter Optima ultracentrifuge (USA) for 1.5 h at 4 °C. The resulting

exosome pellets were resuspended in PBS and stored at —80 °C.>%!
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Exosomes suspended in PBS were applied onto 300-mesh copper grids and stained with 2% uranyl acetate.
Images were acquired using a JEM-1010 electron microscope (JEOL, Tokyo, Japan) operating at an acceleration
voltage of 100 kV. For each sample, 30 pL of diluted exosomes were mixed with 20 pL of fluorescently labeled
antibodies (CD31, CD63, and CD81). The solution was mixed well and incubated in the dark at 37 °C for 30 min.
Then, 1 mL of precooled PBS was added and the sample was centrifuged at 4 °C and 110,000xg for 70 min twice.
The supernatant was discarded, and the pellet was resuspended in PBS. Once the sample was ready for detection, the
protein indicator results and the size and particle concentration were obtained using the Flow NanoAnalyzer
(NanoFCM, China).

Exosome Sorting Using CD3| Magnetic Beads

The remaining exosomes mentioned above were combined with CD31 microbeads at a volume ratio of 8:1,
thoroughly mixed, and incubated at 4 °C for 30 min. Subsequently, 1 mL of PBS was added for resuspension.
The resuspended exosome solution was loaded onto an LS column (Miltenyi Biotec, Germany) and washed with
PBS. To collect the CD31-labeled exosomes, the solution was immediately pushed into the centrifuge tube using
a plunger. The mixture was centrifuged at 100,000xg for 30 min at 4 °C. The supernatant was discarded, and the
beads were resuspended in PBS. To separate the beads from the exosomes, elution buffer (0.1 M glycine, pH 2.8)
was added, and after centrifugation at 10,000xg for 5 min, the supernatant containing the eluted exosomes was
collected.

Labeling of Exosomes

Exosomes were labeled with DIR dye (Umibio, China), which emits a red color, following the manufacturer’s instruc-
tions. Briefly, 1 uL of DIR dye was added to each milliliter of exosomes and incubated at 37 °C for 30 min. The labeled
exosomes were then centrifuged at 100,000xg for 20 min. Following centrifugation, the pellet containing the labeled
exosomes was diluted in PBS for subsequent experiments.>?

Cellular Uptake of Exosomes
Labeled PMVEC-derived exosomes (100 pg/mL) were co-cultured with MH-S cells. After incubation for 24 h, the cells
were fixed with 4% paraformaldehyde (PFA) for 30 min at 37 °C, washed thrice with PBS, and dyed the nucleus using
DAPI. Finally, cell imaging was performed using a confocal microscope (Olympus FV1000, Japan), and SlideViewer
software was utilized for image analysis.

In Vivo Atomized Inhalation of Exosomes
To investigate how macrophages phagocytize exosomes in lung tissue of mice, we used an aerosol inhalation device to
administer labeled exosomes (6 x 10'* particles per mouse) for inhalation. The control group received an equal volume

of PBS. Next, the fluorescence intensity of exosomes in the lungs was measured using an imaging technology (IVIS
SPECTRUM, USA).

HO-1 Conditional Knockout Mice and Cecal Ligation and Puncture (CLP)

HO-1 conditional knockout (HO-1"") mice on a C57BL/6J background were purchased from Beijing Biocytogen Co.,
Ltd. The CLP model was established following standard procedures.®> Mice were anesthetized using isoflurane and
underwent sterilization. An abdominal incision of 1 cm was made along the midline. The cecum was carefully extracted,
ligated below the cecal valve, and punctured with an 18-gauge needle to induce sepsis. A small amount of cecal content
was expelled before returning the cecum to the peritoneal cavity, followed by closure of the abdominal incision using
sutures. All animals received subcutaneous fluid resuscitation with a saline solution (50 mL/kg) containing 0.2 mg/kg
buprenorphine (Buprenex). Sham-operated animals underwent identical surgical procedures but without cecal ligation or
puncture. After 24 h, animals were humanely euthanized with isoflurane, and lung tissues were collected for further
analysis.
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Cell Viability Assay

The viability of cells was assessed (5000 cells per tube) after injury and treatment using a Cell Counting Kit (CCK) from
TransGen Biotech, following the manufacturer’s instructions. MH-S cells were seeded at a density of 1 x 10* cells/mL in
a 96-well plate and cultured at 37 °C with 5% CO,. The cells were treated with different concentrations of
Lipopolysaccharide (0, 0.1, 0.5, 1, 5, or 10 pg/mL) for 12 h. Subsequently, 10% of the total volume of CCK solution
was added to each well and incubated for 4 h. After incubation, the absorbance was measured at 450 nm using
a microplate reader.

MiR-184-3p Mimic/Agomir Transfection
To investigate the interaction between miR-184-3p and its target gene, MH-S cells were transfected with miR-184-3p
mimics obtained from GenePharma (Shanghai, China; Table 1). The dry powder of the miR-184-3p mimic was dissolved
in DEPC water following the manufacturer’s instructions.>* Next, 5 uL of miR-184-3p mimics and an equal amount of
Lipofectamine™ RNAIMAX (Invitrogen, USA) were separately diluted in 150 pL of DMEM. The diluted miR-184-3p
mimics were then mixed with diluted Lipofectamine®™ RNAIMAX, incubated for 10 min, and added to six-well plates
containing DMEM medium supplemented with 10% FBS, incubating for 48 h.

Animals in the miR-184-3p or NC groups were administered with 15 nmol (~10 mg/kg of 20 g) mmu-miR-184-3p
agomir (GenePharma, China), or 15 nmol NC agomir, respectively.*>*® Subsequently, bronchoalveolar lavage fluid
(BALF) and lung tissues were collected for further analysis.

Lentiviral and miRNA Transfection

To induce HO-1 overexpression in PMVECs, cells were initially seeded at a density of 5 x 10° cells/flask and cultured in
DMEM supplemented with 10% FBS and 1% antibiotics. Once the cells reached 40-50% confluence, they were ready for
viral infection. The Hmox1-Mus-OE virus (GenePharma, China) was diluted 1:50 with culture medium. Polybrene was
added to achieve a final concentration of 5 pg/mL. The original medium was aspirated from the flask, and the virus
dilution was added to the cells, then incubated at 37 °C for 24 h. After incubation, the virus-containing medium was
removed, and fresh medium was added to the cells, in a 37 °C incubator for further incubation.

Plasmids carrying Semaphorin 7A (Sema7a) and an empty control vector (GenePharma, China) were transfected into
cells using jetPRIME® transfection reagent (Polyplus-transfection S.A., Illkirch, France), following the manufacturer’s
instructions. To prepare the transfection mixture, 2 ug of DNA plasmid was combined with 5 pL. of miR-184-3p mimics
in 200 pL of jetPRIME® buffer. Then, 4 pL of jetPRIME® reagent was added to the solution, which was vortexed briefly
and centrifuged. The mixture was incubated at room temperature for 20 min. After incubation, the transfection mixture
was added dropwise to the 6-well plates containing serum-rich medium. The cells were then incubated in a standard
incubator for 24 to 48 h for further experimental procedures.

Flow Cytometry Analysis

Single-cell suspensions of lung tissue, Bronchoalveolar Lavage Fluid (BALF), and MH-S cells were prepared according
to previously established methods.>®*® Each cell suspension labeled with specific monoclonal antibodies: PE-F4/80
(catalog number 565410, BD, USA), FITC-CDI11b (catalog number 557396, BD, USA), APC-Cy7-CD45 (catalog
number 557659, BD, USA), PerCP-CD80 (catalog number 104722, Biolegend, USA), and APC-CD163 (catalog number

Table | Sequences of miR-184-3p Mimic/Agomir and NC Mimic/Agomir for Transfection

Gene Sequence, 5’-3’

S AS

miR-184-3p mimic/ agomir | UGGACGGAGAACUGAUAAGGGU | CCUUAUCAGUUCUCCGUCCAUU

NC mimic/ agomir UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT

International Journal of Nanomedicine 2025:20 hetps: 5043



Chen et al

155306, Biolegend, USA). Cell staining was performed in the dark for 20 min, followed by washing with PBS. The data
were obtained using a BD FACSVerse flow cytometer (BD, USA) and analyzed using FlowJo v10 software (BD, USA).

Quantitative Real-time PCR (RT-qPCR)

Around 24-48 h after transfection, total RNA was isolated from cultured cells and lung tissue using the TransZol Up Plus
RNA Kit (TransGEN, Beijing, China), following the manufacturer’s instructions. Subsequently, the concentration and
quality of RNA were assessed using a Nanodrop spectrophotometer (Thermo Scientific, Waltham, MA, USA).

For miRNA analysis, reverse transcription and RT-qPCR were performed using the Hairpin-it™™ miRNAs RT-qPCR
Quantitation Kit (GenePharma, Shanghai, China) with specific primers. Similarly, for mRNA analysis, reverse transcrip-
tion and RT-qPCR were performed using TransScript® One-Step gDNA Removal and ¢cDNA Synthesis SuperMix
(AT311, TransGEN, Beijing, China) and PerfectStart® Green qPCR SuperMix (AQ601, TransGEN, Beijing, China),
respectively. The relative expression levels of miRNA/mRNA were determined using the 2" method, where U6/
GAPDH served as internal controls for normalization (Table 2).

Western Blotting Analysis

Total protein was extracted using a total protein isolation kit (Solarbio, China), and its concentration was determined by the BCA
method (Solarbio, China). First, 10 ug of protein per well was loaded onto a 10% SDS-PAGE gel for electrophoresis and
subsequently transferred to polyvinylidene difluoride (PVDF) membranes (0.2 uM, Bio-Rad, USA). Next, the PVDF membrane
was blocked for 15 min at room temperature and incubated with primary antibodies (Table 3) at 4 °C overnight. After washing,
the membrane was treated with a secondary antibody (1:2000, sc-525409) for 1 h. Enhanced chemiluminescence (170-5070,
Bio-Rad, USA) was used to visualize the bands, and band intensity was quantified using the Image J software.

Table 2 Primer Sequences of miRNA and mRNAs Oligomers for RT-qPCR

Gene Primer Sequence,5’-3’

Forward Reverse
iNOS CATGCTACTGGAGGTGGGTG CATTGATCTCCGTGACAGCC
Argl CTGAGCTTTGATGTCGACGG TCCTCTGCTGTCTTCCCAAG
Sema7a ACACACCGTGCTTTTCCATGA CCTTTGTGGAGCCGATGTTC
Ralbpl CGTCCTGTTCTGTCCCAATCA GGCAGGAAGCACTCAGTCAT
Csflr CCTGCGATGTGTGAGCAATG CGGATAATGAACCCTCGCCA
Atnl AGTCTCCCTCGGATCTGGAC CGGCACAGAAGGATGAGGTT
Csfl TCCCATAAACCACATGCCCC CCCAGCCATGTCGAAGAAGG
HO-I CCTCACAGATGGCGTCACTT TGGGGGCCAGTATTGCATTT
GAPDH GGTTGTCTCCTGCGACTTCA TGGTCCAGGGTTTCTTACTCC
miR-184-3p | UGGACGGAGAACUGAUAAGGGU CCUUAUCAGUUCUCCGUCCAUU
miR-125b-5p | UUUUGCACCUGGAAUUCCAGCUU | AGGCUUUAGUCCCUGGUUUCAAUU
miR-203-5p | AGUGGUUCUUGACAGUUCAACA UUGAACUGUCAAGAACCACUUU
ué CAGCACATATACTAAAATTGGAACG | ACGAATTTGCGTGTCATCC

Table 3 List of the Primary Antibodies Used in This Study

Antibody | Catalogue number | Brand MW (kDa) | Application

F4/80 29,414-1-AP Proteintech | NA IF

iNOS ab 178945 abcam NA IF

Argl 16001-1-AP Proteintech | NA IF
(Continued)
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Table 3 (Continued).

Antibody | Catalogue number | Brand MW (kDa) | Application
B-actin ET1702-67-100 HUABIO 4?2 WB

HO-1 10,701-1-AP-100 Proteintech | 33 WB IF
Sema7a Ab23578 abcam 75 WB IF

Immunofluorescence (IF)

After the mice were euthanized, intact lung tissue was fixed in 4% PFA overnight. The tissue was then dehydrated using
a sucrose gradient, embedded, and sliced to the appropriate thickness using a —20 °C frozen slicer for subsequent
immunofluorescence staining. Antigen retrieval was performed in a pressure cooker using EDTA antigen repair buffer
(pH 9.0). Following natural cooling, the slides were washed three times in PBS (pH 7.4) by shaking and soaking.
A histochemical pen was used to draw a circular boundary around the tissue, and 1% BSA was added within the
boundary to ensure even coverage. The slides were sealed at room temperature for 1 h, primary antibodies (Table 3) were
added to the tissue sections, which were then incubated overnight at 4 °C in a wet box. Subsequently, the sections were
washed three times in PBS (pH 7.4) with shaking and soaking. Excess liquid was gently shaken off, and secondary
antibodies were added within the outlined area, covering the tissue while avoiding light exposure. The slides were
incubated at room temperature in the dark for 1 h. Finally, nuclei were counterstained with DAPI (1:1000, Beyotime,

China), and the slides were prepared for observation and sealing.

Enzyme-Linked Immunosorbent Assay (ELISA)

MH-S cells were treated and cultured according to established protocols. After cultivation, the culture medium was
collected and centrifuged at 300xg for 5 min at 4 °C. The resulting supernatants were carefully collected. The levels of
IL-1B and IL-10°""* released were quantified using ELISA kits (RX203063M, RX203075M, Ruixinbio, China),
following the manufacturer’s instructions. Similarly, the supernatant from mouse BALF was analyzed using ELISA
kits (MLBOOC, DY417-05, R&D Systems, USA).

Sequencing of Exosomal miRNAs

Total RNA was extracted and purified from the lungs of three groups (Ctrl, CLP, and HO-1""+CLP) collected 48 h after
CLP. The quality of the RNA was assessed before preparing small RNA sequencing libraries using the PE150 sequencing
protocol. Library quality was further evaluated with FastQC, and subsequent sequence processing involved trimming,
q20 filtering, and adaptor removal using fastp. To eliminate rRNA, tRNA, and other ncRNAs, sequences were aligned
against the Rfam database using Bowtie. Quantitative analysis of small RNAs was performed using miRDeep2, and
DESeq2 was used for differential expression analysis. Differentially expressed miRNAs were identified by performing
t-tests, with significance defined as [log2Foldchange[>1 and P<0.05. Pathway analysis was conducted using the Gene
Ontology (GO) database for functional annotation.

Prediction and Ildentification of mMiRNA—mMRNA Targeting Relationships

Databases Starbase 3.0 and DisGeNET were jointly used to predict the target genes of miR-184-3p. To validate these
predictions, dual-luciferase reporter assays were used. The 3’-UTR sequences of Sema7a, containing both the predicted
miR-184-3p binding sites and their corresponding mutants, were cloned into a plasmid vector and transfected into
HEK?293 cells. Along with these constructs, a Renilla luciferase vector was co-transfected to normalize transfection
efficiency. Luciferase activity was measured in relative light units, where the activity of Photinus pyralis firefly luciferase

was normalized to that of the Renilla luciferase vector.>*
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Statistical Analysis

In this study, all outcomes are presented as the mean + SD of at least three independent experiments, with the sample size
of each experiment detailed in the accompanying figure legends. The statistical analyses were conducted utilizing
GraphPad Prism 8 software, including normality assessments for all datasets. For normally distributed data, one-way
ANOVA was employed to compare multiple groups, and unpaired Student’s #-test (two-tailed) for comparing two groups.
If the data did not follow a normal distribution, the Mann—Whitney rank-sum test was applied. Survival rates were
depicted using Kaplan-Meier curves, and comparisons of survival curves were performed with a log-rank (Mantel-Cox)
test. Statistical significance was considered at a P value <0.05.

Results

Exosome Extraction, Identification and Phagocytosis by Macrophages
Exosomes were successfully isolated from mouse lung tissue using the described method (Figure 1A and B), and CD31
magnetic beads were used to isolate endothelial exosomes (Figure 1C). The morphological integrity and particle size of
exosomes were confirmed by transmission electron microscopy (TEM) and nanoparticle tracking analysis (NTA) before and
after sorting (Figure 1D, Table S1). The results showed that although the particle size of exosomes decreased after sorting,
their morphology remained intact. These data indicate that the exosomes have been successfully extracted and identified.
DIR-labeled exosomes (100 pg/mL) were co-cultured with MH-S macrophages for 24 h, and then observed under
a confocal microscope (Figure 1E and F). Additionally, a custom-built nebulizer was designed for aerosolizing exosomes
(Figure 1G, Figure S1). After depilation, lung fluorescence intensity was assessed in prone mice. Per mouse, 6x10'°
exosome particles were selected for inhalation.>®*! Following euthanasia, vital organs such as the heart, liver, lungs, and
kidneys were harvested to measure fluorescence intensities (Figure 1H). The analysis indicated that lung fluorescence
intensities were significantly higher in the exosome inhalation group, indicating effective lung delivery. Furthermore,
Immunofluorescence staining of lung tissue sections showed an increase in DIR fluorescence intensity in the CLP
+PMVEC-exo group, suggesting efficient alveolar macrophage phagocytosis of exosomes (Figure 1I). The aforemen-
tioned results demonstrate that macrophages can capture exosomes both in vivo and in vitro.

MiR-184-3p Promotes the M| Phenotype and Inhibits the M2 Phenotype in
Macrophages

To investigate the miRNAs involved in sepsis-induced lung injury, microarray assays were performed on PMVEC-exo
(Figure S2A). A heat map analysis and clustering (Figure S2B-C) highlighted differences between the control and CLP
groups, identifying differentially expressed genes (DEGs) (Figure 2A) and the top 10 genes as shown in Table S2.
Validation focused on the top three differentially expressed miRNAs, confirming that miR-184-3p had the most
significant down-regulation in CLP group (Figure S2D-G). Gene Ontology (GO) analysis revealed enrichment in 16
biological processes, including inflammation-related pathways (Figure 2B). Lipopolysaccharide (LPS)-treated endothelial
exosomes were analyzed by TEM, NTA (Figure S2H-I). The exosome isolation and characterization procedures were
performed in accordance with MISEV2023 guidelines,” and then NanoFCM was used to validate exosome markers
(CD63 and CD81) due to its high sensitivity and minimal sample requirements (Figure 2C), with RT-qPCR assays
indicating significant downregulation of miR-184-3p (Figure 2D).

To induce macrophage polarization towards M1 (classically activated) or M2 (alternatively activated/anti-
inflammatory) phenotypes, various stimulatory agents such as IL-4 (20 ng/mL)*** for M2 and LPS for M1 were
utilized. MH-S cells were pretreated with LPS at different concentrations (0, 0.1, 0.5, 1.0, 5, or 10 pug/mL) for 12 h,
revealing reduced survival at 5 and 10ug/mL and a concentration-dependent increase in iNOS (Inducible Nitric Oxide
Synthase) expression at Spg/mL (Figure S3A-B), which was chosen for further studies.

To evaluate the role of exosomes from LPS-stimulated PMVEC in macrophage polarization, treating endothelial cells
were treated with LPS (10 pg/mL)**** for 24h. Exosomes were isolated and co-cultured with MH-S cells, which showed
decreased miRNA-184-3p levels (Figure 2E). Flow cytometry demonstrated an increase in the anti-inflammatory M2
phenotype (CD163+) in the LPS-treated group (Figure 2F), with RT-qPCR confirming elevated Argl (Arginase 1) and
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Figure | Exosome extraction, identification and phagocytosis by macrophages (A) Extraction of exosomes from lung tissue. (B) Schematic of the sorting process for
PMVEC-derived exosomes. (C) Flow cytometric analysis for the isolation of CD3 |+ exosomes (n=6). (D) Characterization of exosomes isolated from lung tissue/PMVEC
via TEM (scale bar=100 nm) and NTA. (E) Experimental schematic for macrophage capture of PMVEC-derived exosomes. (F) Observation of exosome phagocytosis by
macrophages using confocal microscopy (scale bar=30 pm, n=3). (G) Schematic of the custom-built mouse nebulizer. (H) Utilization of small animal imaging technology
demonstrated increased fluorescent intensity. (I) Immunofluorescence staining displaying F4/80 (green), DIR (red), and DAPI (blue) with a scale bar of 100 um. Data are

presented as meantSD and statistically analyzed using Student’s t-test. **P<0.001.

reduced iNOS expression. ELISA was performed to quantify the levels of the cytokines IL-1p and IL-10, which are

required for driving macrophage polarization.*® The results revealed decreased IL-1B and increased IL-10 in the LPS-

stimulated group (Figure 2G). These findings indicate that exosomes from LPS-stimulated-PMVECs modulate macro-

phage polarization and may alleviate cellular inflammation.

To elucidate the effect of miR-184-3p, MH-S cells were transfected with the miR-184-3p mimic (Figure 2H),
resulting in an increase in CD80+ macrophages and a decrease in CD163+ macrophages (Figure 21I), along with elevated
iNOS and IL-1B expression, reduced Argl and IL-10 levels (Figure 2J). These findings suggest that miR-184-3p
promotes M1 polarization and suppresses the M2 phenotype, potentially intensifying inflammatory responses.
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Figure 2 Effects of miR-184-3p overexpression on macrophage MI/M2 polarization (A) Volcano plot illustrating differentially expressed genes (n=3). (B) GO analysis of
pathways enriched by miR-184-3p target genes. (C) Nano-flow cytometric detection of exosomal markers CD63 and CD8I. (D) Quantitative analysis of miR-184-3p
expression levels (n=6). (E) Macrophages were co-cultured with PMVEC-derived exosomes treated with LPS or PBS for 24 h to assess changes in miR-184-3p expression
levels (n=6). (F) Co-culture with PMVEC-derived exosomes treated with LPS or PBS, the counts of M| (CD80+) and M2 (CD163+) macrophages was quantified using flow
cytometry. (G) RT-qPCR was utilized to measure the expression of iINOS and Argl (n=6). ELISA assays quantified the levels of IL-I1f and IL-10 in the culture supernatant
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MiR-184-3p Downregulates Sema7a to Promote M| and Inhibit M2 Polarization in

Macrophages

Using Starbase 3.0 and DisGeNET, target genes (Ralbpl, Csf1R, Atnl, Sema7a, and Csfl) for miR-184-3p were obtained
(Figure 3A and B) and then experimentally validated. In MH-S cells, transfection with a miR-184-3p mimic significantly
reduced Sema7a mRNA levels (Figure 3C). Gene prediction tools identified binding sites for miR-184-3p on Sema7a
(Figure 3D). Dual-luciferase reporter assays further confirmed that miR-184-3p significantly suppressed the luciferase
activity of the Sema7a 3’-UTR WT construct (Figure 3E). Western blotting analysis of MH-S cells corroborated these
findings (Figure 3F and G). In Figure 3H, green and red fluorescence signals represent macrophages (F4/80) and Sema7a,
respectively. The colocalization of these signals indicates their spatial proximity and interaction. The fluorescence
intensity trend analysis demonstrates that miR-184-3p reduces Sema7a expression, as shown by the lower red fluores-
cence intensity compared to the green signal. Additionally, after pooling BALF, alveolar macrophages were isolated via
flow cytometry (Figure S4). The levels of Sema7a mRNA from BALF alveolar macrophages were lower in the miR-184-
3p agomir group (Figure 3I).

The study investigated the influence of Sema7a, a target gene of miR-184-3p, on macrophage polarization and
inflammatory responses. Initially, macrophages with Sema7a overexpression were constructed (Figure 3J and K).
Transfection with the miR-184-3p mimic increased the counts of M1 polarization (CD80+), but this effect was countered
by simultaneous transfection with a Sema7a overexpression vector (Figure 3L). Moreover, co-transfection reduced the
expression levels of iNOS and IL-1 while increasing the levels of Argl and IL-10 (Figure 3M), demonstrating that miR-
184-3p negatively regulates Sema7a. As a result, it can be concluded that miR-184-3p downregulates Sema7a, promotes
M1 polarization of macrophages and inhibits M2 polarization.
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Figure 3 MiR-184-3p negatively regulates Sema7a to promote M| and inhibit M2 polarization of macrophages. (A-B) Predictive analysis using starBase 3.0 identified 261
candidate genes potentially targeted by miR-184-3p. Intersection with 198 inflammation-related from DisGeNET yielded five candidate genes. (C) RT-qPCR analysis of these
five candidate genes was performed in MH-S cells transfected with either miR-184-3p mimic or NC mimic (n=6). (D-E) Co-transfection of miR-184-3p and PmirGLO-
sema7a-WT/MUT reporter plasmids into 293T cells revealed significant differences in the expression levels of the sema7a-WT wild-type luciferase reporter gene compared
to the NC group (n=3). (F-G) Western blot analysis and protein quantification were employed to assess Sema7a levels. (H) Immunofluorescence staining was used to
visualize F4/80 (green), Sema7a (red), and DAPI (blue) across various groups (scale bar=100 pm, n=3). (I) RT-qPCR was conducted to measure Sema7a expression (n=6).
(J-K) Western blot analysis were conducted to assess Sema7a levels. (L) Counts of CD80+ and CD 163+ macrophages were determined via flow cytometry. (M) mRNA
levels of iNOS and Arg-1 (n=6), ELISA quantified the secretion levels of IL-1f and IL-10 in the supernatants (n=6). Data are presented as mean+SD and analyzed using
Student’s t-test and one-way ANOVA. *P<0.05, **P<0.01.

Overexpression of HO-| Regulates Macrophage Polarization by Downregulating
miR-184-3p

In previous studies, we observed increase an HO-1 expression in the lungs during LPS-induced ALI, indicating its role in
endogenous pulmonary protection.””*”*® After confirming the successful construction of HO-1 knockout mice (Figure S5A),
exosomes from lung endothelial cells of CLP and HO-1""+CLP mice were sequenced for miRNA. A volcano plot analysis

“"+CLP group (Figure 4A) and the top 10 genes were shown in

revealed a significant upregulation of miR-184-3p in HO-1
Table S2. To further investigate the role of HO-1 in the progression of ALI, HO-1 was overexpressed in endothelial cells, as
determined by immunofluorescence (Figure 4B), mRNA (Figure 4C) and protein levels (Figure 4D and E).

To research the regulatory relationship between HO-1 and miR-184-3p, exosomes from HO-1/PMVEC or NC/

PMVEC were analyzed. The expression levels of miR-184-3p did not differ between the NC-PMVEC and PMVEC
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Figure 4 Regulation of Macrophage Polarization by HO- |-Modified PMVECs via Downregulation of miR-184-3p. (A) Volcano plot illustrating differentially expressed genes
(n=3). (B) Immunofluorescence labeling for HO-I. (C) mRNA expression levels of HO-1 (n=6). (D-E) Western blot analysis and protein quantification for HO-1. (F)
Expression levels of miR-184-3p (n=6). (G-H) Western blot analysis and protein quantification for Sema7a. (I-J) Proportions of F4/80+ CD80+ and F4/80+ CDI163+
macrophages assessed via flow cytometry (n=3). Expression levels of iINOS and Arg-1 (n=6), ELISA quantification of IL-1f3 and IL-10 secretion levels in supernatants (n=>5).
Data are presented as mean+SD and analyzed using Student’s t-test. *P<0.05, **P<0.01, ***P<0.001, ***P<0.0001.

groups (Figure S5B). As illustrated in Figure 4F, miR-184-3p expression was lower in exosomes from HO-1/PMVEC.
Further analysis concentrated on the HO-1 and Sema7a interaction, co-culturing HO-1/PMVEC-exo (HP-exos) with MH-
S cells enhanced Sema7a expression (Figure 4G and H).

The effect of HP-exos on macrophage polarization was evaluated by co-culturing with MH-S cells stimulated with
LPS/IL-4. Flow cytometry analysis demonstrated a significant increase in the M2 phenotype (F4/80+ CD163+) and
a decrease in the M1 phenotype (F4/80+ CD80+), as confirmed by an increase in Argl and IL-10 and a decrease in iNOS
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and IL-1B (Figure 41 and J). These results suggest that HO-1 influence macrophage polarization and mitigate inflam-
matory responses by downregulating miR-184-3p.

Hemin Regulates Macrophage Polarization in Lung Tissue by Downregulating
Endothelial Exosomal miR-184-3p

Considering the potential clinical application of HO-1, we further investigated the role of the HO-1 agonist Hemin in ALI Using
Cecal ligation perforation (CLP) model mice, there was no difference in miR-184-3p levels between the control group and the
sham operation group (Figure S6A). Intraperitoneal injection of 30 mg/kg Hemin (Sigma, USA) 2 hours before CLP*4%%0 and
Hemin pretreatment decreased miR-184-3p levels and enhanced Sema7a expression in lung tissue (Figure 5A and B).
Histological analysis revealed CLP-induced lung injury with thickened alveolar septa, inflammation, edema, congestion, and
hemorrhage, which were alleviated by Hemin pretreatment (Figure 5C and D). This was supported by reduced lung injury scores,
and wet-to-dry weight ratios (Figure 5E and F). ELISA results of BALF showed higher IL-1f and lower IL-10 levels in the CLP
group; however, Hemin pretreatment reversed this pattern (Figure 5G and H). Survival analysis post-modeling for 7 days

A B

miR-184-3p

1.5 g

%) . =

] 5

2 - ©

Q@

? 210

3 s

PO

€5 -

530.5

2= 3

© o

[}

x 0.0 N

€3 &
® ,(Q‘
N
. £

3
=
+
o
|
o

Control CLP CLP+Hemin CLP+Hemin
E F G H |
15 " w0 1007 cLp
@ R [ L | 4 i ‘ - CLP+Hemin
E L = 25 -I— __ 80+ i
= - q
@ 10 g ) E E 2 N
> © =) ©
5 & & T g 15 2
£ a = a g 2 40
> 5 S 10 4 10 2
3 é 5 20+
0 0 T Ll Ll Ll Ll Ll Ll L
> Q& o & N &
€2 & C QS $ 8 &S o 1 2 3 4 5 6 7
& O R & O & g x° Days(D)
N NS Q
(@) (@) o

Figure 5 HO-I agonist Hemin reduces lung tissue inflammation by regulating miR-184-3p. (A) Expression levels of miR-184-3p (n=6). (B) Immunofluorescence staining
showing F4/80 (green), Sema7a (red), and DAPI (blue) across various groups, (scale bar=100 um, n=3). (C) Representative photograph of mouse lung tissues illustrating
injury severity (n=3). (D) Histopathological alterations in lung sections, highlighted by H&E staining (scale bar=200 pum, n=3). (E) Semi-quantitative assessment of lung tissue
damage using lung injury scores via the Mann—Whitney U-test. (F) Measurement of lung wet/dry weight ratio (W/D) in rats. (G-H) ELISA quantification of IL-I1f and IL-10
levels in BALF supernatant (n=>5). (I) Survival enhancement in CLP mice treated with Hemin (n=15). Data expressed as meantSD, analyzed using Student’s t-test and one-way
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indicated a higher survival rate in the Hemin pretreatment group (Figure 5I). Flow cytometry and immunofiuorescence
assessments showed Hemin favorably modulated macrophage polarization, reducing M1 and increasing M2 phenotypes
(Figure S6B and Figure 6A — C), with corresponding changes in iNOS and Argl expression (Figure 6D and E). Collectively,
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Figure 6 Regulatory effects of HO-I agonist Hemin on macrophage polarization in lung tissues. (A-C) Flow cytometric analysis to determine the ratio of F4/80+CD80+ to
F4/80+CD 163+ macrophages (n=3). (D-E) Immunofluorescence staining for F4/80 (green), iNOS (red), Argl (red), and DAPI (blue) in different groups (scale bar=100 um,
n=3). Data expressed as meantSD, analyzed using Student’s t-test and one-way ANOVA. *P<0.05, ***P<0.001.
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these findings underscore the potential of HO-1 activation by Hemin to modulate macrophage polarization and mitigate
inflammatory responses in a murine model of ALI.

Discussion
Acute lung injury (ALI) is characterized by extensive airway inflammation, persistent hypoxemia, tissue disruption, and
dyspnea.”’ The cecal ligation and perforation (CLP) model closely imitates sepsis mechanisms and is considered to be
the gold standard.* In our study, mice exhibited increased ocular secretions, more frequent shivering, reduced scratching
behavior, and sluggish movement 24 h after CLP. These observations indicated severe physiological disturbances caused
by sepsis, and affected mice displayed pulmonary inflammation and injury, including collapsed alveolar structures,
thickened alveolar septa, altered membrane transparency, and infiltration of a large number of inflammatory cells.

Nebulization provides significant advantages in terms of targeted delivery, localized drug concentration, safety, and
patient tolerability, establishing it as the optimal route for exosome administration in sepsis-induced lung injury.>*>*
While our study primarily focuses on lung targeting, we recognize that systemic distribution of exosomes, could have
implications for non-target organs, such as the liver. However, our findings demonstrate that nebulization effectively
minimizes exosome distribution to these non-target organs, ensuring that therapeutic effects are predominantly concen-
trated in the lungs. This targeted approach not only enhances therapeutic efficacy but also reduces the risk of unintended
interactions or systemic side effects in other organs, further underscoring the clinical relevance of nebulization for lung-
specific therapies.

The pathogenesis and potential treatments for sepsis-induced ALI have been extensively investigated. The phenotypic

transformation of alveolar macrophages plays a crucial role in ALIL>’

M1 macrophages exhibit proinflammatory and anti-
pathogenic effects, while M2 macrophages contribute to tissue remodeling and profibrotic processes. Therefore, an
imbalance favoring M1 macrophages exacerbates lung inflammation, whereas the dominance of M2 macrophages
reduces lung injury. However, the optimal strategy for managing inflammation and improving patient outcomes remains
unclear. Our previous studies highlighted HO-1 as an essential endogenous protective factor*® and found that HO-1 and
its byproduct, carbon monoxide (CO), significantly ameliorate organ damage induced by endotoxins in the lungs, heart,
and kidneys, and notably enhance survival rates. These beneficial effects are thought to involve increased antioxidant
enzyme activity, reduced lipid peroxidation, anti-apoptotic effects, and suppression of inflammatory responses.
Furthermore, HO-1 alleviates endotoxin-induced ALI by modulating the M1/M2 polarization of alveolar macrophages
during inflammation.*®

Endothelial cell damage, particularly in PMVECs, is a critical factor in causing high-protein pulmonary edema and
subsequent lung dysfunction in ALL>*>7 Studies have shown that IL-1B-activated PMVECs regulate the polarization of
skin macrophages during systemic sclerosis.”® However, there is limited research on the interaction between signaling
factors released by endothelial cells, such as exosomes, and macrophages. Macrophage polarization is strongly influenced

by exosomal miRNAs,>>¢°

which act as post-transcriptional regulators of gene expression and participate in the
modulation of various cellular signaling pathways. Hence, our study aims to provide greater insights into the mechanisms
involving HO-1 and elucidate the mechanism of HP-exo in alleviating lung injury.

Exosomes isolated from lung microvascular endothelial cells showed a reduction in miR-184-3p levels in the CLP
group compared to the control group. Astonishingly, compared to HO-1 knockout mice, the expression of miR-184-3p
increased in the CLP group, and this difference drew our attention. Our previous research found that endogenous HO-1
levels increase in CLP/LPS-induced inflammatory models.”*** To investigate the correlation between HO-1 and miR-
184-3p, transcriptome sequencing was conducted on endothelial cell exosomes from HO-1 knockout mice, and HO-
1-overexpressing endothelial cells were used to assess miR-184-3p expression changes during CLP/LPS-induced ALI.
Our results indicated that HO-1 can suppress miR-184-3p expression in ALI. In addition to previous findings highlighting
6162 our study suggested that HO-1
might regulate alveolar macrophage polarization through exosome-derived miR-184-3p secreted by lung microvascular

the role of miR-184-3p in communication between tumor cells and macrophages,

endothelial cells.
We found that introducing the miR-184-3p mimic not only suppressed Sema7a expression in MH-S cells but also
downregulated Sema7a in CLP mice treated with the miR-184-3p agomir. Flow cytometry analysis, RT-qPCR, and
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ELISA revealed that miR-184-3p significantly promoted M1 macrophage polarization while inhibiting M2 macrophage
polarization. Semaphorins, a group of proteins comprising eight distinct subfamilies, were initially identified for their
role in guiding axons during neurogenesis.®> Among these, Sema7a, an immune semaphorin, plays a pivotal role in
regulating various immunoinflammatory processes, including immune cell interactions, inflammatory infiltration, and
cytokine production.® While previous studies suggested Sema7a acts as a negative regulator of macrophage activation
and IL-10 expression,®® our research revealed that Sema7a drives alveolar macrophages toward the non-classical M2
phenotype, characterized by decreased proinflammatory cytokine levels and increased IL-10 and Argl expression. The
function of Sema7a varies depending on the target receptors expressed in different tissues, prompting our future research
to explore its broader implications beyond macrophages alone.

This study has certain limitations. Further investigations are necessary to confirm the effects of HO-1 on other lung
inflammatory cells, such as lymphocytes and neutrophils, which are closely linked to lung injury. Detailed studies are
essential to elucidate the specific mechanism through which HO-1 regulates Sema7a by modulating miR-184-3p.
Moreover, we studied the M2 group without subdivision and should be more rigorous and detailed in the future. At
the same time, miRNAs are not the only substances in exosomes that are involved in this process, and other mechanisms
might be involved in the regulation of macrophage polarization by exosomes.

To summarize, we demonstrated that overexpression of HO-1 increases Sema7a expression by downregulating miR-
184-3p, thereby exerting an anti-inflammatory effect on lung tissue. This modulation reduces M1 polarization and
enhances M2 polarization of alveolar macrophages, which helps alleviate the inflammatory response, mitigate lung
injury, and improve outcomes in sepsis-induced ALI. Our findings provided a theoretical basis for the therapeutic
potential of the HO-1 agonist Hemin in treating ALI during sepsis at the cellular interaction level. In the future, we aim to
systematically and effectively investigate exosome aerosolization technology.

Conclusion

In summary, in vitro, we induced polarization of alveolar M1 macrophages with LPS and promoted M2 macrophage
polarization with IL-4. Our findings showed that HO-1/PMVEC-derived exosomes (HP-exos) effectively inhibit M1
polarization and promote M2 polarization by downregulating miR-184-3p and upregulating Sema7a. This modulation
partially alleviates sepsis-induced ALI and reduces inflammatory responses. Furthermore, our research elucidates the
mechanism of HO-1 modified exosomes in the crosstalk between cells and provides innovative evidence for the potential
therapeutic application of HP-exos in treating inflammation, highlighting their effectiveness as therapeutic targets for ALIL.
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