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Abstract
Extracellular vesicles (EVs) are single-membrane vesicles that play an essential role in
long-range intercellular communications. EV investigation has been explored largely
through cell-culture systems, but it remains unclear how physiological EVs exert
homeostatic or pathological functions in vivo. Here, we report that lung EVs pro-
mote chemotaxis of neutrophils in bonemarrow through delivery of double stranded
DNA (dsDNA). We have identified and characterized EVs containing dsDNA col-
lected from both human and murine lung tissues using newly developed approaches.
Our analysis of EV proteomics together with single-cell RNA sequencing data reveals
that type II alveolar epithelial cells are the main source of the lung EVs. Furthermore,
we demonstrate that the lung EVs accumulate in bone marrow and enhance neu-
trophil recruitment under inflammation conditions. Moreover, lung EV-DNA stim-
ulates neutrophils to release the chemokines CXCL1 and CXCL2 via DNA-TLR9 sig-
nalling. Our findings establish a molecular basis of lung EVs in enhancement of host
immune response to bacterial infection and provide new insights into understanding
of vesicle-mediated systematic communications.
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 INTRODUCTION

Extracellular vesicles (EVs) are increasingly being recognized as biomarkers of diseases and as vectors of long-range intercellular
communications in the body (Shao et al., 2018). Based on their biochemical and biophysical characteristics as well as subcellular
origin, EVs are classified intomicrovesicles, apoptotic bodies and exosomes (Andaloussi et al., 2013). EVs have emerged as a novel
messaging system of the organism, mediating cell-cell and interorgan communications, as well as maintaining homeostasis and
health in multicellular organisms (Tkach & Thery, 2016; Verweij et al., 2019).
Most studies to date have utilized EVs isolated from cell culture media (Gardiner et al., 2016; Lima et al., 2009). However,

cultured cells lack the influence of other cell types that co-exist in a physiological microenvironment. Studies focusing on EVs
isolated directly from tissues are expected to providemore relevant information; however, techniques for EV isolation from intact
tissues are currently suboptimal. The lung is a complex organ directly connected to the external environment and plays critical
roles in gas exchange, oxidative metabolism, and maintenance of immune homeostasis. Besides, the lung has communications
with other anatomically distinct organs, like gut and kidney (Enaud et al., 2020; Faubel & Edelstein, 2016; Herrlich, 2021; Merk
et al., 2021; Shashaty et al., 2019). It also has been reported that lung tumours can remotely activate osteoblastic cells in bones
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even in the absence of local metastasis and induced Siglec-Fhigh neutrophils from bone marrow to promote tumour growth
(Engblom et al., 2017). In addition, lung derived EVs can be internalized by bone marrow cells in vitro (Aliotta et al., 2012,
2015). These findings indicate that the lung is a sophisticated organ that has untapped potential cross-talk with other organs.
However, our understanding of routes andmediators in interorgan communications remains limited. Therefore, it is important to
establish reliable and validatedmethods to collect EVs from lung tissues according to their distinctive properties, to yield valuable
information regarding physiological characteristics and remote regulatory roles of lung EVs, as well as to identify unknown
mechanisms of interorgan communications between the lung and other organs.
EV cargoes are diverse and include both proteins and nucleic acids (Jeppesen et al., 2019; Skotland et al., 2017). Several studies

have reported that EVs do contain DNA, including single-stranded DNA, double-stranded (ds) DNA, genomic DNA, as well as
mitochondrial DNA (Balaj et al., 2011; Li et al., 2013; Sansone et al., 2017; Thakur et al., 2014; Yokoi et al., 2019). EV-based DNA
secretion is proposed to contribute to cellular homeostasis and attenuation of mitochondrial damage by excreting harmful DNA
from cells (Takahashi et al., 2017; Zhao et al., 2021), and may be a useful diagnostic tumour biomarker (Thakur et al., 2014; Wang
et al., 2018). However, other studies have reported that extracellular DNA is secreted through an autophagy- andMVE-dependent
but exosome-independent mechanism (Jeppesen et al., 2019). Clearly, further investigation is needed to better understand the
role of EVs in DNA secretion.
Here, we have established an effective method to collect high-quality EVs from human and murine lung tissues. The vesicles

were rigorously characterized and defined as EVs based on their size, morphology, density and proteomic contents, fulfilling the
experimental requirements of EVs as proposed by the International Society for ExtracellularVesicles (Lötvall et al., 2014). Analysis
of lung EV proteomics combined with single-cell RNA sequencing (scRNA-seq) data showed that the main source of lung EVs
was type II alveolar epithelial (ATII) cells. Furthermore, we confirmed that dsDNA exists both inside and outside of lung EVs.
The function of lung EVs in long-distance transport was then examined and we found that they specifically accumulated in the
bone marrow in vivo and promoted chemoattractant-induced migration of neutrophils. Finally, we demonstrated that dsDNA
derived from lung EVs could be sensed by toll-like receptor 9 (TLR9) which in turn induced CXCL1 and CXCL2 expression in
neutrophils, leading to enhanced chemotaxis. We conclude that lung EVs contain both protein and dsDNA components which
play critical roles in neutrophil recruitment during the early phase of bacterial infection.

 MATERIALS ANDMETHODS

. Human samples

Fresh lung tissues were resected from patients undergoing a lobectomy for focal lung tumours in the Department of Thoracic
Surgery, Peking University People’s Hospital. Normal lung tissues were obtained from uninvolved regions greater than 5 cm from
the edge of the tumours. None of the patients included in this study had undergone any preoperative radiation or chemother-
apy. All procedures were conducted under the approval of the Ethics Committee of Peking University People’s Hospital (No.
2021PHB118-001), and informed patient consent was obtained from all subjects in advance of sample collection.

. Mice

C57BL/6mice, BALB/cmice andROSA-CAG-LSL-tdTOMATOmice (B6. Cg-Gt(ROSA)Sortm (CAG-tdTomato) Hze /J) were pur-
chased fromBeijingVitalstar BiotechnologyCo., Ltd. Allmicewere kept in a special pathogen-free facility at PKUCare Industrial
Park, and were used for experiments at age 6–8 weeks. All procedures were approved and monitored by the Animal Care and
Use Committee of Peking University.

. Cell lines

HECV cell line was obtained from Interlab Cell Line Collection (ICLC) and other cell lines used in this work were obtained from
the American Type Culture Collection (ATCC). HEK293T, A549, HECV and LLC cell lines were cultured in DMEM (Gibco)
supplemented with 10% FBS and 1% penicillin/streptomycin. NCI-H1299, HCC827, Raji, K562 and Jurkat cell lines were cultured
in RPMI-1640 medium (Gibco) supplemented with 10% FBS and 1% penicillin/streptomycin. All cultured cells were incubated
at 37◦C, 5 % CO2. All human cell lines have been authenticated by STR (short tandem repeat) profiling.

. Isolation of EVs from cultured cells

Growth medium used for EV collection was prepared with 10% FBS and ultracentrifuged at 110,000 × g for 18 h at 4◦C to remove
EVs in FBS. After 48 h of culture, EVs from cell-conditioned medium were extracted by a standard differential centrifugation
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protocol. In brief, cell-conditionedmediumwas serially centrifuged at 300× g for 20 min, 3000× g for 20 min and 10,000× g for
60min at 4◦C to remove cells, debris and large vesicles. The supernatant was passed through 0.22 μmpore PES filters (Millipore)
and then centrifuged at 110,000× g for 70 min at 4◦C to pellet EVs. Subsequently, EVs were washed once and finally resuspended
using PBS.

. Isolation of EVs from lung tissues

According to the characteristics of lung tissues, we established an effective method to collect EVs from murine or human lung
tissues.
Enzymatic digestion of murine lung tissues was performed as described by Marcus Gereke et al. (Gereke et al., 2012). Briefly,

the mouse was sacrificed by CO2 asphyxiation, and the lung was perfused with pre-chilled PBS until free of blood. After expo-
sure of the trachea, a smoothed 2 ml syringe needle was inserted into the trachea and followed by fixation. Around 2 ml dis-
pase II working solution (Roche, 3 U/ml) was instilled through the needle until all lobes were fully expanded. Around 0.6 ml
liquefied 1% agarose (shortly heat to 95◦C until liquefied and cool to 45◦C until use) was subsequently instilled. After the
agarose gelled, the lung was excised and transferred into 2 ml dispase II working solution and incubated at room temperature
for 1 h.
Human lung tissue masses (>500 mg) were placed in pre-chilled tissue storage solution (MACS) and kept on ice (or 4◦C)

for less than 12 h before the lung EVs extraction process began. During digestion, tissue masses were transferred into dis-
pase II working solution (1 ml per 100 mg lung tissue). The lung tissue masses were gently cut into pieces by a sterile oph-
thalmic scissors until all pieces have a homogeneous size of approximately 2 × 2 × 2 mm and were then digested at 37◦C
for 1 h.
After dispase II digestion, the lung tissue suspension of human or mouse was transferred into a petri dish containing 10 ml

RPMI-1640medium containing 0.5 mg/ml DNase I (Sigma Aldrich) and further disintegrated by blunt dissection. After dispers-
ing on a shaker at room temperature for 20 min, the cell suspension was filtered through a nylon cell strainer (FALCON) with
100 μm pores followed by serial centrifugations at 300 × g for 20 min, 3000 × g for 20 min and 10,000 × g for 60 min at 4◦C
to remove cells, debris and large vesicles. The supernatant was passed through a 0.22 μm pore PES filter (Millipore) and next
subjected to ultracentrifugation at 110,000 × g for 70 min at 4◦C in a 45Ti rotor (Beckman Coulter) to sediment EVs. The pellets
were resuspended in PBS for washing and centrifuged at 110,000 × g in a 45Ti rotor (Beckman Coulter) and a TLA-55 Rotor
(Beckman Coulter) for 70min in turn. Finally, the pellets (crude EVs) were resuspended in 30 μl PBS.

Ten-layers sucrose density gradient centrifugation was then performed for EVs purification. Briefly, 0.45 ml 2.5 M sucrose
solution was firstly poured to the bottom of an MLS-50 centrifuge tube. The crude EVs were resuspended in 0.45 ml 2.25 M
sucrose solution and then poured on the top of 2.5 M sucrose. Layers of 2 M, 1.75 M, 1.5 M, 1.25 M, 1 M, 0.75 M, 0.5 M and
0.25 M sucrose solution (0.45 ml for each layer) were then subsequently poured in turn. The gradients were ultracentrifuged at
180,000 × g for 13 h at 4◦C, in anMLS-50 swinging-bucket rotor (Beckman Coulter), and then ten fractions were collected. Each
fraction wasmixed with 0.9 ml PBS for dilution followed by ultracentrifugation at 110,000× g for 70min at 4◦C. The pellets from
low-density fractions (F1–F5) were collected as lung EVs and the pellets from high-density fractions (F6–F10) were collected as
non-vesicular components. All the pellets were resuspended in 50–100 μl PBS for subsequent experiments.

. Transmission electron microscopy (TEM)

In order to adsorb sufficient lung EVs, glow-discharged copper grids were floated on a suspension of lung EVs fixed with 2.5%
glutaraldehyde.
For fresh lung tissues from mice, tissues were fixed with 2.5% glutaraldehyde and then treated with 1% OsO4 for 2 h followed

by dehydration with a graded series of ethanol (50%, 70%, 90%, 95%, and 100%). Subsequently, ultrathin sections (50 nm) of the
fixed lung tissues were cut with an ultra-microtome (Leica EM UC-7) and loaded onto glow-discharged copper grids.
All samples were then negatively stained with 2% uranyl acetate, and examined with a JEM-1400 transmission electronmicro-

scope (JEOL Ltd., Japan).

. Cryo-electron microscopy

Lung EVs were examined using a cryo-electronmicroscope (Talos Arctica Cryo-TEM; Thermo Fisher). Quantifoil 1.2/1.3 copper
grids were firstly glow discharged (30 mA, 60 s) and then loaded with lung EV samples prepared using a FEI Vitrobot Mark IV
system. The grids were observed for data collection using 105 kx magnification and a total dose of 50 e−/Å2.
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. Nanoparticle tracking analysis (NTA)

The concentration and size distribution profiles of EVs were determined on a NanoSight NS300 instrument (Malvern, UK)
equipped with a Blue 405 nm laser and a sCMOS camera. Samples were diluted 1:100 in 0.22 μm filtered PBS to achieve 20–100
particles per field of view. EVs were injected into the sample-carrier cell, and the particles were automatically tracked and sized
based on Brownian motion and the diffusion coefficient. The size distribution and particle concentration each represent the
mean of three individual measurements with acquisition time of 60 s with a camera level setting at 12 and at the temperature of
25◦C ± 0.5◦C. After capture, the videos were analysed using NTA 3.3 Dev Build 3.3.104 software with a detection threshold five.

. EV fluorescence labelling

Labelling of EVs with fluorescent lipophilic tracer DiR/DiI (AAT Bioquest, 5 μM), DAPI (Beyotime, 10 μg/ml) and SYTOX
(Thermo Fisher, 1 μM) was performed according to the manufacturer’s protocols. Briefly, EVs were diluted in PBS prior to
addition of the dyes. Labelling was performed for 20 min at room temperature in the dark and terminated using 0.1% BSA
(Sigma Aldrich) in PBS. EVs were centrifuged at 110,000 × g for 70 min to remove any remaining free dye, resuspended in PBS
and then transferred into recipient mice.

. Confocal microscopy

Murine bone marrow cells were cultured on glass slides, and fixed with 4% paraformaldehyde for 30 min. Cells were then per-
meabilized with 0.5% Triton X-100 (Sigma Aldrich) for 10 min at room temperature, followed by blocking with 1% BSA and
incubation with specific primary antibodies. After incubation with fluorescent secondary antibodies (Alexa Fluor 488 and 555,
Invitrogen), coverslips were mounted and assessed by fluorescence microscopy. Images were acquired using a Nikon TCS A1
microscope.
Other samples were analysed under a Leica TCS SP8 DIVE (Deep In Vivo Explorer) confocal microscope. To observe fluores-

cent labelled EVs, an APO 63× oil lens (NA 1.4) was used and images processed by deconvolution calculation. Intravital imaging
of mouse lung tissues was achieved by two-photon laser scanning microscopy, using an APO 25 × water lens (NA 0.95). Mice
were intranasally treated with DiI-labelled lung EVs, and 24 h later, FITC-dextran (70 kDa) was injected intravenously 20 min
before sacrifice to label blood vessels. Care was taken to ensure fresh mouse lung tissue could be observed within 30 min ex vivo.

. In vivo imaging

Male BALB/cmice (6–8weeks) were intravenously injected withDiR-labelled lung EVs. At 48 h post administration, eachmouse
was anesthetized with 2.5% Avertin and imaged using a Lumina XR imaging system. In addition, freshly removed femurs were
further imaged using the same imaging system. Excitation and emission wavelength were set at 780 nm and 845 nm, respectively.

. Mass spectrometry

Lung EVs (40 μg in PBS) and lung cell lysates (40 μg) were analysed by LC–MS/MS, as previously described (Lu et al., 2015).
The collected lung EVs were lysed with RIPA lysis buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% NP-40, 1% sodium
deoxycholate and 0.1% SDS) containing protease inhibitors. Mass spectra data were acquired with an LTQ Orbitrap Elite mass
spectrometer (Thermo Fisher) equipped with a nanoelectrospray ion source (Proxeon Biosystems). Fragmentation was per-
formed by collision-induced dissociation (normalized collision energy, 35%; activation Q, 0.250; activation time, 10 ms) with a
target value of 3000 ions. The raw files were reviewed with the SEQUEST engine against a database from the Uniprot protein
sequence database. Parameters were set as follows: protein modifications included carbamidomethylation (C) (fixed), oxidation
(M) (variable) and phosphorylation (S, T, Y) (variable); enzyme specificity was set to trypsin; maximal missed cleavages were set
to two; the precursor ion mass tolerance was set to 10 ppm, and MS/MS tolerance was 0.5 Da.

. Murine neutrophil isolation

Murine neutrophils isolation was performed as previously described (Li et al., 2019). In brief, murine femur was perfused with
10 ml pre-chilled PBS and then the perfusate was centrifuged. The bone marrow cells were resuspended in 2 ml PBS. The sus-
pension was then centrifuged over a Percoll gradient (72%, 60%, 52%) at 1100 × g for 30 min at room temperature. Neutrophils
were collected in the band between the 72% and 60% layers.
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. Biotinylated lung EV DNA pull-down

Biotinylated lung EV DNA pull-down was performed as previously described by Yang et al. (Yang et al., 2020). Biotinylated
lung EV DNA was obtained using a biotin 3′ end DNA labelling kit (Beyotime). HEK293T cells were transfected with plasmids
expressing Flag-tagged proteins and 24 h later, cells were lysed with Co-IP lysis buffer containing 150 mM NaCl, 1 mM EDTA,
20 mM Tris-HCl (pH 8.0), 10% glycerol, 0.5% NP-40 and protease inhibitor cocktail (Bimake). Cell lysates were then incubated
with 300 ng biotinylated lung EV DNA for at least 4 h, before adding streptavidin-microbeads (GE HealthCare). After a 4 h
incubation, the beads were washed with PBS-N (PBS containing 0.1% NP-40) four times and eluted with SDS–PAGE loading
buffer, followed by immunoblot analysis.

. In vivo treatment

Each mouse was typically treated with lung EVs containing 50–100 ng DNA (before DNase I treatment if needed). This dose was
usually 25%–50% of all lung EVs extracted from onemouse. Lung EVs were diluted in an appropriate volume of PBS based on the
mode of administration (250 μl for intraperitoneal injections, 100 μl for intravenous injections, 20 μl for intranasal instillations).
To test for dose-dependence, lung EVs containing 20 ng, 50 ng and 100 ng DNA were administered to mice. In addition, the
non-vesicular components used as a control contained the same amount of DNA. In the thioglycolate-induced peritonitis model
or the Salmonella Typhimurium-induced infection model, lung EVs (regardless of DNase I treatment or not) or non-vesicular
components were administered to mice by intraperitoneal injection three days prior to the establishment of models.
In theGW4869-mediated lung EV inhibition experiments, theGW4869 (MCE, 1.25mg/kg) was given nasally for 2 consecutive

days prior to the establishment of models.

. In vitro treatment

Murine neutrophils derived from bone marrow or human leukocytes isolated from peripheral blood were all cultured in 24-well
plates (8 × 105 per well) in RPMI-1640 medium (10% FBS, 1% penicillin/streptomycin). Cells in each well were typically treated
with lung EVs containing 50 ng DNA (before DNase I treatment if needed) for 18 h. To test for dose-dependence, lung EVs
containing 20 ng, 50 ng and 100 ng DNA were added. Depending on the experiment, pre-treatment of TLR9 inhibitor (1 μg/ml
for ODN2088 (Tsingke Biological Technology) or 0.25 μM for E6446 (Psaitong)) for 5 h, or NF-κB inhibitor (50 μM, Beyotime)
for 2 h was performed before incubation with lung EVs. Culture supernatants were collected for chemokine analysis and cells
were lysed and RNA extracted for qPCR analysis.

. Thioglycolate-induced peritonitis model

Mice were intraperitoneally injected with 1 ml sterilized 3% (w/v) thioglycolate (Sigma-Aldrich). Peritoneal cells and peripheral
blood cells were harvested after 3 h and analysed by flow cytometry (BD LSRFortessa).

. LPS-induced inflammation model

Mice were intraperitoneally injected with LPS at 10 mg/kg body weight (O55: B5, Sigma-Aldrich). Lung EVs were isolated 12 h
post challenge followed by quantitative analysis.

. Salmonella Typhimurium-induced infection model

Salmonella Typhimurium (ATCC) was grown aerobically at 37◦C in Luria–Bertani (LB) medium (10 g/L tryptone, 5 g/L yeast
extract and 5 g/L NaCl). CFUs (colony-forming units) were measured through optical density with wavelength of 600 nm
(OD600). Before infection, S. Typhimurium was harvested at log-phase (OD600= 0.6 ∼ 0.8), washed with PBS, and then resus-
pended in PBS to a concentration of 2 × 107 CFU/ml. Each mouse was then inoculated intraperitoneally with 0.5 ml bacterial
suspension (1 × 107 CFU). Neutrophils in peritoneal fluid and peripheral blood were detected by flow cytometry 3 h after infec-
tion. For survival analysis, infected mice were monitored hourly, and moribund animals were sacrificed by CO2 asphyxiation.
For analysis of bacterial burden in the liver and spleen, infectedmice were sacrificed 12 h post infection. Next, the liver and spleen
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were weighed, homogenized in pre-chilled PBS, diluted, and plated on LB plates for CFU measurement. For analysis of the bac-
terial load in the circulatory system, equal amount of anticoagulated peripheral blood (∼200 μl) was collected from each mouse
12 h post infection and followed by bacterial DNA extraction (Magen). The absolute DNA content of gene STM4200 (primer
sequences listed in Supplementary Table 4), which encodes a putative phage tail fibre protein of S. Typhimurium, was assayed by
qPCR with a standard curve.

. Flow cytometry

For flow cytometric analysis, cells were pre-incubated with purified anti-CD16/32 antibody (Thermo Fisher; clone: 93) to block
Fc receptors. Neutrophils were stained with anti-mouse Ly6G-APC (Thermo Fisher; clone: RB6-8C5), anti-mouse CD11b-PE
(Thermo Fisher; clone:M1/70), anti-mouseCD45-FITC (Thermo Fisher; clone: 30-F11) and anti-mouse Ly6C-BV421 (Biolegend;
clone: HK1.4) for 30 min at room temperature, followed by analysed on a BD LSRFortessa.
The flow cytometric analysis of lung EVs stained with DiI, DAPI or SYTOX was also performed using the BD LSRFortessa,

and calibration beads (50 nm, 100 nm, 200 nm, 300 nm and 500 nm; Beckman Coulter) were used as reference controls.

. Real-time PCR

Total RNA was obtained from cells or tissues using a RaPure Total RNA Micro kit (Magen) and reverse transcribed with a 5
× All-in-one RT Master Mix (ABM). The reverse-transcription product was amplified with a Taq Pro Universal SYBR qPCR
Master Mix (Vazyme) and analysed with gene-specific primers on an ABI 7500 system (Thermo Fisher). The sequences of the
qPCR primers used are listed in Supplementary Table 4.

. Immunoblotting analysis

Total proteins were extracted using RIPA lysis buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% NP-40, 1% sodium deoxy-
cholate and 0.1% SDS) containing protease inhibitors. Protein concentrations of the supernatants were measured using a BCA
assay kit (Thermo Fisher). Proteins were resolved by SDS–polyacrylamide gel electrophoresis and immunoblotted using antibod-
ies against the following proteins:GM130 (Abcam),Calnexin (Abclonal), TOM20 (Abclonal), VDAC1 (Abclonal), ALIX (Abcam),
CD9 (Abcam), CD81 (Proteintech), AGER (Affinity), GPRC5A (Affinity), TSG101 (BD Bioscience), Flotillin1 (BD Bioscience),
Flag (Sigma Aldrich) and β-actin (ZSGB-Bio).

. DNA extraction and analysis

DNAwas extracted from the sucrose fractions of the EV samples using an Animal tissue Genomic DNAKit (Zomanbio) accord-
ing to the manufacturer’s instructions. Samples were treated with Proteinase K solution (Solarbio) and RNase A (TIANGEN)
before DNA extraction. DNA concentrations were analysed using a Qubit 3.0 fluorometer with Qubit dsDNA HS and dsDNA
BR kits (Thermo Fisher).

. Whole-genome-sequencing and bioinformatic analysis of lung EV DNA

Genome DNA from mouse pulmonary cells (P300g) and lung EV DNA were extracted. And the clustering of the index-coded
samples was performed on a cBot Cluster Generation System using Novaseq 6000 S4 Reagent Kit (Illumina). After cluster gen-
eration, the DNA libraries were sequenced on Illumina NovaSeq 6000 platform. The sequencing reads were paired-end 150 bp.
The FASTQ files were first quality-controlled using Fast QC (version 0.11.9) and adapters were trimmed using Trimmomatic

(version 0.39) (Bolger et al., 2014). The trimmed FASTQ files were then mapped to GRCh38 using Burrows-Wheeler Alignment
tool (BWA, version 0.7.17) (Li & Durbin, 2009) and marked duplicates using GATK (version 4.2.0.0) and sorted, and indexed
using Samtools (version 1.11) (Danecek et al., 2021). Cell samples were sequenced to an average depth of 23×, and EV DNA was
sequenced to an average depth of 10×. Copy number alterations were called using cnvkit-0.9.9 (Talevich et al., 2016). The batch
WGSmethod was used after calculating the sequence-accessible coordinates from the reference genome. CNVs were then called
using the following command: cnvkit.py batch – method wgs sorted.bam -n -f path_to_genome/mm39.fa – output-reference
flat_reference.cnn -d cnv/ -p 12 –scatter –diagram –annotate path_to_refFlat/refFlat.txt. Figures were generated using circos-
0.69-9.
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. Chemokine analyses

For chemokine analyses, multi-analyte profiling was performed using a ProcartaPlex Multiplex Immunoassay System (Thermo
Fisher) according to the manufacturer’s instructions. The panel measured protein levels of CXCL1 (GRO-α), CXCL2 (MIP-
2), CXCL10 (IP-10), CCL2 (MCP-1), CCL3 (MIP-1α), CCL4 (MIP-1β), CCL5 (RANTES), CCL7 (MCP-3), and CCL11
(Eotaxin).

. Bulk mRNA-seq library preparation

Murine neutrophils incubated under various conditions in vitro were lysed and total RNA extracted using a RaPure Total RNA
Micro kit (Magen). AmRNA-seq library was generated using a VAHTS® mRNA-seq V2 Library Prep Kit for Illumina (Vazyme)
according to the manufacturer’s instructions. The libraries were sequenced with a Novaseq 6000 (Illumina).

. Pearson correlation analysis

Pearson correlation analysis of the expression of proteins in human lung cell samples with that of human lung EV samples
based on the result of LC–MS/MS was conducted using the “cor” function in R package “gplots” and illustrated using R package
“pheatmap”.

. Identification of differentially expressed proteins between lung cell samples and lung EV
samples

R package “limma” was used to screen for differentially expressed proteins between six human lung cell samples and six human
lung EV samples. Benjamin &Hochberg false discovery rate (FDR)method was used as a P value adjustment. Adjusted P< 0.005
and log (fold change) > = 1 was considered statistically significant. The top 30 higher expressed proteins of human lung EV
samples compared with human cell samples were illustrated using R package “pheatmap”.

. Gene ontology (GO) analysis

GO analyses were performed using DAVID (https://david.ncifcrf.gov/) (Huang da et al., 2009).

. Combined analysis of scRNA-seq data of lung cells and LC–MS/MS data of lung EVs

We downloaded scRNA-seq data from Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo). GSE133747 pro-
vided scRNA-seq data of lung cells from human and mouse.
The scRNA-seq analyses of the female mouse lung sample and all human lung samples from GSE133747 were performed

using the “Seurat” package (v 3.0) implemented in R. Variable genes were determined for each sample using the “FindVari-
ableFeatures” function. The “FindIntegrationAnchors” function was used to identify anchors between human lung samples and
the “IntegrateData” function was used to integrate them together. All the scRNA-seq data were then clustered by the standard
“Seurat” clustering pipeline. The “FindClusters” and “RunTSNE” functions were used to identify the cell clusters and visualize
them.
The lists of human and mouse lung EV proteins from the LC–MS/MS data were specified by the following selection criteria:

(1) the protein was simultaneously detectable in all samples (six samples for human and three samples for mouse); (2) the average
peak area of the protein was greater than a certain value (2 × 105 for human samples and 1.5 × 107 for mouse samples). Finally,
583 human proteins and 589 mouse proteins were selected for subsequent analyses.
The “Cluster Markers,” which are relatively more highly expressed within a given cluster than other clusters, were selected

with a threshold of log (fold change)> 0.25 and P-adj< 0.05 using the “FindAllMarkers” function in the “Seurat” package. Then
the list of “Cluster Markers” of each cluster and the list of lung EV proteins were overlapped. Thus, the human and mouse lung
EV proteins were identified as “Cluster Markers”, “Non-Cluster Markers” or “Not detected” (Supplementary Tables 1 and 2).

The expression levels of the 583 and 589 genes which encode the selected human and mouse lung EV proteins among the
different lung clusters were then illustrated by the “DoHeatmap” function in the “Seurat” package.

https://david.ncifcrf.gov/
http://www.ncbi.nlm.nih.gov/geo
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In order to evaluate the ability of single cell or single cluster of cells to secrete EVs, we used the following method to calculate.
The “Cell%” mentioned in the “Result” section represents the percentage of the cells of a chosen cluster in total cells.
The expression index of Proteini in Cellj (Proteinij%) and the ability of EV secretion of Cellj (s-EVj%) were calculated using

the formulas below.

Proteinij% =
Areai∑
Area

×
Expij∑
Expi

× 100%

s - EVj% =
∑

Proteinij%

The ability of EV secretion of each cluster (t-EV%) could thus be attained by adding the s-EV% of each single cell in the same
cluster together.

t - EV%(ClusterA) =
∑

cellj∈ClusterA
s - EVj%

In these formulas, Areai represents the average peak area of Proteini in the result of LC–MS/MS of lung EVs, Expij represents the
expression level of gene that encodes Proteini in Cellj in the scRNA-seq data of lung cells.

. Gene set enrichment analysis (GSEA)

We applied the GSEA software (https://www.gsea-msigdb.org/gsea/index.jsp) (Subramanian et al., 2005, Mootha et al., 2003) for
GSEA in four groups (i.e. immune cells vs. non-immune cells in human lung scRNA-seq data, immune cells vs. non-immune
cells in mouse lung scRNA-seq data, ATII cells and B cells in human lung scRNA-seq data, ATII cells and T cells in mouse lung
scRNA-seq data) focusing on gene set of EV release. The threshold of statistically significantly gene set was set to a nominal
P-value < 0.05 with FDR adjusted P-value < 0.25. In human lung clusters, monocytes, T cells, macrophages, NK cells, DCs, B
cells andmast cells were designated as immune cells, whereas other types of cells were designated as non-immune cells. Inmouse
lung clusters, B cells, T cells, macrophages, monocytes, NK cells, neutrophils and DCs were designated as immune cells, whereas
other types of cells were designated as non-immune cells. Based on previously published literature, 31 genes in the gene set of
EV release are RAB5A, RAB5B, RAB27A, RAB27B, RAB11A, RAB11B, RAB35, RAB15, RAB17, RAB26, STX7, STX5A, SYT7,
SYT15, SYT16, SYTL1, SNAP23, YKT6, PDCD6IP, TSG101, HGS, VPS4A, VPS33A, VPS45, VPS28, VPS37A, CHMP6, CHMP3,
CHMP2A, SDCBP, ARF66 (Yang et al., 2019).
We performed GSEA between the experimental group of neutrophils treated with lung EVs and the control group of neu-

trophils treated with PBS. The threshold of statistically significantly gene set was set to a nominal P-value < 0.05 with FDR
adjusted P-value < 0.25. Ontology gene sets (Version 7.4, http://www.gsea-msigdb.org/gsea/downloads.jsp) were applied in the
GESA analysis.

. Statistical analysis

Statistical analyses were performed using GraphPad Prism 7 and RStudio software (version 1.2.5042; RStudio Inc). All data are
presented asmeans± SEM. To assess differences between two groups, a two-tailed unpaired Student’s t test was used. To compare
intergroup differences, a two-way repeated-measures ANOVA followed by the Bonferroni post-test was used. Differences were
considered significant when *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

 RESULTS

. Isolation and characterization of lung EVs

We observed various EVs as well as MVEs in normal lung tissues using transmission electron microscopy (TEM) (Figure 1a).
To collect high quality EVs from normal lung tissues, we developed and optimized a differential centrifugation-based protocol
as shown in Figure 1b. To avoid cell disruption, we introduced a gentle digestion method without homogenization, filtration or
shear stress (Supplementary Figure 1a). Viable cells after digestion accounted for 96.2% and 94.2% of the total cells in human

https://www.gsea-msigdb.org/gsea/index.jsp
http://www.gsea-msigdb.org/gsea/downloads.jsp
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F IGURE  High-quality EVs are collected from human and murine lung tissues. (a) Representative TEM images of multiple extracellular vesicles and
MVEs. Blue, green and red arrows indicated small EVs, large EVs and MVEs, respectively. Scale bars, 500 nm. (b) Schematic of EVs isolation from fresh human
and murine lung tissues. (c) Percentage values of live and dead cells after digestion of human and murine lung tissues detected by flow cytometry (mean ±
SEM; human samples n = 4, murine samples n = 5). (d) Immunoblotting analysis of protein extracts of the pellets from serial centrifugations of murine
samples (P300 g, P3 kg, P10 kg, P110 indicated pellets of 300 × g, 3000 × g, 10,000 × g and 110,000 × g centrifugations, respectively). Immunoblotting was
carried out using antibodies to GM130, Calnexin, TOM20, VDAC1, ALIX, CD9, TSG101, Flotillin-1, β-actin. (e) Immunoblotting analysis of protein extracts of
the pellets from serial centrifugations of human samples. Immunoblotting was carried out using antibodies to GPRC5A, AGER, ALIX, CD9, CD81, β-actin.
(f) Representative TEM images of lung EVs. Scale bars, 200 nm. (g) Size distribution of lung EVs detected by NTA (mean ± SEM; n = 3 acquisitions/sample).
(h) Schematic of EV purification by sucrose density centrifugation. Densities of ten fractions are shown on the far right. Shaded fractions represent enrichment
of lung EVs. (i) Immunoblotting analysis of protein extracts of the ten fractions of human lung EVs. Immunoblotting was carried out using antibodies to
GPRC5A, AGER, ALIX, CD9, CD81. (j) Immunoblotting analysis of protein extracts of the ten fractions of murine lung EVs. Immunoblotting was carried out
using antibodies to ALIX, Flotillin-1. (k) Numbers of particles in different fractions detected by NTA (mean ± SEM; n = 3 acquisitions/sample)
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F IGURE  Protein profiling proves vesicle- and tissue-specificity of lung EVs. (a) Pearson correlation analysis of the expression of proteins between lung
cells and lung EVs from human samples. (b) A Venn diagram of the proteins overlapping between human and murine lung EVs. (c) Differential expressed
proteins between lung cells and lung EVs were identified using R package “limma.” Adjusted P < 0.005 and log (fold change) ≥ 1 was considered as statistically
significant. The top 30 higher expressed proteins in individual groups were illustrated by R package “pheatmap.” (d) Analysis of EV proteins in human, mouse
and overlapping sets using GO terms related to cellular component. The graph shows the percentage of proteins identified by mass spectrometry that fall into
the designated GO category relative to the total number of proteins in the category. Top 10 categories in overlapping sets are shown

and murine samples, respectively (Figure 1c). This indicated that the lung cells were well protected during digestion, which was
anticipated to substantially reduce the contamination of EV preparations by intracellular vesicles.
Following digestion, themixed suspensionwas subjected to differential centrifugation to remove cellular debris andmicrovesi-

cles. The pellets from different velocity centrifugations were analysed by immunoblotting. The results indicated that in murine
samples, EV-associated proteins (ALIX, TSG101, CD9, CD81) were highly enriched in the 110,000× g pellet (P110kg), while Golgi
(GM130), endoplasmic reticulum (Calnexin) and mitochondrial proteins (TOM20, VDAC1) were undetectable or only weakly
present in the P110kg fraction (Figure 1d). Similar enrichment of EV marker proteins in the P110kg fraction of human samples is
shown in Figure 1e. TEM, nanoparticle tracking analysis (NTA) and cryo-electron tomography revealed similar morphology and
size distribution of vesicles in the P110kg fraction from both the human and murine tissues (Figure 1f,g, Supplementary Figure
1b) consistent with the known characteristics of EVs (Lötvall et al., 2014).
To improve EV purity, samples were subjected to sucrose density centrifugation using a discontinuous ten-layer cushion of

sucrose at concentrations ranging from 0.25 M to 2.5 M for 13 h of centrifugation at 180,000 × g (Figure 1h). Immunoblotting
analysis of EVs after this prolonged, high-speed centrifugation revealed high enrichment of classical EV proteins in the third and
fourth sucrose fractions (Figure 1i,j). NTA yielded similar results in that the third and fourth fractions had more particles than
the other fractions (Figure 1k). The consistency of the Immunoblotting and NTA results indicated that the density of the lung
EVs from both human and murine samples ranged from 1.05 to 1.14 g/ml. The average yield of EVs from lung tissue was 0.78
μg/mg for human samples and 0.70 μg/mg for murine samples (Supplementary Figure 1c).
Together, these results establish that high quality EVs which display the physical and biochemical properties and features of

bona fide EVs can be efficiently collected from human and murine lung tissues by our modified isolation method.

. Proteomic analysis of lung EVs in human and mouse

Proteins contained in EVs are involved in specific cellular functions under various physiologic and pathologic conditions
(Hoshino et al., 2020). To determine the protein components of lung EVs, we analysed EVs isolated from six human and three
murine lung samples by liquid chromatography–tandem mass spectrometry (LC–MS/MS). To evaluate the overall correlation
between proteomes derived from the different sources, we compared various sample types (i.e. lung cells vs. lung EVs) and species
(i.e. human EVs vs. murine EVs) (Figure 2a–c). Lung EVs displayed a distinct protein profile compared with cells from lung tis-
sues (Figure 2a). In addition to classic EV markers (CD9, CD81), lung specific EV markers (GPRC5A, AGER) were identified
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(Figure 2c). Comparing with typical proteins in EVs, higher levels of proteins located at cytoskeleton (such as TUBB, ACTN1 and
LCP1) and cytoplasm (such as ARHGDIB, CNDP2 and PGD) were detected in lung cells. Moreover, the proteomes of human
and murine lung EVs were similar and more than half of the proteins detected were shared (Figure 2b).
We next performed a Gene Ontology (GO) enrichment analysis of the 759 human proteins, 969 murine proteins and 485

overlapping proteins identified by the LC–MS/MS analysis (Figure 2d). These studies showed that lung EV proteins, regard-
less of species, were highly enriched in the cellular component termed “extracellular exosome,” “plasma membrane” and
“cytosol,” demonstrating the vesicular and extracellular nature of the proteins in the EVs. Importantly, enrichment analysis
showed that EVs were not heavily contaminated with nuclear, Golgi, endoplasmic reticulum or blood microparticles, indi-
cating that our modified isolation protocol enriched for EVs with minimal co-isolation of cellular debris or contaminating
vesicles.

. Identification of GPRCA and AGER as lung EVmarkers

Among the typical proteins that are more abundant in EVs than in cells (Figure 2c), GPRC5A and AGER which we determined
were specifically expressed in lung tissue at the transcriptional level (Supplementary Figure 2a). Immunoblotting analysis also
confirmed expression of these proteins in lung EV (Figure 1e,i, Supplementary Figure 2b). EGFP-tagged GPRC5A and AGER
proteins were next used to observe their intracellular localization. Both proteins exhibited prominent assembly on the plasma
membrane and intracellular vesicles (Supplementary Figure 2c). The fluorescence puncta corresponding to GPRC5A and AGER
in the cytoplasm colocalized with the EV markers CD63 and CD9 (Supplementary Figure 2d). Thus, GPRC5A and AGER were
identified as lung EV markers, which also corroborates the tissue source of the isolated EVs.

. ATII is the primary source of lung EVs

A variety of mammalian cells are able to release EVs, and the molecular composition of EVs can be a reflection of their orig-
inal cell (Shao et al., 2018). ScRNA-seq is a powerful technique for dissecting the complexity of organs and tissues, helping us
understand the basis of cell diversity and the heterogeneous transcriptional phenotypic states (Zhang et al., 2020). We attempted
to identify the source of EVs by taking advantage of public scRNA-seq data and our LC–MS/MS results, following the pro-
cess outlined in Figure 3a. Briefly, after obtaining scRNA-seq data of lung cells and proteomics data of lung EVs, we evalu-
ated whether the protein composition of the lung EVs would reflect their cell of origin. Since more than half of the proteins in
EVs were expressed in specific cell types, we calculated the proportion of EVs from each cell cluster based on their abundance
(from LC–MS/MS data) and their expression levels (from scRNA-seq data). Finally, we calculated the ability of single cell to
release EVs.
We used scRNA-seq data (GSE133747) from Gene Expression Omnibus (GEO) datasets. Following the procedures described

(Lu et al., 2015), clustering in R package “Seurat” resolved 15 well-demarcated clusters from 17,370 human and 16 clusters from
3989 murine lung cells, including common immune cells and non-immune cells found in lung (Raredon et al., 2019) (Supple-
mentary Figure 3a,b). We selected 583 high abundance EV proteins from the human (Supplementary Table 1) and 589 from the
murine (Supplementary Table 2) LC–MS/MS results and generated heatmaps which showed that the genes encoding EV proteins
had diverse expression levels among the different clusters (Supplementary Figure 3c,d). More than half of these genes could be
identified as “Cluster Markers” by “Seurat” under the threshold of log (fold change) > 0.25, P-adj < 0.05 (Figure 3b). As shown
in Figure 3b, “Cluster Markers” indicated proteins were specifically expressed in one or more clusters in scRNA-seq data. “Non-
Cluster Markers” indicated that protein expressions showed no significant differences among clusters. “Not detected” indicated
that proteins were not detected in the corresponding gene list of scRNA-seq. These results suggested that proteins in lung EVs
could reflect their cell of origin, which was important for subsequent analyses (see Methods for details). Integrative analysis of
the scRNA-seq and LC–MS/MS data indicated that ATIIs could account formost of the EVs, in both human andmurine samples,
indicating that ATIIs are the main source of EVs from lung tissue (Figure 3c,d).
Protein profiling was then used to evaluate the individual ability of single cells to release EVs. For human samples, we found

that single fibroblasts released the most EVs (Figure 3e), whereas ATI cells released the most from murine samples (Figure 3f).
In addition, we found that there were more EVs derived from single non-immune cells, compared to single immune cells
(Figure 3g,h). Quantitative analysis of EVs in culture supernatants from a variety of human and murine cell lines showed similar
results (Figure 3i). Using GSEA, we also identified a significant enrichment of EV secretion-related genes in all the non-immune
cells compared with all the immune cells (Figure 3j). The up-regulated expression of EV secretion-related genes in non-immune
cells is consistent with their greater ability to release EVs than immune cells.
Taken together, the above results demonstrate that our isolation and high-throughput detection methods have identified ATII

cells as the main source of lung EVs and that non-immune cells generally release more EVs (per cell) than immune cells.
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F IGURE  Analysis of EV proteomics together with scRNA-seq data assesses lung EV origin. (a) Schematic of the EV origin assessment by taking
advantage of scRNA-seq data and LC–MS/MS results. (b) Percentage of lung EV proteins identified to be “Cluster Markers,” “Non-Cluster Markers” or “Not
detected” in human and mouse LC–MS/MS results. (c,d) Percentage of the number of cells of each cluster in total cells (Cell%) and percentage of EVs from
each cluster (t-EV%) in human (c) and mouse (d) data, shown as classification of cell cluster. (e,f) Percentage of EVs from each single cell (s-EV%) in human
(e) and mouse (f) data, shown as classification of cell cluster (mean ± SEM; n = cell number of each cluster). (g,h) Log(t-EV%/cell%) of each cell cluster in
human (g) and mouse (h) data. (i) Quantification of particle and protein of EVs isolated from different cell lines including immune cell lines (human cell lines:
Raji, K562, Jurkat) and non-immune cell lines (human cell lines: HECV, H1299, HCC827, A549; mouse cell line: LLC). (j) GSEA was performed focusing on
gene set of EVs release in four groups, including immune cells and non-immune cells in both human and mouse lung scRNA-seq data, ATII and B in mouse
scRNA-seq data, ATII and T in human scRNA-seq data
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F IGURE  Lung EVs contain dsDNA. (a) Representative images of negative stain TEM of low-density fractions of lung EVs (F3, F4) and high-density
fractions of non-vesicular components (F8, F9) after sucrose density centrifugation. NV, non-vesicular components. Scale bar: 200 nm. (b) Quantification of
DNA extracted from ten fractions by Qubit (mean ± SEM, n = 3). NV, non-vesicular components. (c) Representative plots of lung EVs and non-vesicular
components staining with DiI from flow cytometry analysis. NC, negative control. NV, non-vesicular components. (d) Representative plots of lung EVs
staining with DAPI from flow cytometry analysis. (e) CNVs in chromosomes of both the EV-DNA and cellular DNA derived from murine lung tissue. (f) A
Venn diagram of all the CNVs overlapping between the cellular and EV-DNA derived from murine lung tissues. (g) Quantification of DNA extracted from ten
fractions treated with or without DNase I. Low-density fractions (F1–F5) were collected as EVs and high-density fractions (F6–F10) were collected as
non-vesicular components. NV, non-vesicular components. (mean ± SEM, n = 3). (h) Flow cytometry analysis of DAPI positive lung EVs treated with DNase I
or not (mean ± SEM, n = 3). Statistics by two-tailed unpaired Student’s t test (*, P < 0.05). (i) Representative images of DAPI positive lung EVs labelled with
DiI. Scale bars, 500 nm

. Lung EVs contain dsDNA

It has been reported that dsDNA and nuclear proteins are present in tumour derived EVs (Balaj et al., 2011). However, others have
reported that dsDNA is associated with high density pools of non-vesicular components rather than purified EVs after gradient
centrifugation (Jeppesen et al., 2019). Thus, it was of considerable interest to determine if dsDNA could be detected in our lung
tissue derived EVs. Based on EV markers (Figure 1i,j) and observed morphology (Figure 4a), we identified low-density lung
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EVs (1.05–1.14 g/ml) and high-density non-vesicular components (1.18–1.24 g/ml) in distinctly different fractions of our sucrose
gradients, similar to that described by Jeppesen et al. (Jeppesen et al., 2019). However, after quantifying extracted dsDNA from
the different fractions, it became apparent that dsDNA was distributed among the fractions in a bimodal fashion (Figure 4b).
Treatment of extracted nucleic acids with DNase and RNase confirmed the isolation of pure DNA (Supplementary Figure 4a).
These results demonstrate that dsDNA is present in both low-density lung EVs and high-density non-vesicular components.
To assess dsDNA-containing EVs at a single particle level, we used flow cytometry after staining lung EV membranes with

DiI. A distinct cluster of red fluorescence positive particles was observed after staining which was absent after treatment with
0.5% Triton X-100 to disrupt lipid membranes (Figure 4c). Using a set of calibration beads, we assessed the diameter of the gated
particles to be 100–200 nm (Supplementary Figure 4b), which was consistent with the results of the NTA (Figure 1g). Thus, we
were able to identify lung EVs successfully by flow cytometry, whereas the non-vesicular components were not detected because
they lack a membrane structure (Figure 4c). As shown in Figure 4d, approximately 10–20% of both human and murine lung
EVs were positive for dsDNA after staining the EVs with DAPI. Next, we performed whole-genome sequencing of DNA from
both intact lung cells (P300g) and lung EVs isolated frommice samples. The results showed that the lung EVs contained various
lengths of dsDNA fragments which spanned all chromosomes, but nomitochondrial DNAwas detected (Figure 4e). In addition,
the copy number variations (CNVs) in the cellular and EVDNAwere quite similar (Figure 4f). Together, these data indicate that
the dsDNA in lung EVs originates from genomic DNA.

. DNA is present both inside and outside of lung EVs

To localize the DNA in lung EVs, they were treated with DNase I to degrade DNA attached to the outer membrane. This resulted
in an approximately 40% reduction in total DNA (Figure 4g). Flow cytometry showed a similar reduction of DAPI positive
particles after DNase I treatment (Figure 4h). On the other hand, little to no dsDNA was detected in non-vesicular components
after DNase I treatment, consistent with a previous report (Jeppesen et al., 2019) (Figure 4g). We also used SYTOXGreen nucleic
acid stain, which does not cross intact membranes, to label DNA present outside or on the surface of EVs. The results showed
that 40% of the lung EVs were SYTOX positive (Supplementary Figure 4c). Furthermore, we observed co-localization of DNA
and the vesicular membrane structure by confocal microscopy after staining EVs with DAPI and DiI (Figure 4i). Collectively,
these data strongly indicate that DNA is present both on the surface of and inside the lung EVs.

. Accumulation of lung EVs in bone marrow neutrophils

EVs deliver their cargo across cells and between organs, leading to alterations in the recipient cells (Tkach & Thery, 2016). To
explore the biological functions of lung EVs, we first investigated where they accumulated. To assess the biodistribution of lung
EVs in mice, DiR-labelled lung EVs were injected into C57BL/6 mice via the tail vein; DiR-labelled liposomes were used as a
control. The animals were then examined using an in vivo imaging system (IVIS).We found that the lower limbs inmice injected
with lung EVs showed high fluorescent signals compared to control mice injected with liposomes (Figure 5a). These results were
corroborated by flow cytometry analysis, in which more red fluorescence was detected in the bone marrow of mice injected with
DiI-labelled EVs relative to control mice (Figure 5b). We then examined the effect of different administration routes on lung
EV distribution, namely tail intravenous injection, intraperitoneal injection and intranasal instillation. The results showed that
different routes did not affect the accumulation of lung EVs at bone marrow and more cells with red fluorescence were detected
in bone marrow through intravenous injection compared with the other two routes, indicating the lung EVs were transferred
through blood vessels, as expected (Figure 5c). Using two-photon laser scanning microscopy for the intravital imaging of mouse
lung tissues, we also observed red fluorescence labelled EVs in the intravascular space 24 h after an intranasal instillation of
DiI-labelled EVs (Supplementary Figure 5a), supporting the conclusion that the lung EVs entered into the blood vessels. The
red fluorescent cells in bone marrow were subsequently identified to be mainly neutrophils (52.7%) and monocytes (24.1%)
(Figure 5d, Supplementary Figure 5b). Using confocal microscopy, we observed that lung EVs labelled with red fluorescence
co-localized with neutrophils which were identified as CD45+ Ly6G+ cells (Figure 5e). Thus, our results suggest that transfer of
lung EVs to bone marrow neutrophils occurs through blood vessels.
Another approach to examine the transfer of EVs in vivo is based on a system in which the EVs mediate the transfer func-

tional Cre-mRNA into target cells. This system, which does not require any ex vivo manipulations, has been used successfully
to visualize malignant cancer-derived EV transfer to benign cancer cells (Zomer et al., 2015). Thus, we adopted this system to
explore whether lung EVs could transfer to bonemarrow cells in vivo by using nasal instillation of adeno-associated virus (AAV)
vectors AAV-Cre or AAV-GFP (control) into ROSA-CAG-LSL-tdTOMATO mice (Figure 5f). We anticipated that lung EVs
derived from Cre positive lung cells would transfer to recipient cells, resulting in TOMATO expression; no fluorescence would
be detected in recipient cells in control group because GFP could not be transferred through EVs (Jiang et al., 2020). The results
were consistent with this expectation. Thus, detection of red fluorescence in the bone marrow cells of mice receiving AAV-Cre
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F IGURE  Lung EVs labelled with fluorescence are transferred into bone marrow. (a) Representative IVIS images of mice and their femurs 48 h
post-injection with DiR-lung EVs or DiR-liposomes as control. (b) Representative images of DiI positive cells in different organs from mice 48 h post-injection
with DiI-liposomes or DiI-lung EVs detected by flow cytometry. (c) Ratio of DiI positive cells in bone marrow detected by flow cytometry. Mice were injected
with DiI labelled lung EVs in different routes 48 h before their bone marrow cells were harvested (mean ± SEM; n= 3). NC, negative control, without injection;
i.n., intranasal instillation; i.p., intraperitoneal injection; i.v., tail intravenous injection. (d) Proportion of different cell types in DiI positive cells in bone marrow
from mice injected with DiI labeled lung EVs. Neutrophils were gated with CD45+ CD11b+ Ly6Ghigh Ly6Clow and monocytes were gated with CD45+ CD11b+
Ly6Glow Ly6Chigh. (e) Representative confocal image of DiI positive neutrophils isolated from mice injected with DiI labelled lung EVs. Scale bars, 20 μm. (f)
System of ROSA-CAG-LSL-tdTOMATOmice infected by AAV-GFP or AAV-Cre through nasal instillation. (g) Ratio of cells with GFP or Tomato in bone
marrows frommice treated with AAV-GFP or AAV-Cre through nasal instillation for 4 weeks (mean ± SEM; n = 3). Statistics by two-tailed unpaired Student’s
t test (****, P < 0.0001. ns, not significant, P > 0.05)

verified EV-mediated transfer from lung cells to bonemarrow cells in vivo, whereas green fluorescence was absent from the bone
marrow cells of control groupmice (Figure 5g, Supplementary Figure 5c,d). Collectively, these data provide convincing evidence
that lung EVs can be transferred into blood vessels and ultimately accumulate in bone marrow neutrophils.

. Lung EV-DNA enhances chemotaxis of neutrophils

To further investigate the function of lung EVs in neutrophils, we first examined the relative proportions of various bonemarrow
cells following intraperitoneal injection of lung EVs. However, no significant differences were found between mice treated with
lung EVs and mice treated with PBS as control (Supplementary Figure 6a,b). We next tested whether chemotaxis was affected
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in neutrophils treated with lung EVs because this process of sensing and moving toward a chemoattractant is an important
characteristic of circulating effector leukocytes including neutrophils (Li et al., 2019). Therefore, we employed a thioglycolate-
induced model of acute peritonitis for this purpose (Li et al., 2019). We found that 3 h after administration of thioglycolate,
mice injected 3 days previously with three different amounts of lung EVs showed a dose-dependent increase in the number of
neutrophils recruited to the peritoneal lavage site compared to control mice receiving PBS alone (Figure 6a,b). In contrast, there
were no differences in the number of neutrophils in the peripheral blood of PBS or EV treated mice (Figure 6c). These data
indicate that the lung EVs promoted the migration of neutrophils rather than increasing their numbers in peripheral blood.
GW4869, a neutral sphingomyelinase (nSMase) inhibitor, blocks EV secretion through the ESCRT (endosomal sorting complex
required for transport) independent pathway (Trajkovic et al., 2008). After twodoses ofGW4869 via nasal instillation, the amount
of DNA, protein and numbers of lung EVs were greatly decreased (Supplementary Figure 6c). These observations indicated that
GW4869 successfully inhibited the release of endogenous lung EVs. We subsequently tested the migration of neutrophils after
GW4869 treatment and found the number of neutrophils recruited into the abdominal cavity inGW4869-treatedmice decreased
significantly (Supplementary Figure 6d). These results support the conclusion that lung EV deficiency leads to an inhibition of
neutrophil chemotaxis.
It has been reported that EV derivedDNA canmodulate tumour immunity via paracrine interactions and activation of cytoso-

lic DNA sensor pathways (Diamond et al., 2018). Consequently, we speculated that lung EV-DNA is involved in regulating the
chemotaxis of neutrophils. As shown in Figures 6d–f, incubation of lung EVs with DNase I before injecting them into mice
reduced the ability of the lung EVs to promote neutrophil chemotaxis. Because DNase I treatment only reduced the quantity of
DNA without affecting levels of protein, RNA, or reducing EV number or EV diameter (Figure 6g–i), this indicates that the lung
EV-DNA was responsible for upregulation of chemotaxis. Furthermore, the non-vesicular component with same DNA content
had no effect on neutrophils showing values comparable to those of control mice treated with PBS (Figure 6d–f). In addition,
there were no differences in neutrophil levels in peritoneal lavage fluid and peripheral blood before thioglycolate induction
among these groups (Supplementary Figure 6e,f), indicating EV injection did not influence neutrophil biodistribution in mice
in a non-inflammatory condition. Together, these findings strongly support the conclusion that the DNA in lung EVs enhances
neutrophil chemotaxis in vivo.

. Lung EV-DNA induces the expressions of CXCL and CXCL in neutrophils

To further study the effects of lung EVs on neutrophils, we carried out mRNA sequencing analysis of mouse neutrophils iso-
lated from bone marrow and stimulated with mouse lung EVs in vitro. The results showed that the transcriptional levels of
pro-inflammatory chemokines were markedly upregulated after lung EVs treatment (Figure 7a). In addition, using GSEA, we
observed a significant enrichment of neutrophil chemotaxis-related genes in the lung EVs stimulated group compared with the
control group (Figure 7b), further supporting the idea that lung EVs can promote neutrophil chemotaxis. We then performed
a cytokine array on the supernatants of cultured neutrophils (Figure 7c). Compared to untreated neutrophils and neutrophils
stimulated by lung EVs pretreated with DNase I, the lung EV-stimulated neutrophils displayed substantial increases in the secre-
tion of various chemokines in a dose-dependent manner. Since CXCL1 and CXCL2 are known to contribute to the early stages
of neutrophil mobilization and recruitment during acute inflammation (Burdon et al., 2005; Girbl et al., 2018), we next focused
on characterizing the production of these chemokines by neutrophils. We found that lung EVs very efficiently stimulated neu-
trophils to produce CXCL1 and CXCL2, whereas incubation of lung EVs with DNase I before their co-culture with neutrophils
reduced this effect (Figure 7d, Supplementary Figure 7a). We also observed a significant increase in CXCL1 and CXCL2 levels in
neutrophils isolated from mice treated with lung EVs compared with control mice, while lung EVs pre-incubated with DNase I
showed only a slight increase, confirming a change in the neutrophil transcriptional program in vivo (Figure 7e). In addition, we
observed a significant decrease of CXCL1 and CXCL2 levels in neutrophils isolated from GW4869 treated mice compared with
the control mice (Supplementary Figure 7b). Together, these results demonstrate that lung EV-DNA induce CXCL1 and CXCL2
release from bone marrow neutrophils both in vitro and in vivo.
We next investigated the effects of lung EVs in human samples. Leukocytes were isolated from human peripheral blood and

co-cultured with lung EVs from human lung tissue. Once again, we found that human lung EVs substantially increased CXCL1
and CXCL2 expression levels in leukocytes whereas human lung EVs pretreated with DNase I did not (Supplementary Figure
7c,d). These results support the conclusion that lung EVs increase the expression of CXCL1 and CXCL2 in neutrophils both in
humans and in mice.

. TLR senses lung EV-DNA in neutrophils

We next tested the molecular pathway by which lung EV-DNA induces chemotaxis of neutrophils. TLR9, localized in plasma
membrane and endosomes, sensesDNAwith unmethylatedCpGmotifs derived frombacteria and viruses, resulting in activation
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F IGURE  Lung EV-DNA enhances chemotaxis of neutrophils. (a) Representative flow cytometry plots for neutrophils recruited in peritoneal cavity 3 h
after intraperitoneal injection with thioglycolate. Mice were injected with gradient doses of lung EVs or equal volume of PBS 3 days before in a–c. (b) Absolute
number of neutrophils recruited in peritoneal cavity 3 h after intraperitoneal injection with thioglycolate (mean ± SEM; n = 4). Statistics by two-tailed
unpaired Student’s t test (*, P < 0.05. **, P < 0.01. ns, not significant, P > 0.05). (c) Proportion of neutrophils in CD45+ cells in peripheral blood 3 h after
intraperitoneal injection with thioglycolate (mean ± SEM; n = 3–4). Statistics by two-tailed unpaired Student’s t test (ns, not significant, P > 0.05). (d)
Representative flow cytometry plots for neutrophils recruited in peritoneal cavity 3 h after intraperitoneal injection with thioglycolate. Mice were injected with
lung EVs, lung EVs pretreated with DNase I, non-vesicular components with equal DNA content or equal volume of PBS 3 days before in d–f. NV,
non-vesicular components. (e) Absolute number of neutrophils recruited in peritoneal cavity 3 h after intraperitoneal injection with thioglycolate. (mean ±
SEM; n = 3–4). Statistics by two-tailed unpaired Student’s t test (*, P < 0.05. **, P < 0.01. ns, not significant, P > 0.05). (f) Proportion of neutrophils in CD45+
cells in peripheral blood 3 h after intraperitoneal injection with thioglycolate (mean ± SEM; n = 3–4). Statistics by two-tailed unpaired Student’s t test (ns, not
significant, P > 0.05). (g) Quantification of protein, RNA and particle concentration of lung EVs treated with or without DNase I (mean ± SEM, n = 3).
Statistics by two-tailed unpaired Student’s t test (ns, not significant, P > 0.05). (h) Size distribution of lung EVs treated with or without DNase I detected by
NTA (mean ± SEM; n = 3 acquisitions/sample). (i) Immunoblotting analysis of protein extracts of lung EVs treated with or without DNase I. Immunoblotting
was carried out using antibodies to ALIX
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F IGURE  Lung EV-DNA triggers the release of neutrophil mobilizing chemokines through TLR9 signaling. (a) mRNA sequencing analysis of
chemokine and cytokine levels in neutrophils treated with lung EVs or PBS as control for 18 h. (b) GSEA was performed focusing on neutrophil-chemotaxis
genes between neutrophils treated with lung EVs and neutrophils treated with PBS as control. (c) Representative cytokine array panels of supernatants taken
from 18 h culture of neutrophils incubated with lung EVs, lung EVs pretreated with DNase I, or PBS as control. (d) Real-time PCR analysis of Cxcl and Cxcl
levels in murine neutrophils treated with lung EVs, lung EVs pretreated with DNase I or PBS as control for 18 h (mean ± SEM; n = 4). Statistics by two-tailed
unpaired Student’s t test (*, P < 0.05. **, P < 0.01. ***, P < 0.001. ****, P < 0.0001). (e) Real-time PCR analysis of Cxcl and Cxcl levels in neutrophils isolated
from mice injected with lung EVs, lung EVs pretreated with DNase I or PBS as control (mean ± SEM; n = 4). Statistics by two-tailed unpaired Student’s t test
(**, P < 0.01. ***, P < 0.001. ns, not significant, P > 0.05). (f) Lysates of HEK293T transfected with Flag-tagged TLR9 were incubated in the presence or the
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of NF-ĸB and downstream inflammatory pathways (Ahmad-Nejad et al., 2002; Hemmi et al., 2000; Latz et al., 2004; Leifer
et al., 2004). It has been reported that neutrophils can be activated by mitochondrial DNA through TLR9 signalling and cause
inflammatory responses to injury (Zhang et al., 2010). Thus, we investigated whether or not TLR9 sensed DNA in lung EVs.
Accordingly, TLR9 binding to lung EV-DNA was assessed using an in vitro DNA-binding pull-down assay (Yang et al., 2020).
The result showed that TLR9 was enriched from lysates of TLR9-overexpressing HEK293 cells by incubating biotinylated lung
EV-DNA with streptavidin beads (Figure 7f). Furthermore, binding was efficiently competed by unbiotinylated lung EV-DNA
(Figure 7g), suggesting TLR9 could bind to lung EV-DNA. In addition, we observed the colocalization of DiI-labelled lung EVs
with endogenous TLR9 in neutrophils by confocal microscopy (Supplementary Figure 7e). These results indicate that TLR9 has
the ability to sense lung EV-DNA.
TLR9 can be activated by the synthetic oligodeoxynucleotides ODN1668 that contains unmethylated CpG, but is inhibited by

ligands such as ODN2088, in which “GCGTT” in ODN1668 is replaced with “GCGGG” (Stunz et al., 2002). Another inhibitor,
E6446 {6-[3-(pyrrolidin-1-yl)propoxy)-2-(4-(3-(pyrrolidin-1-yl)propoxy)phenyl]benzo[d]oxazole}, is a synthetic antagonist of
nucleic acid–sensing TLRs and specifically inhibits TLR9 activation in vitro (Lamphier et al., 2014). Using ODN2088 and E6446
to block the DNA-binding site of endogenous TLR9 in neutrophils, we tested whether lung EV-DNA was still able to stimulate
neutrophils. Neutrophils incubated with lung EVs after treatment with ODN2088 (Figure 7h) or E6446 (Figure 7i) for 5 h effec-
tively reduced CXCL1 and CXCL2 mRNA levels compared with neutrophils incubated with lung EVs only. Moreover, we found
that inhibition of NF-κb by BAY11-7082 also abolished the effect of lung EVs (Supplementary Figure 7f). These results indicate
that lung EV-DNA triggers the release of neutrophil mobilizing chemokines through TLR9 signalling.
Taken together, our findings indicate that DNA carried by lung EVs is sensed by TLR9 and directs transcriptional programs in

bone marrow neutrophils, including pro-inflammatory chemokine production and release. These processes are critical for neu-
trophil mobilization from the bone marrow during the onset of acute inflammation. Moreover, our results show that inhibition
of lung EV secretion or disruption of lung EV-DNA is sufficient to impair chemokine production by bone marrow neutrophils
and to reduce their chemotactic response.

. Lung EVs enhance the recruitment of neutrophils in Salmonella infection

Neutrophils are a crucial component of the innate immune system and the initial defence of the body against extracellular
pathogens. Notably, neutrophils are required to resist the onset or severity of sepsis from Salmonella infection (Li et al., 2019). The
results reported above for the mouse models and our molecular findings led us to further assess the status of lung EVs in clinical
infectious disease. Compared with non-infected mice, we detected higher levels of DNA in lung EVs isolated frommice injected
with lipopolysaccharides (LPS) to mimic acute gram-negative bacterial inflammation or directly infected with gram-negative
Salmonella Typhimurium by intraperitoneal injection (1 × 107 CFU/mouse), which suggested lung EVs participate in the process
of bacterial infection (Figure 8a,b). Thus, we assessed neutrophil chemotaxis under Salmonella infection and found that mice
pretreated with lung EVs showed a greater number of neutrophils recruited into the peritoneal lavage fluid than mice pretreated
with PBS, lung EVs incubated with DNase I or non-vesicular components (Figure 8c,d). We also detected more neutrophils in
peripheral blood as expected (Figure 8e,f), because the bacterial infection was systemic and thus differed from the thioglycolate
inductionmodel of peritonitis. Finally, we observed that mice pretreated with lung EVs survived significantly longer under acute
infection compared with control mice (Figure 8g). Meanwhile, bacterial DNA in peripheral blood detected by real-time PCR
(Figure 8h) and counts of viable CFU in liver and spleen tissues (Supplementary Figure 8a) were much lower in mice pretreated
with lung EVs, which were coincident with the lifespan results. Moreover, we examined the impact of lung EV inhibition by
GW4869 on bacterial infection and the results of survival time and bacterial DNA in peripheral blood showed that GW4869
treated mice had severer infection than DMSO treated mice (Figure 8i,j), which were further confirmed by the counts of viable
CFU in spleen and liver tissues (Supplementary Figure 8b). Our findings indicated that lung EVs could effectively enhance neu-
trophils recruitment and inhibition of lung EVs secretion gives rise to a chemotaxis impairment in neutrophils that reduces host
immune defence. These observations show that the regulatory mechanisms identified in the present work by which neutrophils
respond to lung EV-DNA are also functional during bacterial infection with Salmonella Typhimurium and lung EV treatments
prolong survival time of infected mice.

absence of biotinylated lung EV-DNA. The bound proteins were immunoprecipitated with streptavidin microbeads and blotted by an anti-Flag antibody. (g)
Immunoblotting analysis for TLR9-Flag immunoprecipitated with biotinylated lung EV-DNA in the absence or in the presence of 1 μg unbiotinylated lung
EV-DNA. (h–i) Real-time PCR analysis of Cxcl and Cxcl levels in bone marrow neutrophils pretreated with TLR9 inhibitory oligodeoxynucleotide ODN2088
(h) and inhibitor E6446 (i) for 5 h prior to incubation with or without lung EVs (mean ± SEM; n = 4). Statistics by two-way repeated-measures ANOVA
followed by the Bonferroni post test (**, P < 0.01. ***, P < 0.001. ****, P < 0.0001. ns, not significant, P > 0.05)



 of  LIU et al.

F IGURE  Lung EVs enhance the recruitment of neutrophils during Salmonella infection. (a) Quantification of dsDNA in lung EVs isolated from mice 12
h after injection with LPS (n = 3) or infection by S. typhimurium (n = 4). Statistics by two-tailed unpaired Student’s t test (**, P < 0.01, ***, P < 0.001). (b) Flow
cytometry analysis of DNA positive lung EVs (DAPI+) isolated from mice injected with PBS and LPS (mean ± SEM, n = 3). Statistics by two-tailed unpaired
Student’s t test (*, P < 0.05). (c) Representative flow cytometry plots for neutrophils recruited in peritoneal cavity 3 h post S. typhimurium infection. Mice were
injected with lung EVs, lung EVs pretreated with DNase I, non-vesicular components with equal DNA content or equal volume of PBS 3 days before. NV,
non-vesicular components. (d) Absolute number of neutrophils recruited in peritoneal cavity 3 h post S. typhimurium infection (mean ± SEM; n = 5). Statistics
by two-tailed unpaired Student’s t test (**, P < 0.01. ns, not significant, P > 0.05). (e) Representative flow cytometry plots for neutrophils in peripheral blood 3 h
post S. typhimurium infection. (f) Proportion of neutrophils in CD45+ cells in peripheral blood 3 h post S. typhimurium infection (mean ± SEM; n = 5).
Statistics by two-tailed unpaired Student’s t test (*, P < 0.05. ***, P < 0.001. ns, not significant, P > 0.05). (g) Mouse survival curves post S. typhimurium
infection. PBS treated mice and lung EV-treated mice were inoculated intraperitoneally with 1 × 107 CFU/mouse bacteria in g, h (n = 13). Statistics by
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 DISCUSSION

EVs isolated directly from tissues provide us with comprehensive biological information because the cells that they derived
maintain the communication networks within the tissue microenvironment, and thus better approximate in vivoxg501 condi-
tions than EVs isolated from cell culture supernatants (Crescitelli et al., 2021). Limited by the complexity of tissues and organs,
effective methods of isolating EVs from tissues have been lacking until now. In this study, for the first time, we have established
an effective method to enrich high quality EVs from lung tissue, with which we provide a molecular understanding of lung EVs
and their regulatory role on bone marrow neutrophils (Figure 8e). We adopted a rigorous protocol that eliminates contami-
nation by blood EVs and avoids cell disruption during tissue digestion, and thus better ensures the purity of the isolated EVs.
Using immunoblotting, TEM, NTA and LC–MS/MSmethods, we comprehensively analysed and characterized both human and
murine lung EVs and foundmany similarities between the two species. In addition, we identified GPRC5A and AGER as protein
markers of lung EVs, which will aid in determining the lung specificity of EVs. Furthermore, these proteins can potentially be
employed in future to isolate lung EVs from plasma or other biofluids.
We have also developed a combination of high-throughput detection methods to evaluate the source of lung EVs and using

these innovative methods, we determined that they are mainly derived from ATII cells. This result is consistent with previous
studies, which reported that epithelial cells were the main source of EVs in the lung (Kulshreshtha et al., 2013, Bastarache et al.,
2009).While Kulshreshtha et al. showed that EVmarker proteins weremostly located in epithelial cells and alveolarmacrophages
in human lung tissue sections (Kulshreshtha et al., 2013), the ability of the expression and distribution of several classical protein
markers to determine precisely the source of lung EVs is limited. Ourmethods take advantage of more than 500 highly expressed
proteins in lung EVs and their expression levels in lung scRNA-seq data, thus providing a much more comprehensive and rig-
orous assessment. We also found that the ability of non-immune cells to release EVs was greater than that of immune cells. The
difference in EV releasing ability among different cell types confirms that EVs are functional vesicles released from cells in a
precisely controlled fashion.
We identified different characteristics between human and mice samples and speculated that it might be caused by the follow-

ing reasons: (1) We removed blood to eliminate the plasma EVs in all experimental animals but not during treatment of human
samples considering of the feasibility. Contamination of blood in tissues has impact on cell viability, EV recovery, and EV pro-
teomic data (Li et al., 2021). (2) Deposits in human lung tissues, including air pollutants and particles, may cause differences in
EV proteomic data comparing with murine lung EVs. (3) The healthy statuses of human and mice are inconsistent. Murine lung
tissues were obtained from healthy mice, while human samples resected from patients undergoing a lobectomy for focal lung
tumours and normal lung tissues were obtained from uninvolved regions greater than 5 cm from the edge of the tumours. (4)
Technical variation, including batch effect (Hicks et al., 2018; Leek et al., 2010), cell-specific capture efficiency (Kolodziejczyk
et al., 2015) and dropout (Haque et al., 2017; Sarkar & Stephens, 2021; Svensson et al., 2017) and biological variation, including
stochastic gene expression (Hwang et al., 2018; Marinov et al., 2014) and cell cycle (Kolodziejczyk et al., 2015) affect the analysis of
EV source. These factors potentially account for the species differences and allogenic differences, which needs further rigorous
controlled experiments to clarify their effects.
In addition to proteins, we explored DNA in lung EVs. We identified dsDNA to be in both lung EVs and non-vesicle compo-

nents. Specifically, various lengths of dsDNA fragments spanning all chromosomes are present both on the surface and inside of
both human andmouse lungEVs. These findings indicatemodes for active secretion of extracellularDNA in vivo aremore diverse
than previously assumed based on the results from cell-culture systems. Moreover, we provide evidence that lung EVs transfer to
bone marrow neutrophils despite different administration routes and confirm the process in vivo by using Cre-loxp system, in
which the EVs transfer functional Cre-mRNA into target cells without any ex vivo manipulations. Furthermore, we provide con-
vincing evidence that dsDNA carried by lung EVs triggers the release of neutrophil mobilizing chemokines CXCL1 and CXCL2
throughTLR9 signalling, suggesting physiological extracellular DNA exerts immune-regulatory functions through EV-mediated
transportation. Notably, our findings show that lung EVs significantly promoted neutrophils recruitment into inflammatory sites,
while no significant difference was detected in non-infected mice, which indicated lung EVs are not factors to directly induce
neutrophil recruitment but enhance neutrophil motor ability in response to inflammatory signal. Furthermore, inhibition of
endogenous lung EV secretion by nasal instillation of GW4869 is sufficient to impair chemokine production and to reduce neu-
trophil chemotactic response. These findings suggest that the enhancement of neutrophil chemotaxis by lung EVs is different
from inflammatory response to high-dose injection of proteins or nucleic acids.

Mantel-Cox test (****, P < 0.0001). (h) Absolute quantification of S. typhimurium DNA in peripheral blood 12 h post infection were detected by Real-time PCR
(mean ± SEM; n = 6). Statistics by two-tailed unpaired Student’s t test (*, P < 0.05). (i) Mouse survival curves post S. typhimurium infection. DMSO treated
mice and GW4869 treated mice were inoculated intraperitoneally with 1 × 107 CFU/mouse bacteria in i, j (n = 15). Statistics by Mantel-Cox test (***, P <
0.001). (j) Absolute quantification of S. typhimurium DNA in peripheral blood 12 h post infection were detected by Real-time PCR (mean ± SEM; n = 6).
Statistics by two-tailed unpaired Student’s t test (*, P < 0.05). (k) Schema depicting regulations of lung EVs on bone marrow neutrophils
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To examine the role of lung EVs in clinical diseases, we confirmed that the regulatory mechanisms identified in the present
work are also functional during Salmonella infection. DNA in lung EVs is significantly increased during the early phase of acute
inflammation induced by LPS and bacteria. Moreover, lung EVs promote neutrophil recruitment and finally effectively prolong
the survival time of mice experienced acute infection. Consequently, lung EVs are a potential target for modulating neutrophil
recruitment and chemokine release under various inflammatory stresses.
There are several limitations of our models. Although we demonstrated lung EVs transfer into blood, we cannot accurately

quantify lung EVs in the circulation. GW4869 can effectively inhibit lung EVs secretion in vivo through nasal instillation. How-
ever, considering other unknown effects of GW4869, new techniques and models need to be established to remove or reduce
endogenous EVs in tissues. Furthermore, there are differences between animal models and real conditions in vivo under phys-
iological or pathological processes. Considering the rapid and unpredictable feature of infection progression, pre-treatment of
lung EVs is not applicable to the real clinical situations. However, our conclusions suggest that further research could possibly
encourage the development of novel EV-stimulators that upregulate secretion of endogenous lung EVs, providing additional
therapeutic options for infectious diseases. It would also be helpful to synthesize lung EV-like vesicles in vitro, whichmight solve
the ethical issues of EV source.
In summary, we have developed and validated a rigorous protocol for isolation of EVs from lung tissue that has allowed precise

determination of their molecular composition and investigation of their physiological functions in vivo. The methodological
framework provided here is a step toward a better understanding of vesicle-mediated long distance inter-organ communication.
It also will be of importance to further investigate the pathological lung EVs released in disease for their future therapeutic
potential and design of treatment interventions.
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