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Abstract

Robust lung inflammation is one of the prominent features in the pathogenesis of acute lung injury 

(ALI). Macrophage migration and recruitment are often seen at the early stage of lung 

inflammatory responses in response to noxious stimuli. Using an acid-inhalation induced lung 

injury model, we explored the mechanisms by which acid exposure initiates macrophage 

recruitment and migration during development of ALI. The lung epithelium comprises a large 

surface area and functions as a first-line defense against noxious insults. We found that acid 

exposure induced a remarkable microvesicle (MV) release from lung epithelium as detected in 

bronchoalveolar lavage fluid (BALF). Significantly elevated RNA, rather than protein, was found 

in these epithelium-derived MVs after acid and included several highly elevated microRNAs 

(miRNAs) including miR-17 and miR-221. Acid-induced-epithelial MV release promoted 

macrophage migration in vitro and recruitment into the lung in vivo and required, in part, MV-

shuttling of miR-17 and/or miR-221. Mechanistically, acid-induced epithelial MV-miR-17/221 

promoted β1 integrin recycling and presentation back onto the surface of macrophages, in part via 

a Rab11-mediated pathway. Integrin β1 is known to play an essential role in regulating 

macrophage migration. Taken together, acid-induced ALI results in epithelial MV-shuttling of 

miR-17/221 that in turn modulates macrophage β1 integrin recycling promoting macrophage 

recruitment and ultimately contribute to lung inflammation.
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Background

Emerging evidence has shown that extracellular vesicles (EVs) regulate diverse cellular and 

biological processes related to human disease by facilitating cell-cell cross-talk (1). EVs are 

classified into three major classes that include exosomes (Exos), microvesicles (MVs) and 
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apoptotic bodies (ABs) that is based on their size and mode of generation (2, 3). The 

smallest EVs (Exos) have range in size from 50 to 150 nm and are generated via an 

endocytic MVB pathway (3). MVs (200 nm – 1,000 nm) and ABs (1,000 – 5,000 nm) are 

produced through direct budding of the plasma membrane or cellular rupture (4–6). Whereas 

the release of MVs is continuous, and stimulated by a variety of cell stressor, ABs are only 

generated as a result of cell death. In contrast MVs and Exos are continuously released by 

live cells (7, 8) in either the absence or presence of noxious stimuli (9, 10). Recent studies 

have shown that both proteins and nucleic acids are differentially sorted into the three types 

of EVs reflecting their functional diversity (3, 9). Accumulating evidence further suggest 

that in addition to EV surface antigens, EV can shuttle microRNAs (miRNAs) that may play 

an essential role in mediating intercellular communication (11–13). It is now generally 

accepted that single miRNAs have diverse targets and can up- or down-regulate hundreds of 

genes (14), MVs and Exos therefore act in part as messengers in the coordination of innate 

immune responses to noxious stimuli (7, 9, 10).

ALI/ARDS is a complex syndrome with three overlapping phases characterized by the 

reduction of pulmonary compliance, recruitment of inflammatory cells into the alveoli and 

endothelial and epithelial damage (15, 16). Due to the complexity of the pathogenesis of 

ARDS, developing specific and effective therapies has been exceedingly difficult. Common 

features of ALI/ARDS include an intense inflammatory response in the lung parenchyma, 

severe injury to the epithelial and endothelial cell barriers leading to alveolar edema, 

decreased lung compliance, impaired gas exchange and hypoxemia (17, 18). This can occur 

in the presence of a broad range of agents including oxidative stress, acid aspiration and 

infection (7, 10). The alveolar epithelium functions as a first-line defense against noxious 

insults and as such is critical in maintaining the integrity and function of the lung during 

development of ALI (17–20). In addition to functioning as a barrier, recent evidence 

suggests that Alveolar Type I (ATI) epithelial cells serve important functions in innate 

immune responses and are underappreciated in lung cell-cell communication (21). An 

improved understanding of the mechanisms and significance of epithelium-immune cell 

crosstalk in response to noxious stimuli may provide insight for new diagnostic/therapeutic 

approaches for treating ALI/ARDS.

Macrophages are the first responders among all immunoregulatory cells and are therefore 

involved in the initiation and development of lung inflammation (22–24). Macrophages 

present at barrier sites like the lung are surveillance cells (25, 26). How macrophages 

migrate and are recruited from the peripheral circulation into the lung in response to a 

noxious stumuli remains largely unclear and is a complex process involving diverse cellular 

regulatory mechanisms (27–30),

Integrins are a family of heterodimeric adhesion receptors comprised of approximately 17 α 
chains and eight β chains integrins that pair together in a specific pattern based on the cells 

in which they are expressed (31). These heterodimeric integrins have been classified into 

subfamilies according to the β chain that they share (31). Among the integrin subfamilies, 

integrin β1 and β2 serve critical roles in monocyte/macrophage extravasation and migration 

into sites of inflammation (27). Expression of the β2 subfamily is limited to white blood 

cells and is comprised of one of four heterodimeric isotypes depending on how they 
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combine with the α chains to form Leukocyte Function Antigen (LFA)-1, Mac-1, gp150/95 

and ad/b2 (32). The β2 integrins serve as principal receptors that are recognized by 

complementary adhesion molecules on endothelium known as intercellular cell-adhesion 

molecule (ICAM)-1 and ICAM-2. The ICAM molecules are responsible for allowing 

leukocytes to bind to endothelial cells at sites of inflammation (27, 33). Once the leukocytes 

have extravasated from the circulation these differentiated monocytes/macrophages then 

interact with extracellular matrix (ECM) proteins through the integrin β1 subfamily (27). 

Integrin β1 combines with at least nine α integrins while the integrin β1 subfamily 

recognizes ECM proteins including fibronectin, collagen, and laminins (34). It is now 

generally accepted that integrin β1 is continuously internalized and traffics to Rab11-

positive recycling endosomes or lysosomes to control cell migration (35, 36). Recent reports 

show that incorporation of integrin β1 into recycling endosomes is essential for macrophage 

migration (28).

Collectively, our studies sought to explore the role of epithelial MV-shuttling miRNAs in the 

development of lung inflammatory responses after acid-inhalation. We further describe the 

effects of MV-shuttling miRNAs on macrophage migration and its underlying mechanism of 

action involvin integrin β1 recycling.

Materials and Methods

Materials

MiRNA-17 mimics (HMI0264), miRNA-221 mimics (HMI0398), miRNA-320a mimics 

(HMI0470), miRNA-92a mimics (HMI0955), and HRP-conjugated anti-β-actin antibody 

(A3854) were purchased from Sigma Aldrich (St. Louis, MO). Mouse anti-integrin β1 

(sc-374430), mouse anti PTEN (sc-7974), mouse anti-c-fos (sc-166904) and rabbit anti-

flotillin-1 (sc-25506) antibodies were purchased from Santa Cruz Biotechnology (Santa 

Cruz, CA). Rabbit anti-Rab11 (ab128913), rabbit anti-TSG101 (ab30871), and PE-

conjugated anti-pan cytokeratin antibodies were purchased from Abcam Inc. (Cambridge, 

MA). Rabbit anti-caveolin-1 and anti-Histone H3 antibodies were purchased from Thermo 

Fisher (Waltham, MA) and Cell Signaling (Danvers, MA), respectively. FITC-conjugated 

anti-CD11b (11-0112-82) and APC/Cy7-conjugated anti-CD11c (117323) antibodies were 

purchased from eBioscience (San Diego, CA) and Biolegend (San Diego, CA), respectively.

Acid-induced acute lung injury

Wild type C57BL/6 mice (6 to 8 weeks of age) were obtained from Jackson Laboratory (Bar 

Harbor, ME). Hydrochloric acid (0.1 N, pH 1.5) was intratracheally instilled into the mouse 

lung. One day after instillation, mice were sacrificed and bronchoalveolar lavage fluid 

(BALF) was collected, and lung tissue was harvested. All protocols and methods involving 

animals were approved by the Institutional Animal Care and Use Committee (IACUC) in 

accordance with approved guidelines.

Categorize the EVs from BALF

Previously reported protocols and techniques were applied to isolate three subpopulations of 

EVs from mouse BALF, including apoptotic bodies (ABs), microvesicles (MVs) and 
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exosomes (Exos) (9, 37, 38). BALF was centrifuged at 300 g for 5 min to remove the 

inflammatory cells. The supernatant was then collected and centrifuged at 2000 g for 10 min 

to pellet ABs (37, 38). To isolate MVs, the AB-depleted supernatant was then centrifuged at 

16,000 g for 40 min (4–6). Finally, the resulting supernatant was ultracentrifuged at 100,000 

g for 1 h to pellet Exos (39, 40). Each vesicles were re-suspended in cold PBS and stored at 

−80°C. Protein concentration was measured using a Bradford assay. Size and specific-

protein makers of the three types of EVs were analyzed using dynamic light scattering 

(DLS) instrumentation (Brookhaven 90plus Nano-particle Sizer, Biomedical Engineering 

core, Boston University), and western blotting, respectively.

Bronchoalveolar lavage and inflammatory cell counts

To obtain BALF cells from mice, a bronchoalveolar lavage (BAL) was performed twice with 

1 ml cold PBS. Total inflammatory cell counts in the BALF were determined using a 

hemocytometer as previously described (25). For cytospin preparations, cell suspension was 

cytocentrifuged at 300 × g for 5 min using a Shandon Cytospin 4 (Thermo Scientific, 

Rockford, IL). Slides were air-dried, and stained with Hema 3™ Fixative and Solutions 

(PROTOCOL™). Differential cell counts were evaluated under a light microscope.

Macrophage culture

Mouse bone marrow-derived macrophages (BMDMs) were isolated from mice as described 

previously (9). Isolated bone marrow cells were cultured with 30% L929-conditioned 

medium for 5 to 7 days to allow differentiation of the bone marrow monocyte / macrophage 

progenitors, and further experimentation. Human THP1 monocytes were obtained from the 

American Type Culture Collection (ATCC) and maintained in RPMI-1640 with 10% fetal 

bovine serum (FBS) and 1% penicillin / streptomycin. Cells were cultured at 37°C in a 

humidified atmosphere with 5% CO2 and 95% air. THP1 monocytes were differentiated into 

macrophages with 20 ng/ml phorbol 12-myristate 13-acetate (Sigma-Aldrich) for 24 h and 

then further matured in fresh medium for an additional 24 h before use.

Lung epithelial cell isolation

Primary alveolar epithelial cells were isolated from mice as described previously (41). 

Briefly, mouse lung tissue was washed with sterile PBS, followed by infusion of 2 ml 

dispase and 0.5 ml 1% agarose. Lung tissue was then dissociated in DMEM with 25 mM 

HEPES and 200 U/ml DNase. Isolated cells were sequentially strained using 100µm, 40µm 

and 20µm cell strainers, followed by incubation on plates pre-coated with CD45 and 

CD16/32 antibodies for 2 h. Suspended cells were further transferred to non-coated plates to 

remove fibroblasts. After another 2 h incubation, suspended epithelial cells were cultured in 

DMEM containing 10% FBS prior to further experimentation.

Flow cytometry

Flow cytometric analysis of BALF-MVs was performed as described previously (40) with 

minor modifications. Isolated MVs were coupled to 10 µl of aldehyde/sulfate latex beads 

(Thermo Scientific) for 2 h, and the MV-coated beads were then treated with 4% BSA for 1 

h as a blocking agent. The bead-bound MVs were then permeabilized and fixed for 5 min 

Lee et al. Page 4

J Immunol. Author manuscript; available in PMC 2018 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with 0.2% Triton X-100 and 2% formaldehyde, followed by incubation with designated 

antibodies.

For analysis of BALF macrophages, cells were incubated with antibody specific to integrin 

β1, followed by incubation with CD11b-FITC and a PE-conjugated secondary antibody. 

Macrophages present in BALF was gated based on light scattering profiles, as described 

previously (42). FITC- and PE-conjugated secondary antibodies were used as negative 

controls. Flow cytometric analysis was performed using FACSCalibur instrument (BD 

Biosciences), and the data were analyzed using FlowJo software (Treestar, Inc.).

RNA preparation, reverse transcription, and quantitative real-time PCR

Total RNAs were purified from the isolated BALF-EVs or harvested macrophages using 

MiRNeasy Mini Kits (Qiagen). Purified RNA concentration was measured using the 

NanoDrop Lite Spectrophotometer (Thermo Scientific). A Reverse Transcription Kit 

(Thermo Fisher Scientific) was used to generate single stranded cDNA from equal amounts 

of purified RNAs. SYBR green-based real-time quantitative PCR (qPCR) was performed for 

measuring miRNAs as previously described (43, 44). For relative expression levels of 

mRNAs, beta tubulin was used as a reference housekeeping gene. The list of primers is 

shown in Table 1.

Direct miRNA transfection into MVs

10 pM of miRNA mimics or inhibitors were directly transfected into isolated BALF-MVs 

with 0.1M CaCl2, as previously described (45). The transfected MVs were washed with cold 

PBS followed by 16,000 × g centrifugation. To confirm successful transfection, the 

transfected MVs were treated with RNase, which rapidly degrades miRNAs outside of MVs 

(46, 47). MV-containing miRNA levels were measured using qPCR (supplementary fig 1A). 

The transfected MVs were used for further experiments.

Vesicle uptake assay

Vesicle uptake determination was performed as previously described (48)with a minor 

modification. Isolated MVs were labeled with carboxyfluorescein succinimidyl ester 

(CSFE), followed by washing with cold PBS. WT mice (intratracheal instillation) or 

BMDMs were then treated with the prepared MVs for 24 h, followed by collection of BALF 

cells or BMDMs. The collected cells were trypsinized and washed with acid buffer (pH 2.6) 

to remove surface-bounded MVs (48), followed by cytospin preparation. Uptake of the MVs 

and the MV-containing miRNAs were analyzed using confocal microscopy and qPCR, 

respectively.

Integrin internalization, endocytic recycling, and degradation assay

Integrin trafficking assays were performed as previously described (49) with a minor 

modification. For the internalization assay, macrophage-surface proteins were biotinylated 

with 0.5 mg/mL Sulfo-NHS-SS Biotin (Thermo Fisher Scientific) for 20 min at 4 °C, 

followed by washing with TBS. Internalization of surface proteins was induced by 

incubating cells at 37 °C. After internalization of the surface proteins, the remaining biotin 

on the cell surface was stripped with 50 mM MesNa (Sigma-Aldrich), followed by 
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quenching of the residual MesNa with 20 mM iodoacetamide (Sigma-Aldrich). The cells 

were then harvested with lysis buffer containing 1% Triton X-100 and protease inhibitors. 

Biotinylated proteins were precipitated with streptavidin agarose (Thermo Scientific), and 

subjected to western blot analysis using an antibody specific to integrin β1. The percent 

internalization was determined using the band intensity of internalized integrin β1 relative to 

total labeled integrin β1 (without MesNa).

For the recycling assay, biotin-labeled, surface integrins were incubated for 30 min to allow 

internalization and the remaining biotin on the cell surface was stripped as described above. 

The internalized integrins are able to recycle back to the cell surface by incubating at 37 °C. 

The cell surface was then stripped again to remove the recycled integrins. Biotinylated 

proteins were precipitated and analyzed by Western blot analysis. The percentage of 

recycled integrins was determined by comparing the band intensity of the remaining integrin 

β1 in the cells to the total internalized integrin β1.

Degradation of cell surface integrins was performed as previously described with a minor 

modification (40). Surface-biotinylated macrophages were further cultured for the 

designated time points. Biotinylated proteins were then precipitated and the remaining 

integrin β1 was analyzed by Western blot analysis. The percentage of degraded integrins was 

calculated using the signal intensity of the remaining integrin β1 in the cells at the indicated 

time points relative to total labeled integrin β1.

Antibody-based integrin trafficking assay

Antibody-based trafficking assays were performed as previously described (40) with minor 

modifications. The surface integrins on cultured macrophages were labeled with anti-

integrin β1 antibody (E-11) for 20 min at 4 °C, followed by internalization of the labeled 

integrin with incubation at 37 °C for 30 min. The remaining labeled integrins on the cell 

surface were then stripped with acid buffer (pH 2.5). The cells were then fixed and 

permeabilized with 100 % cold methanol for 10 min at 4 °C. Recycling endosomes were 

stained with anti-Rab11 IgG. The internalized integrin β1 and Rab11-postive recycling 

endosomes were visualized using FITC-conjugated and Alexa 594-conjugated secondary 

antibody, respectively, using a Leica SP5 point-scan confocal microscope (Leica 

Microsystem). Staining intensities and coefficient values were analyzed using ImageJ 1.51h 

software (NIH, Bethesda, MD).

Transwell migration assay

Macrophage migration analyses were performed using 6.5-mm-diameter polycarbonate with 

8.0-µm microporous membranes (Costar, Cambridge, MA), as described previously (9). 3 × 

104 macrophages were placed in the inner chamber coated with BD Matrigel™ Basement 

Membrane Matrix (BD bioscience). EV-depleted 10% FBS was added in the outer well with 

isolated BALF-MVs transfected with miRNA mimics or inhibitors. After 24 h incubation, 

migrated cells were fixed with 4 % formaldehyde and stained with hematoxylin. Migrated 

cells were counted using a light microscope.
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Western Blot Analysis

Harvested cells were lysed with RIPA buffer containing 1% triton X-100, protease inhibitor, 

and phosphatase inhibitor. Western blotting analysis was performed as described previously 

(39). Densitometric analyses were performed using ImageJ software (NIH, Bethesda, MD), 

and the gene expression was normalized to β-actin.

ELISA

Mouse BALF was collected 24 h after acid aspiration and centrifuged at 300 g for 5 min to 

pellet the inflammatory cells. TNF, IL1β, IL6, IL10, and IL23 levels were analyzed using 

DuoSet® ELISA Development Systems (R&D system), according to the manufacturer’s 

recommendation.

Statistical analysis

For all experiments, the exact n values and statistical significances were shown in the 

corresponding figure and figure legends. Represented data of the identical results were 

shown in the presented figures. Statistical analysis was performed with unpaired two-tailed 

Student’s T-test. Values of p < 0.05 were considered statistically significant (* p < 0.05, ** p 
< 0.01).

Results

Lung epithelial cell-derived MVs are robustly upregulated in BALF after acid inhalation

EVs, are classified into ABs, MVs and Exos based on their size, protein markers and modes 

of generation. As shown figure 1A, the size of MVs (172.8 +/− 3.2 nm) measured by both 

DLS and NanoSight were significantly larger than Exos (122.6 +/− 1.7 nm). We also verified 

expression of selective protein makers for each type of EVs (fig 1B) and found that MVs 

were the principle form of EVs in mouse BALF after acid inhalation. 65% of EVs fell into 

the size range of MVs (fig 1C). More interestingly, MVs showed the greatest induction 

compared to other types of EVs (fig 1D). To determine the source of origin of the BALF 

MVs, we analyzed surface markers using antibodies against CD11b, CD11c (myeloid 

lineage markers) and pan cytokeratin (epithelial cell marker). As shown in figure 1E, more 

than 70% of BALF MVs were derived from lung epithelial cells while a small amount MVs 

originated from myeloid cells. Furthermore, epithelial cell-derived MVs were dramatically 

upregulated compared to myeloid cell-derived MVs, which showed no change or a very 

slight induction following acid inhalation (fig 1E).

MV-RNA is upregulated more robustly versus MV-protein in the presence of a noxious 
stimuli

We analyzed the composition of isolated MVs and isolated Exos. In the presence of acid 

exposure, both MV-RNA and MV-protein expression were enhanced. Interestingly, after 

normalization with MV-protein, MV-RNA remained highly elevated (fig 2A). In contrast, 

both Exo-RNAs and Exo-proteins while elevated after acid exposure, showed no significant 

up-regulation when normalizated with MV-protein (fig 2B). We next analyzed several 

microRNAs in the BALF of acid-induced MVs and Exos generation. MiR-221, 320a, 92a, 
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and 17 were significantly higher (more than 2-fold) in MVs after acid exposure. No 

significant alteration of these miRNAs was observed in BALF Exos (fig 2C and D).

Acid-induced lung injury promotes macrophage recruitment and lung inflammation

Macrophage activation, recruitment, and migration play an essential role in initiation of lung 

immune responses (9, 50–52). Acid instillation induced a massive increase in cell infiltration 

in both lung tissue and BALF respectively (fig 3A). Among all infiltrated cells, macrophages 

were the most predominant cell type present in BALF up to 24 h after acid inhalation (fig 

3B). Neutrophils influx in the airways peaked 12h after acid inhalation (fig 3B) while 

eosinophils and lymphocytes, were detected in low amounts in the BALF (data not shown) 

indicating a differential cellular response in the setting of acid exposure. We also confirmed 

that pro-inflammatory cytokines including TNF, IL-1β, and IL-6 were significantly 

increased 24 h after acid inhalation in the BALF compared to sham controls (fig 3C).

Macrophages respond to epithelial cell-derived MVs and MV-miRNAs

To determine the target and recipient cells of the epithelial-derived MV-shuttling miRNAs in 

the BALF, we first examined expression of miR-17, 320a, 92a and 221 in the isolated lung 

epithelial cells and BALF inflammatory cells (70–90 % of the BALF inflammatory cells are 

macrophages; fig 3B). We found that levels of these mature miRNAs (mature miR-17, 320a, 

92a and 221), but not their precursor forms, were dramatically decreased in the lung 

epithelial cells in response to acid-exposure (fig 4A). In contrast, the levels of mature 

miR-17/221 were highly elevated in BALF macrophages (fig 4B). In the absence of any 

changes in pre-miRNA expression, the increased mature forms of miR-17/221 in 

macrophages suggest that these mature miRNAs are, in part transferred from other cells, 

such as lung epithelial cells.

To directly examine MV uptake by macrophages in vivo, we labeled MVs with CFSE. The 

labeled MVs were delivered intratracheally to WT mice and BALF was collected 24h later 

(fig 4C). Greater than 90% of cells in the BALF were macrophages. As shown in figure 4D, 

we successfully visualized efficient uptake of labeled MVs by BALF macrophages. 

Importantly, we confirmed that uptake of acid-induced MVs led to a significant increase in 

miR-17 and 221, but not their precursor forms, in recipient BALF macrophages (fig 4E). 

This observation indicated that MVs and MV-containing miRNAs were actively delivered to 

macrophages in vivo. We also noted that miR-17 and 221 significantly upregulated 

expression of integrin β1, an essential complex required for macrophage recruitment and 

migration (27, 32, 53) (fig 4F).

Acid-induced MV-miRNAs modulate macrophage recruitment and migration in the lung

To determine the effects of MVs and MV-miRNAs on lung inflammatory responses and 

macrophage recruitment, we employed “loss of function” and “gain of function” approaches. 

Figure 5A illustrates our experimental design. We first isolated MVs from control mice or 

acid-treated mice. We then manipulated the miRNA compositions in these isolated MVs 

using miRNA mimics or inhibitors. We inserted miR-17 and 221 mimics into the MVs 

obtained from naive mice to augment their expression. The successful transfection of the 

miRNAs was confirmed using RNase (supplemental fig 1A). In separate experiments, we 
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inserted miR-17 and 221 inhibitors into MVs harvested from acid-exposed mice, given that 

these miRNAs were already up-regulated in response to acid. These modified MVs were 

delivered to WT mice via inhalation. After 24 h, BALF was harvested from the modified 

MV-treated mice and we observed significantly elevated BALF cell counts after inhalation 

of MVs enriched with miR-17/221 mimics. Treating WT mice with MVs obtained from acid 

exposed mice resulted in significantly elevated BALF cell counts. Interestingly, after 

enrichment with miR-17/221 inhibitors, the MVs obtained from acid-exposed mice failed to 

increase cell infiltration into the lung as measured in BALF (fig 5B). Moreover, the 

predominant inflammatory cells remained macrophages after MV-mediated cell recruitment, 

indicating that macrophages are the most likely target responding to MV (fig 5B).

Acid-induced MVs upregulate expression of integrin β1 in macrophages

As described above, integrin β1 is crucial for macrophage migration into injured sites 

though specific interaction with ECM (27, 32, 53). We showed that miR-17 and 221 

significantly upregulated integrin β1 in macrophages (fig 4F). We confirmed that BALF 

macrophages expressed significantly more integrin β1 after exposure to acid (fig 6A). We 

next studied the effects of MVs on integrin β1 expression in macrophages in vitro. After 

confirming the efficient uptake of MVs by cultured macrophages in vitro (fig 6B), we 

treated human macrophages with PBS (Con), MVs obtained from control mice, MVs 

obtained from acid-treated mice, Exos obtained from control mice or Exos obtained from 

acid-treated mice. MVs obtained from acid-exposed mice stimulated remarkable expression 

of integrin β1 compared to all other treatment groups (fig 6C). Similar results were observed 

using mouse macrophages (fig 6D).

MV-shuttling miR-17/221 up-regulated integrin β1 in macrophages

We next evaluated the role of miR-17/221 in MV-induced up-regulation of integrin β1 

expression in macrophages in vivo and in vitro. To test this, isolated MVs were delivered to 

WT mice via inhalation and BALF cells were isolated and analyzed by flow cytometry 24h 

later. Over-expression of miR-17/221 induced expression of integrin β1 while miR-17/221 

inhibitors abolished the effects of acid-induced MVs on integrin β1 expression in 

macrophages (fig 7A). This observation was further confirmed with BMDMs in vitro by 

Western blot (fig 7B and supplementary fig 1A–C) and real-time PCR (fig 7C). We observed 

that Rab11, a Rab GTPase that associates with recycling of endocytosed proteins, was also 

upregulated in macrophages in a similar manner to integrin β1 (fig 7B–C). Importantly, MV-

shuttling miR-17/221 had no effect on Rab4, an important regulator of vesicular transport 

(fig 7C).

MV-containing miR-17 and 221 induce trafficking of integrin β1 into recycling endosomes

Surface expressed integrin β1 is continuously internalized via endocytosis and the 

internalized integrins are then trafficked to Rab11-positive recycling endosomes or 

lysosomes (35, 36). Given that MV-shuttling miR-17/221 significantly up-regulated Rab11 

(fig 7B), we next examined the effect of MV-shuttling miR-17/221 on integrin trafficking in 

macrophages. THP1 macrophages were transfected with miR-17/221 mimics, and 

upregulation of integrin β1 and Rab11 was verified (fig 4F). To assess internalization of, 

integrin β1 cell surface proteins were labeled with Sulfo-NHS-SS-Biotin at 4°C. The 
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remaining labeled proteins on the cell surface were then stripped using 50 mM MesNa, and 

the internalized proteins were precipitated and analyzed by Western blot. For the recycling 

assays, the internalized protein was recycled back to the cell surface after another 37°C 

incubation. The recycled proteins were then stripped again and the labeled proteins that 

remained in the endosomes were precipitated and analyzed by Western. Whereas the 

internalization of surface integrin β1 was not significantly changed (fig 8A), the cell surface 

representation of intracellular integrin β1 was markedly increased after overexpression of 

miR-17/221 mimics in THP1 macrophages (fig 8B). Moreover, the degradation of the 

surface integrin β1 was significantly delayed in the presence of miR-17/221 overexpression 

(fig 8C). Collectively, the surface integrin β1 was highly augmented secondarily to enhanced 

recycling and delayed degradation. Rab11 expression in miR-17/221-overexpressing 

macrophages was also upregulated in addition to integrin trafficking processes (fig 8A–C).

We further evaluated the effect of MV-shuttling miR-17/221 in BMDMs and as shown in 

figure 9A, acid-induced MVs and MV-shuttling miR-17/221 upregulated the recycling of 

integrin β1 in BMDMs. Significant co-localization between Rab11 and integrin β1 in 

BMDMs was observed after treatment of acid-induced MVs or MV-shuttling 

miR-17/221(fig 9B). We next performed an antibody-based surface-labeling assay as 

described previously (40) targeting integrin β1. As illustrated in figure 9C, surface 

expression of integrin β1 was internalized after incubation at 37 °C. The labeled integrin β1 

that remained on the cell surface was then stripped. As shown in figure 9C, robustly elevated 

co-localization was observed between integrin β1 (green) and Rab11 (red) after exposure of 

macrophages to acid-induced MVs and MV-shuttling miR-17/221, suggesting that 

internalized integrin β1 traffics to Rab11-positive recycling endosomes or lysosomes. 

Notably, acid-induced MVs enriched with the miR-17/221 inhibitor failed to induce co-

localization of integrin β1 and Rab11 confirming the functional significance of MV-

containing miR-17/221(fig 9C).

MV-containing miR-17 /221 mediates macrophage migration via integrin β1

We next examined the effects of MV-shuttling miR-17/221 on macrophage migration in 
vitro. As shown in figure 10A, we seeded BMDMs in a transwell insert coated with 

basement membrane matrix proteins and added the following agents into the transwell lower 

compartment: 1) MVs obtained from control mice plus control oligos, 2) acid induced MVs 

plus control miRNA oligos, 3) MVs obtained from control mice enriched with miR-17/221 

mimics and 4) MVs obtained from acid-exposed mice enriched with miR-17/221 inhibitors. 

To determine the functional role of integrin β1 in MV-mediated macrophage migration, we 

pretreated BMDMs with integrin β1 siRNA (fig 10B). As expected, acid-induced MVs and 

MV-shuttling miR-17/221 significantly induced BMDM migration compared to control 

MVs. The effect of acid-induced MVs was abolished after inhibition of miR-17/221 (fig 

10C). We further observed that depletion of integrin β1 decreased the number of migrated 

cells (fig 10C). In addition, acid-induced MVs and MV-shuttling miR-17/221 failed to 

induce migration of the integrin β1-deficient BMDMs, indicating that MV-shuttling 

miR-17/221-mediated macrophage migration was, in part integrin β1 dependent (fig 10C).
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Discussions

EVs refer to a group of heterogeneous vesicles with different sizes, features, mechanisms of 

formation and function (1–3, 5, 40, 54, 55). Depending on the cellular sources and stimuli, 

EVs are generated via direct budding (MVs), secretion from cells via multivesicular bodies 

(MVBs, Exos) or formation by plasma membrane blebbing after undergoing apoptosis 

(ABs). Proteins derived from parent cells are often detectable in EVs such as surfactant 

proteins (SPs) that can be found in EVs released from lung epithelial cells (26). We 

previously reported that development of hyperoxia-induced lung injury (HALI) is influenced 

by BALF EVs from lung epithelium (9, 26). Here, we confirmed that epithelial cells are the 

likely source of BALF EVs during the development of ALI, regardless of the noxious 

stimuli. We put forth that lung epithelium-derived EVs are dominant participants primarily 

in “sterile” stimuli-induced ALI. In the setting of bacterial infection-associated ALI, such as 

bacterial pneumonia, a large amount of BALF EVs are derived from macrophages, other 

immunomodulatory cells, and bacteria themselves (unpublished data). While the 

pathogenesis of acid-induced lung injury is significantly different when compared to HALI, 

we found that MVs remained the principle type of EVs present in BALF and that MV-RNAs 

were robustly altered after acid exposure. This is consistent with our previous reports with 

HALI (9). Whether these observations remain the same in the setting of pathogen-induced 

lung injury requires further investigation.

Our previous reports using the HALI model suggest that epithelial MVs mediate the cross-

talk between lung epithelial cells and alveolar macrophages via MV-shuttling miRNAs (9). 

However, a different MV-miRNA repertoire is involved in acid-induced lung injury, 

compared with those involved in HALI. In the current study, we demonstrated how epithelial 

MVs promote macrophage recruitment and migration into the lung. In the absence of 

infectious stimuli, the lung epithelium plays an essential role in releasing chemoattractants 

that target circulating macrophages. The role of alveolar epithelial cell-mediated chemokine/

cytokine release has been well documented (26, 56, 57). Here, we show that epithelial MVs 

and MV-shuttling miRNAs modulate, in part, macrophage recruitment and migration. Unlike 

chemokines, MV-shuttling miRNAs directly regulate the cellular machinery necessary for 

macrophage migration and include cell surface expressed integrin β1 expression.

The integrin β1 chain and distinct α chains can form at least nine heterodimer combinations 

(27, 34) that permit a wide variety of αβ combinations while sharing a common β1 chain. 

These adhesion molecules interact with a diverse array of ECM proteins. We investigated the 

effects of MV-shuttling miR-17/221 on expression of integrin β1 in monocytes and 

macrophages. It has been reported that the integrin β1/Scr/PI-3 kinase-mediated signaling, 

but not integrin β1/focal adhesion kinase-mediated signaling, regulates macrophage 

migration (58, 59). Moreover, the incorporation of integrin β1-containing recycling 

endosomes onto their leading edge is critical for macrophage migration (28).

Collectively, our results suggest that epithelial MVs and MV-shuttling miR-17/221 up-

regulate β1 integrin expression in macrophages. Further, our findings indicate that epithelial 

MVs and MV-shuttling miR-17/221 promote β1 integrin recycling in part through a Rab 11-

mediated pathway. Rab11 belongs to the Rab family of small GTPases and regulates 
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membrane trafficing (36). Rab11 in particular regulates recycling of endocytosed proteins 

and is used as a recycling endosomal marker (36, 40). Co-localization of Rab11 and integrin 

β1 suggests that integrin β1 is likely recycled with recycling endosomes and regulated by 

Rab11.

Recent studies demonstrate that PTEN is a direct target of both miR-17 and 221 (60–62). 

PTEN negatively regulates macrophage infiltration (63) and suppresses expression of c-fos, 

a transcriptional factor involved in regulation of Rab11 (64, 65). miR-17 and 221 reduce 

PTEN expression and induce c-fos /Rab11 expression in macrophages (supplement figure 

1D–E). These results indicate a potential molecular mechanism of action involved in 

miR-17/221-mediated Rab11 upregulation. Multiple miRNAs, such as miR-451, 155, and 

26a have also been shown to regulate macrophage migration (66–68) and presumably other 

miRNAs can contribute to how macrophages respond to noxious stimuli and marginate into 

tissue.

There are several pitfalls in our current studies. First, it is difficult to quantify the amount or 

copy number of specific miRNAs generation. Therefore, it is also difficult to determine the 

amount of MVs that are required to deliver enough miR-17/221 oligos to trigger integrin β1 

recycling and macrophage migration. Furthermore, our functional studies utililized gain and 

loss of function approaches using synthetic miRNA mimics or inhibitors. Due to the 

complexity of MV-miRNA profiles, a dose-response effect has been extremely difficult to 

achieve using synthetic miRNA inhibitors or mimics. Furthermore, our studies clearly show 

that multiple MV-miRNAs were altered after acid-inhalation. It is very likely that a MV-

miRNA “signature” or “repertoire”, rather than one specific miRNA impart synergistic 

effects on macrophage migration and activation. Based on pulmonary anatomy, it is very 

possible that epithelium-derived microvesicles are successfully delivered to the monocytes 

and interstitial macrophages.

Given that the integrin β1 subfamily is required for interacting with ECM protein to allow 

leukocyte/macrophage extravasation into injured sites, (27, 32, 53) it is very likely that MV-

shuttling miRNAs also regulate β2 integrins and thus, synergistically promote macrophage 

migration. Our future directions in acid-induced ALI include MV-miRNA profiling, 

quantification of each specific miRNA, dose ranging and kinetics of the MV-miRNA-

regulated integrin β1 recycling and macrophage migration, and the effects of acid-induced 

MVs / MV-shuttling miRNA repertoires on the level of integrin β2 and α chain integrin 

expression.

In summary, we illustrate a novel mechanism by which lung epithelial cells directly promote 

macrophage migration and recruitment into the airways, in the setting of acid-inhalation-

acute lung injury. Lung epithelial cell-derived MVs and MV-shuttling miRNAs imparted 

their effects on macrophage migration via enhancing β1 integrin recycling in the 

macrophages. Modulation of MV function and miRNA delivery may direct new avenues for 

therapeutic use in acute lung injury.
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Figure 1. Characterization of the extracellular vesicles (EV) in the lung
A. Three subpopulations of EVs were isolated from mouse BALF, including apoptotic 

bodies (ABs), microvesicles (MVs), and exosomes (Exos). The sizes of the isolated EVs 

were measured using Dynamic Light Scattering (DLS) (A, left panel) and NanoSight (A, 

right panel). B. Representative Western blot of isolated EVs. C. Pie graph indicates the 

average percentages of each type of EVs isolated from BALF (n = 8 mice per group). D. 
Acid (0.1 N HCl) was intratracheally instilled into the lungs of mice. 24 h later BALF-EVs 

were isolated and the amount of EVs were determined. Data represent mean ± SD (n = 8 

mice per group). E. Flow cytometry of isolated MVs to determine the proportion of cell-

type-specific markers. Dot graphs show the percentages of the indicated cell markers (E, 

right lower panel). For A and B, data are representative of three independent experiments.
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Figure 2. Expression of miRNAs in BALF-EVs after acid aspiration
(A–B) MVs (A) and Exos (B) were isolated from BALF after acid administration. Protein, 

RNA, and normalized RNA (RNA / protein) amount are shown. (C–D) Expression of 

miRNAs in MVs (C) and Exos (D) by real-time quantitative RCR (qPCR). Left panels show 

the fold change of miRNAs after normalization with EV-RNAs. Right panels show the fold 

increase in miRNAs after normalization with EV-protein.
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Figure 3. Acid-induced lung injury promotes macrophage recruitment and lung inflammation
A–B. H&E staining of mouse lung tissue and BALF cells 24 h after acid aspiration. Data 

represent mean ± SD (n = 4–6 mice per group). C. Cytokine expression in BALF 24 h after 

acid,
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Figure 4. MVs and MV-containing miR-17/221 are actively transferred from lung epithelial cells 
to recipient macrophages
A–B. pPCR analysis of lung epithelial cells (A) and BALF cells (B) 24 h after acid 

instillation. Data represent mean ± SD (n = 4 per group). C–D. Schematic illustration of MV 

uptake analysis in vivo (C). CFSE-labeled MVs (D) or acid-induced MVs. E. MV uptake 

after intratracheally instillation into the lungs of mice. Data represent mean ± SD (n = 3 per 

group). F. Western blot analysis of THP1-differentiated macrophages transfected with the 

indicated miRNA mimics. Graph shows expression levels of integrin β1 in the transfected 

macrophages.
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Figure 5. MV-containing miR-17/221 facilitate macrophage recruitment into the lung
A. Schematic illustration of the functional analysis of MV-containing miRNAs on 

macrophage recruitment in vivo. MVs isolated from control mice (MV-con) and mice after 

acid aspiration (MV-acid) and were then transfected with miR-17 and 221 mimics (MV-con 

+miR-17/221 mim) and inhibitors (MV-acid +miR-17/221 inh). Non-specific RNA oligos 

were transfected into MVs as negative controls (MV-con +nc and MV-acid +nc). 24 h after 

instillation, BALF cells were isolated and stained with H&E (B, left panel). Dot graph 

showed the total cell count and macrophage count in the BALF (B, right panel).
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Figure 6. Acid-induced MVs up-regulate expression of integrin β1 in macrophages
A. BALF cells were isolated 24 h after acid aspiration. Based on the light-scattering profiles, 

BALF macrophages were gated (M: macrophages, L: lymphocytes and G: granulocytes). 

Expression levels of CD11b (macrophage marker) and CD29 (integrin β1) in the 

macrophages were measured using flow cytometry. Dot graph show the percentage of 

CD11bhigh CD29high cells. Data represent mean ± SD (n = 4 mice per group). B. Mouse 

bone marrow-derived macrophages (BMDMs) were treated with CFSE-labeled MVs for 1 

day, followed by MV uptake assay, as described in Materials and Methods. C–D. Two types 

of EVs were isolated from control mice (MV-con and Exo-con) and mice after acid 

instillation (MV-acid and Exo-acid). C–D. Human THP1-differenciated macrophages and 

BMDMs were treated with the isolated EVs for 1day, followed by Western blot analysis. 

Left panel shows expression levels in treated macrophages of integrin β1 as dot graphs. 

Right panels show representative images of the Western blot analysis. Data represent mean ± 

SD (n = 4 or 6 per group).
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Figure 7. MV-containing miR-17/221 upregulate integrin β1 in macrophages
A. BALF-MVs were isolated from control mice (MV-con) and mice after acid instillation 

(MV-acid). miR-17 and 221 mimics (MV-acid +miR-17/221 mim) and inhibitors (MV-con 

+miR-17/221 inh) were directly transfected into MV-con and MV-acid, respectively. Non-

specific RNA oligos were transfected into MVs as negative controls (MV-con +nc and MV-

acid +nc). The transfected MVs (20 µg/30 µl/mouse) were intratracheally instilled into mice. 

24 h after instillation, BALF cells were isolated and gated by flow cytometry for CD11bhigh 

CD29high. Data represent mean ± SD (n = 4 or 5 mice per group). B–C. BALF-MVs were 

prepared as described in (A). BMDMs were treated with the MVs (5 µg/500 µl/well) for 24 

h, followed by Western blot (B), and qPCR (C) for measuring protein and mRNA 

expression, respectively. Dot graphs show expression of the indicated genes from the treated 

macrophages. Data represent mean ± SD (n = 4 or 6 per group).
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Figure 8. miR-17 and 221 promote endocytic recycling of integrin β1 in macrophages
A–C. THP1-differentiated macrophages were transfected with miR-17 or 221 mimics. 

Surface proteins of the macrophages were labeled with EZ-Link Sulfo-NHS-SS-Biotin, 

followed by surface integrin internalization (A), endocytic recycling (B), and degradation 

assay (C). Biotinylated proteins were precipitated with streptavindin, followed by Western 

blot analysis. Data represent mean ± SD (n = 3 per group).
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Figure 9. MV-containing miR-17/ 221 induce the trafficking of integrin β1 into recycling 
endosomes
A–B. MVs were isolated from control mice (MV-con) and mice after acid instillation (MV-

acid). miR-17 and 221 mimics were directly transfected into MV-con (MV-con +miR-17/221 

mim), as described in Materials and Methods. Non-specific RNA oligos were transfected 

into MVs as negative controls (MV-con +nc and MV-acid +nc). BMDMs were treated with 

the transfected MVs for 1day, followed by recycling assays (A) and double-immunostaining 

(B) using the indicated antibodies. Data represent mean ± SD (n = 3 or 6 per group). C. 
BMDMs were treated with the transfected MVs as described in (A), followed by labeling of 

surface integrin β1. Data are representative of three independent experiments. Scale bars = 

50 µm.
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Figure 10. Integrin β1 is required for MV-miR-17 / 221-induced macrophage migration
A–C. Schematic illustration of the functional analysis of MV-containing miRNAs on 

macrophage migration (A). BMDMs were transfected with control siRNAs or integrin β1 

siRNAs (50 nM) and expression levels of integrin β1 in the transfected BMDMs were 

assessed by Western blot (B). BALF-MVs were prepared as described in figure 3D, and 

transwell inserts were coated with basement membrane matrix. Migration assays of the 

transfected BMDMs were performed as described in Materials and Methods (C, left panel). 

Dot graph shows the migrated cell counts in each field (C, right panel). Data represent mean 

± SD (n = 6 per group).
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Table 1

Sequences of primers used in qPCR

Name primer sequence for RT (5’ to
3’)

primer sequence for qPCR (5’ to 3’)

Universal primer GGTGTCGTGGAGTCGGCAATTCAGTTGAG

miR-221 CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGGAAACCCA ACACTCCAGCTGGGAGCTACATTGTCTGCT

miR-320a CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGTCGCCCTC ACACTCCAGCTGGGAAAAGCTGGGTTGAG

miR-92a CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGACAGGCCG ACACTCCAGCTGGGTATTGCACTTGTCCC

miR-17 CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGCTACCTGC ACACTCCAGCTGGGCAAAGTGCTTACAGT

miR-185 CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGTCAGGAAC ACACTCCAGCTGGGTGGAGAGAAAGGCAGT

miR-21 CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGTCAACATC ACACTCCAGCTGGGTAGCTTATCAGACTGA

miR-20a CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGCTACCTGC ACACTCCAGCTGGGTAAAGTGCTTATAGT

miR-93 CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGCTACCTGC ACACTCCAGCTGGGCAAAGTGCTGTTCGTG

miR-181a CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGACTCACCG ACACTCCAGCTGGGAACATTCAACGCTGTC

let-7b CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGAACCACAC ACACTCCAGCTGGGTGAGGTAGTAGGTTGT

Rab11 Forward: TGGGAAAACAATAAAGGCACAGA

Reverse: ATGTGAGATGCTTAGCAATGTCA

Integrin β1 Forward: ATGCCAAATCTTGCGGAGAAT

Reverse: TTTGCTGCGATTGGTGACATT

Rab4 Forward: GGAGCGGTTCAGGTCTGTG

Reverse: AGTAAGCGCATTGTAGGTTTCTC

β-tubulin Forward: CTGGGAGGTGATCGGGGAA

Reverse: GCACATACTTCTTACCGTAGGCT

pre-mir-17 Forward: GTCAGAATAATGTCAAAGTGCTTAC

Reverse: GTCAGCATAATGCTACAAGTGCCC

pre-mir-221 Forward: ATCCAGGTCTGGGGCATGAA

Reverse: TTCCAGGTAGCCTGAAACCC

pre-mir-92a Forward: CTTTCTACACAGGTTGGGATTTG

Reverse: CCAAACTCAACAGGCCGGGA

pre-mir-320a Forward: GCCTCGCCGCCCTCC

Reverse: CCCACATCCTTTTTCGCCCT
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