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Lung epithelial cell-derived extracellular vesicles
activate macrophage-mediated inflammatory
responses via ROCK1 pathway

H-G Moon', Y Cao', J Yang', JH Lee?, HS Choi? and Y Jin*'

Despite decades of research, the pathogenesis of acute respiratory distress syndrome (ARDS) remains poorly understood, thus
impeding the development of effective treatment. Diffuse alveolar damage (DAD) and lung epithelial cell death are prominent
features of ARDS. Lung epithelial cells are the first line of defense after inhaled stimuli, such as in the case of hyperoxia. We
hypothesized that lung epithelial cells release ‘messenger’ or signaling molecules to adjacent or distant macrophages, thereby
initiating or propagating inflammatory responses after noxious insult. We found that, after hyperoxia, a large amount of
extracellular vesicles (EVs) were generated and released into bronchoalveolar lavage fluid (BALF). These hyperoxia-induced EVs
were mainly derived from live lung epithelial cells as the result of hyperoxia-associated endoplasmic reticulum (ER) stress. These
EVs were remarkably different from epithelial ‘apoptotic bodies’, as reflected by the significantly smaller size and differentially
expressed protein markers. These EVs fall mainly in the size range of the exosomes and smaller microvesicles (MVs) (50-120 nm).
The commonly featured protein markers of apoptotic bodies were not found in these EVs. Treating alveolar macrophages with
hyperoxia-induced, epithelial cell-derived EVs led to an increased secretion of pro-inflammatory cytokines and macrophage
inflammatory protein 2 (MIP-2). Robustly increased macrophage and neutrophil influx was found in the lung tissue of the mice
intranasally treated with hyperoxia-induced EVs. It was determined that EV-encapsulated caspase-3 was largely responsible for the
alveolar macrophage activation viathe ROCK1 pathway. Caspase-3-deficient EVs induced less cytokine/MIP-2 release, reduced cell
counts in BALF, less neutrophil infiltration and less inflammation in lung parenchyma, both in vitro and in vivo. Furthermore, the
serum circulating EVs were increased and mainly derived from lung epithelial cells after hyperoxia exposure. These circulating EVs
also activated systemic macrophages other than the alveolar ones. Collectively, the results show that hyperoxia-induced, lung
epithelial cell-derived and caspase-3 enriched EVs activate macrophages and mediate the inflammatory lung responses involved in
lung injury.
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Acute lung injury (ALI) and its severe form, ARDS cause
significant morbidity and mortality in critically-ill patients.” ALI
often presents with extensive accumulation of activated
inflammatory cells and diffuse alveolar damage (DAD)
accompanied by oxidative stress.? Lung epithelial cell
damage, a prominent feature of both infectious and non-
infectious lung injury, potentially has an important functional
role in the pathogenesis of the overwhelming inflammation
and vascular leaking involved in ALI/ARDS.>* However, it
remains incompletely understood how lung inflammation is
initiated and propagated during the development of lung injury,
particularly by non-infectious stimuli. For example, oxidative
stress, such as occurs with the inspiration of a high
concentration of oxygen, could lead to reactive oxygen
species (ROS) production, inflammasome activation, pro-
inflammatory cytokine production, neutrophil influx and lung
inflammation,® resulting in severe lung injury and respiratory

failure. It has been reported that the deposition of extracellular
matrix (ECM) has a role in this process.” Therefore, the cross-
talk between damaged epithelial cells and lung inflammation
cells during the development of non-infectious lung injury
needs to be explored to properly understand the development
of ALI/ARDS.

Hyperoxia-induced ALl (HALI) is a well-established, non-
infectious animal model that mimics human ARDS and has
been used extensively by investigators to better understand
the pathogenesis of this devastating syndrome.® Oxidative
stress, such as occurs with hyperoxia and its derivative ROS,
can induce epithelial cell death via apoptosis, autophagic cell
death, necrosis and many other pathways.® Prolonged
exposure to a high concentration of oxygen is fatal in most
animal models, resulting in neutrophil influx and alveolar
edema.® However, despite the fact that mouse HALI is a good
model of human ARDS, mortality in rodents often results from
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severe cerebral edema.® Activated alveolar macrophage-
released chemokines/cytokines are essential to neutrophil
recruitment.® That said, how the oxidative stress specifically
activates alveolar macrophages has not been well elucidated.
In this study, we used the mouse model of HALI to evaluate the
cross-talk between damaged lung epithelial cells and alveolar
macrophages during the development of HALI via epithelial
cell-derived EVs.

For a long time, EVs were considered membrane debris
without any specific biological function.'® Recently, accumu-
lating data have suggested that EVs are in fact crucial
mediators of intercellular communications.'’'® EVs are
categorized into exosomes, microvesicles and apoptotic
bodies based on their origin, size and content.’® The exosome
is 40-120nm in size and is originated from the endo-
lysosomal pathway, intraluminal budding or the fusion of
multivesicular bodies with the cell membrane. It is character-
ized by holding plasma membrane proteins such as the
tetraspanin (CD9, CD63, CD81 and so on) and lipid raft
proteins (flotillin and caveolin-1).'* The exosome also contains
mRNA and microRNA (miRNA) as well as cytoplasmic and
membrane proteins. It is secreted from majority of cells,
including macrophages, dendritic cells and epithelial cells
among many others. Microvesicles (MVs) are 50—1000 nm in
size and are originated from the outward budding of
the cell membrane.”® MVs contain membrane proteins,
mRNA, miRNA, non-coding RNAs and cytoplasmic
proteins.’® Apoptotic bodies are significantly larger than
exosomes and MVs, averaging 500-2000 nm, and are
generated from the surface of apoptotic cells.'® They are
characterized by a large amount of phosphatidylserine, cell
organelles, nuclear fractions and certain marker proteins,
such as Apaf-1."° Both infection and toxic insults have been
reported to facilitate the generation of EVs.'>™'” EVs are
reported to have similar cellular functions as their mother
cells.’®'® For instance, resting macrophage-originated MVs
exert an anti-inflammatory effect, whereas macrophage-
originated MVs are pro-inflammatory after LPS stimulation.'®
Although EVs appear promising candidates for intercellular
communication, their roles in lung cells, particularly in the
pathogenesis of ALI, have not been reported.

We hypothesized that hyperoxia-associated oxidative
stress stimulates EV generation in lung epithelial cell and that
epithelial cell-derived EVs facilitate the development of
inflammatory lung responses after oxidative stress. We further
explored the components in epithelial cell-derived EVs after
hyperoxia. The underlying mechanisms by which EVs exert
their pro-inflammatory effects on alveolar macrophages were
also determined. To the best of our knowledge, this is the first
study focusing on the role of EVs in the pathogenesis of
hyperoxia-induced ALI, the intercellular cross-talk between
epithelial cells and alveolar macrophages, as well as the
relationship between cell death and pro-inflammatory signals.

Results

Hyperoxia stimulated the production of EVs in lung
epithelial cells. To determine the cross-talk that takes place
between lung epithelial cells and alveolar macrophages after

Cell Death and Disease

hyperoxic stress, we first assessed whether hyperoxia
stimulates EV generation from lung epithelial cells by
following previously described.?° After exposure to hyperoxia
(1-3 days), we isolated EVs by exploiting serial centrifugation
(1000x g—10000x g— 100000 x g), and EVs were con-
firmed in mouse BAL fluid (BALF) using TEM imaging
(Figure 1a, left). The size of these BALF EVs was analyzed
using dynamic light scattering (DLS). We found that the size
ranged from 50 to 120 nm (Figure 1a, right). The expression
patterns of Apaf-1 (a marker of apoptotic bodies), CD40L and
integrin 1 (markers of MVs), Vps27, Vps32, Vps24, Vps4
and flot-1 (markers for exosomes) were also analyzed in
these EVs (Supplementary Figure S1A).'® Room air
(RA)-associated EVs expressed the exosome markers and
hyperoxia-induced EVs carried the markers for both MVs and
exosomes (Supplementary Figure S1A). Neither RA-
associated EVs nor hyperoxia-induced EVs expressed
Apaf-1 (Supplementary Figure S1A), suggesting that these
EVs were different from apoptotic bodies.'® Moreover, we
measured the cholesterol level in the BALF EVs from mice
(Supplementary Figure S1B). Furthermore, the level of
mitochondrial DNA (mtDNA) in these EVs was not changed
after hyperoxia (Supplementary Figure S1C). On the basis of
their size, these hyperoxia-induced EVs fit in the range of
exosomes to MVs and were markedly smaller than apoptotic
bodies. The BALF EV protein levels were also significantly
increased in a time-dependent manner in hyperoxia
(Figure 1b). To determine which cells are responsible for
the increased EV production after hyperoxia, we analyzed the
cellular markers expressed in the BALF EVs using FACS.
The majority of the hyperoxia-induced BALF EVs was
originated from non-mononuclear cells (>62%), rather than
from alveolar macrophages (10%), interstitial macrophages
(21%) or dendritic cells (6.6%) (Figure 1c). Interestingly, in the
case of RA, alveolar macrophages were primarily responsible
for the production of EVs in BALF. However, lung epithelial
cell-generated EVs were dramatically increased after hyper-
oxia in a time-dependent manner, as demonstrated by the
amount of both the EVs and EV proteins, as shown in
Figures 1d and e, respectively. On the other hand, after
hyperoxia, the percentages of EVs derived from alveolar
macrophages, interstitial macrophages and/or dendritic cells
were either decreased or blunted (Figures 1d and e). To
confirm that lung epithelial cells indeed generate large
amounts of EVs after hyperoxia, using both human small
airway epithelial cells (SAECs) and human bronchial epithe-
lial cells (Beas2B) (Figure 1f).

ER stress-associated signaling pathways mediated
hyperoxia-induced EV production and secretion in lung
epithelial cells. As shown in a previous report, ER stress is
an essential factor involved in the damage of lung epithelial
cells after hyperoxia.?! To determine the underlying mechan-
isms by which hyperoxia induces EV production in lung
epithelial cells, we first treated Beas2B human epithelial cells
with hyperoxia (95%) in a time-dependent manner. Beas2B-
originated EVs were isolated using serial centrifugation
(1000x g— 10000 x g— 100 000 x g), and the purity of EVs
was confirmed using TEM and DLS (Figure 2a). We
measured ER stress-related proteins in Beas2B whole-cell
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Hyperoxic stress promoted EV production in vivo and in vitro. Mice were exposed to hyperoxia (100% O,) for the designated time period; BALF EVs were isolated

using serial centrifugation (1000 x g— 10 000 x g— 100000 x g). (a) Negative stained transmission electron microscopy (TEM) image (left panel). The size of BALF EVs was
measured by DLS (right panel) after 3 days’ hyperoxia. (b) Protein concentrations in BALF EVs and soluble fractions. (c) The origin of BALF EVs. CD11c*F4/80~ stands for
dendritic cells, CD11cF4/80* for interstitial macrophages, CD11c*F4/80" for alveolar macrophages (upper) and pan-cytokeratin for epithelial cells (lower). (d) Dynamic changes
on the percentages of cell type-specific EVs in BALF after hyperoxia. (e) Dynamic changes on the EV protein levels in each cell type after hyperoxia. (f) EV protein levels in the
supernatant of small airway epithelial cells (SAECs) and bronchial epithelial cells (Beas2B), after hyperoxia. Error bars represent mean + S.D. n=3. All other figures represent

two independent experiments with identical results. *P<0.05

lysate. The expression of these proteins clearly modulated
after hyperoxia (Figure 2b). Using specific ER-signaling
inhibitors, we showed that the hyperoxia-induced EV produc-
tion was suppressed by an ATF6 inhibitor (Figure 2c). This
observation was further confirmed using ATF6 siRNA
(Figure 2d). The efficacy of ATF6 siRNA was confirmed
before these experiments (data not shown). To directly
confirm whether ER stress is involved in the augmented
production of EVs in Beas2B cells, we treated Beas2B cells
with an ER stress inducer, thapsigargin. EV production was

highly induced in a dose-dependent manner in these cells
after thapsigargin treatment (Figure 2e). Again, pretreatment
of these cells with ATF6 siRNA resulted in significantly less
EV generation after thapsigargin (Figure 2f).

Robustly increased caspase-3 in hyperoxia-induced EVs.
To determine the functions of the hyperoxia-induced EVs, we
attempted to identify the key components that were encap-
sulated in these epithelial cell-derived vesicles after hyper-
oxia. We first compared the total protein levels in the EVs,
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Figure 2 Hyperoxia-induced ER stress stimulated EV secretion from lung epithelial cells. (a) Beas2B cells were exposed to hyperoxia (95% O,, 5% CO,). After 48 h, EV was
isolated from conditioned media using serial centrifugation. Negative stained transmission electron microscopy (TEM) image (left panel) and size of Beas2B EVs measured by
DLS (right panel). (b) After 648 h, the expressions of ER stress-related proteins were analyzed. (c) Beas2B cells were exposed to hyperoxia in the presence of pathway inhibitors
(10 uM/sample). After 48 h, EV's were isolated and protein concentration was measured. Bay11-7082 for NF-xB, JNK Il inhibitor for JNK, SB 203580 for p38 MAPK, Perk inhibitor
for Perk, y-secretase inhibitor for ATF6 signaling. (d) EV production was measured in ATF6 siRNA-transfected Beas2B cells, after hyperoxia (48 h). (e) Beas2B cells were treated
with ER stress inducer, thapsigargin. After 24 h, EVs were isolated. (f) EV production was measured in the ATF6 siRNA-transfected Beas2B cells, 24 h after thapsigargin. Error
bars represent mean + S.D. n=3. All other figures represent two independent experiments with identical results. *P<0.05

which were isolated from the cell supernatant after RA or
hyperoxia. The levels of the EV proteins were robustly
increased after hyperoxia in a time-dependent manner
(Figure 3a). Caspases are essential cell components
involved in hyperoxia-induced cell damage and death.??
The EV-shuttled caspase-3 complex was highly induced after
hyperoxia (Figure 3b). The caspase-3 mRNA level exhibited
no significant change between the RA-EVs and hyperoxia-
EVs (data not shown). Along with caspase-3, caspases-1, -8
and -12 were also augmented in hyperoxia-induced EVs.
Caspases-7 and -9 were not found (Figure 3b). The detected
size of the EV-shuttled caspase-3 was consistent with a
tetramer form of the cleaved fragments (58 KD).2*2* Using
ELISA, we measured the active caspase-3 level (cleaved
caspase-3) in both the EVs and the soluble fractions of BALF.
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The active caspase-3 level in EVs was significantly elevated
after hyperoxia in a time-dependent manner (Figure 3c). We
further confirmed that caspase-3 activity was also enhanced
in hyperoxia-induced EVs compared with the EVs generated
in RA (Figure 3d). After hyperoxia, 60—90% of EVs carried
caspase-3, as compared with the less than 20% of caspase-
3-positive EVs detected in RA (Figure 3e). We next re-
confirmed the origin of the caspase-3-positive EVs. Almost all
of the caspase-3-positive EVs (99.5%) were derived from
lung epithelial cells, which were positive on pan-cytokeratin
staining (Figure 3f). To further confirm this observation, we
first treated Beas2B cells with hyperoxia (95%). After 2 days’
exposure, caspase-3 activity was robustly upregulated in
these cells (Figure 3g). Using a variety of signaling inhibitors,
we found that only an ATF6 inhibitor suppressed the
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Figure 3 Caspase-3 was enriched in EVs after hyperoxia. (a) Hyperoxia-induced,

BALF EV proteins (20 p.g) were fractioned using 10% SDS-PAGE gel and stained with

Coomassie Blue. (b) Expression of caspase proteins in BALF EVs after 3 days’ hyperoxia exposure. (¢) Quantification of active caspase-3 in BALF EVs and soluble fractions.

Active caspase-3 was measured using ELISA. (d) Caspase-3 activity was measured in

BALF EVs. (e) Percentage of caspase-3-positive BALF EVs after hyperoxia. (f) Origins of

the caspase-3-positive EVs isolated from BALF. Mice were exposed to 2 days’ hyperoxia. Pan-cytokeratin stands for epithelial cells and F4/80 for macrophages. (g) Beas2B cells
were treated with or without ER stress inhibitors (10 .M), followed by hyperoxia. After 48 h, supernatant EVs were isolated and analyzed for active caspase-3. (h) Supernatant
EVs were obtained from the control or ATF6 siRNA-transfected Beas2B cells, after hyperoxia (48 h). Error bars represent mean + S.D. n=3. All other figures represent two

independent experiments with identical results. *P<0.05

hyperoxia-induced casepase-3 activity (Figure 3g). This
inhibitory effect was further verified using ATF6 siRNA
(Figure 3h).

Hyperoxia-induced EVs mediated inflammatory lung
responses via EV-shuttled caspase-3. Activated alveolar

macrophages are front-line immune cells, which are respon-
sible for neutrophil recruitment via the release of cytokines/
chemokines.?®> We next evaluated the functions of the
hyperoxia-induced, epithelial cell-derived EVs, using alveolar
macrophages as the target cells. BALF EVs were isolated in
mice exposed to RA or hyperoxia. After treating alveolar

Cell Death and Disease
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Figure 4 Pro-inflammatory effects of the EV-shuttled caspase-3. (a) EVs were isolated from mouse BALF after hyperoxia. Isolated primary alveolar macrophages were
treated with 10 ug/ml BALF EVs for 24 h. Cytokines were measured by ELISA. (b) Total and differential BALF cell counts were analyzed 24 h after delivering the RA-EVs and
hyperoxia (3 days) induced EVs intranasally. (c) BALF MIP-2 was analyzed in the same condition as described in (b). (d) Cytokine production in MH-s was analyzed 24 h after
treatment of EVs (10 g protein) in the presence of caspase-3 inhibitor. (€) BALF cell counts and differentials after hyperoxia (3 days) in WT or caspase-3-deficient mice. (f) BALF
EVs were isolated from WT and caspase-3-deficient mice with or without hyperoxia (3 days). Isolated BALF EV's were used to treat primary alveolar macrophages for 24 h and
cytokine production was measured using ELISA. (g) H&E-stained lung histology (upper) and Ly-6G-stained immunofluorescent image (lower) in mice after hyperoxia (3 days).
Error bars represent mean + S.D. n=3. All other figures represent two independent experiments with identical results. *P< 0.05

macrophages using these BALF EVs (10ug EV (protein)/
sample), we found that hyperoxia-induced EVs stimulated the
production of IL-6, TNF-a and MIP-2 (Figure 4a). Next, we
isolated EVs from the supernatant of cultured primary
alveolar type |l cells after hyperoxia. When primary alveolar
macrophages were treated with the type Il epithelial cell-
derived EVs, similar patterns of cytokine production were
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observed, as were observed in the macrophages treated with
BALF EVs (Supplementary Figure S1D).

To test whether hyperoxia-induced EVs are responsible for
propagating inflammatory lung responses after hyperoxia
in vivo, we first isolated BALF EVs from mice exposed to RA
or hyperoxia. Next, we delivered these EVs to wild type (WT)
C57B/L6 mice intranasally. The BALF from these EV-treated



mice was then obtained to analyze cell counts and cell
differentials after 24 h. The BALF cell counts were significantly
higher in the mice treated with the hyperoxia (3 days)-induced
EVs (Figure 4b). The number of infiltrated alveolar macro-
phages and neutrophils were both augmented (Figure 4b).
MIP-2 was also markedly increased in these BALF (Figure 4c).
Interestingly, the pro-inflammatory effects of the hyperoxia-
induced EVs were inhibited by caspase-3 inhibitors in
a dose-dependent manner (Figure 4d). Bioactive recombinant
caspase-3 stimulated the secretion of IL-6, TNF-a and MIP-2
in MH-s cells (Supplementary Figure S1E). Treating WT mice
with the bioactive recombinant caspase-3 via inhalation
resulted in a higher amount of BAL cells as well, but did not
affect tissue damage (Supplementary Figure S1F and G). In
addition, bioactive caspase-3 did not affect cell viability in lung
epithelial cells (Beas2B, SAEC) or alveolar macrophages
(MH-s) (Supplementary Figure S1H). To further confirm the
importance of caspase-3 in hyperoxia-induced lung inflamma-
tion, we exposed the WTand caspase-3-deficient mice to 95%
hyperoxia, as previously described.?® BALF was then
obtained, cell counts were analyzed and EVs were isolated
(Supplementary Figure S2A). Deletion of caspase-3 signifi-
cantly decreased the macrophage and neutrophil infiltration in
BALF (Figure 4e). Lung injury was reduced in caspase-3-
deficient mice as well (Supplementary Figure S2B). Com-
pared with WT EVs, caspase-3-deficient EVs markedly
diminished the secretion of IL-6 and MIP-2 from alveolar
macrophages (Figure 4f). Histologically, less cell infiltration
was observed in caspase-3-deficient mouse lungs (Figure 4g).
Ly-6G, a marker antigen of granulocytes and neutrophils, was
significantly reduced in caspase-3-deficient mice after hyper-
oxia (3 days) (Figure 4g). Given that an elevated caspase-8
level was also detected in hyperoxia-induced EVs after 3 days’
exposure (Figure 3b), we next evaluated whether caspase-8
alone or synergistically with caspase-3 exert pro-inflammatory
effects on alveolar macrophages. We found that caspase-8
had no significant effect on IL-6, TNF-a or MIP-2 production,
and there was no synergistic effect with caspase-3
(Supplementary Figure S2C).

EV-shuttled caspase-3 induces ROCK1 expression and
regulates macrophage functions via ROCK1-mediated
pathways. To investigate the mechanisms by which EV-
shuttled caspase-3 activated alveolar macrophages, we
isolated EVs from Beas2B cells 48 h after RA and hyperoxia
exposure. Next, we labeled these isolated EVs with ZW700-1
(Figure 5a) and confirmed the wavelength of excitation and
emission (Figure 5b). To elucidate the EV uptake in
macrophages, we treated PMA-activated THP-1 cells with
the ZW700-1 conjugated EVs. After 2h, the EV uptake by
macrophages was analyzed using flow cytometry. The ratios
of EV uptake by macrophages were 95% in hyperoxia-
induced EVs and 80% in RA-associated EVs (Figure 5c).
To determine the underlying mechanisms by which EV-
shuttled caspase-3 activated alveolar macrophages, we
pretreated the macrophages with signaling pathway inhibitors.
Inhibitors of p38 MAPK, ROCK1 and JNK significantly blocked
the caspase-3-induced IL-6 and TNF-a secretion in alveolar
macrophages (Supplementary Figure S3A, left and middle
panels). However, only ROCK1 and JNK inhibitors markedly
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reduced caspase-3-induced MIP-2 (Supplementary Figure S3A,
right panel). Next, instead of using bioactive recombinant
caspase-3, we treated the alveolar macrophages with the
hyperoxia-induced EVs that were isolated from BALF, as
described above. Interestingly, after being treated with
hyperoxia-induced EVs, only the ROCK1 inhibitor, and not
the JNK inhibitor, consistently suppressed IL-6, TNF-a and
MIP-2 secretion in alveolar macrophages (Figure 5d). We
found that recombinant caspase-3 rapidly upregulated the
ROCK1 protein level in alveolar macrophages in a dose- and
time-dependent manner (Supplementary Figure S3B and C).
Consistently, ROCK1 was significantly upregulated in macro-
phages treated with the hyperoxia-induced EVs (Figure 5e).
This effect was dramatically reduced when the macrophages
were treated with caspase-3-deficient EVs, either in the
absence or in the presence of hyperoxia (Figure 5e).

Lung epithelial cell-derived, caspase-3-enriched EVs
were detectable in serum and potentially activated
systemic macrophages. To test whether the lung epithelial
cell-derived caspase-3-enriched EVs enter the blood stream
and thus potentially exert systemic effects, we exposed
C57BL/6 mice to hyperoxia (95%). The EVs isolated from
serum were significantly augmented after 3-day exposure to
hyperoxia (Figure 6a), and the size was measured by DLS
(Figure 6b). A time-dependent elevation of surfactant protein
C (SP-C) and B (SP-B) was found in the serum EVs
(Figure 6b). Given that SP-C and SP-B are alveolar epithelial
cell marker proteins, these results suggest that these
elevated serum EVs originate from epithelial cells. Active
caspase-3 complex and activity were significantly induced in
the serum EVs in a time-dependent manner after hyperoxia
(Figures 6d—f). We next isolated the serum EVs from mice
that had been exposed to RA or hyperoxia, as previously
described.?° To determine whether the serum EVs activate
macrophages in locations other than the lungs, the isolated
serum EVs were used to treat peritoneal macrophages (J774
cells). After 24 h, elevated TNF-a and MIP-2 levels were
detected in the peritoneal macrophages treated with
hyperoxia-induced EVs, but not normoxia-associated ones
(Figure 6f). Interestingly, deletion of caspase-3 using the EVs
isolated from the hyperoxia-treated, caspase-3-deficient mice
(caspase-3~/7) failed to induce TNF-a or MIP-2 secretion in
the peritoneal macrophages (Figure 6h).

Discussion

Lung inflammation is an essential feature in the pathogenesis
of ALI/ARDS.® In this report, we have proposed a novel
paradigm that depends on the cross-talk between the lung
epithelial cells and alveolar macrophages after oxidative
stress. As shown in the schema (Supplementary Figure S4),
hyperoxia stimulated the formation/release of lung epithelial
cell-derived EVs. These epithelial cell-derived EVs in turn
prompted a pro-inflammatory activation of macrophages,
which subsequently resulted in neutrophil infiltration, inflam-
matory cytokine bursts and lung inflammation. We next
discovered that EV-encapsulated caspase-3 plays a crucial
role in mediating inflammatory lung responses. During
hyperoxia induced DAD, a large amount of caspase-3 was

~
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L)

produced that mediated the common pathway of oxidative The EVs that were derived from lung epithelial cells
stress-induced apoptosis.?? Thus, caspase-3-enriched EVs after hyperoxia fell into the size range of 50-120 nm,
also mediate cross-talk between the cell death signaling approximately the size of exosomes and microvesicles

pathways and the inflammatory signaling cascades.

(Figure 1a). They are much smaller than apoptotic bodies,
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which range from 1 to 5 um.'® Hyperoxia-induced EVs
expressed markers for both microvesicles and exosomes
(Supplementary Figure S1A). As mentioned above, these
epithelial cell-derived EVs were generated from live cells, not
dying cells, further differentiating them from apoptotic bodies.
Although the engulfing of apoptotic cells has been linked to
inflammatory responses,?®2® our study provides evidence for

a novel connection between the live cell-released EVs and
targeted macrophage activation.

Previous reports have shown that epithelial cell death
induces 'damage-associated molecular pattern molecules'
(DAMPs) that initiate and perpetuate inflammation,?®2” such
as the nuclear or cytosolic proteins released from dying cells.
DNA, mitochondrial DNA and RNA can all function as the
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DAMPs. Whether DAMPs are encapsulated into the EVs after
certain stressful stimuli remains incompletely determined, but
we failed to identify mitochondrial DNA in hyperoxia-induced
EVs. Therefore, we focused mainly on the regulatory proteins
that are known to mediate lung epithelial cell damage after
hyperoxia, such as the caspases.

Caspase-1, one of the inflammasome components,
regulates the inflammatory responses in macrophages
after hyperoxia.2®%° Pyroptosis, a caspase-1-mediated pro-
grammed cell death process that occurs after infectious insult,
has also been reported to activate the inactive precursors of
interleukin 18 and IL-18 into mature, inflammatory cytokines.°
Surprisingly, only a marginal increase in the caspase-1 level
was detected in the BALF EVs obtained from the mice
exposed to hyperoxia (3 days) (Figure 3). Our findings suggest
that caspase-1 may not be responsible for the transmission of
pro-inflammatory signals between epithelial cells and alveolar
macrophages in the presence of oxidative stress. On the other
hand, caspase-3, a central regulator for the common pathway
of apoptosis, was enriched in the hyperoxia-induced, epithelial
cell-derived EVs. Previous reports indicate that the generation
of caspase-3-enriched membrane vesicles contributes to
cellular homeostasis by the removal of intracellular caspase-3,
and concurrently, protects the cells from direct exposure
to caspase-3 activity and subsequent cell death.®'*2 QOur
study that in addition to the above-mentioned functions,
caspase-3-enriched EVs may also transmit a ‘danger or
‘pro-inflammatory’ signal to the alveolar macrophages, sub-
sequently triggering neutrophil influx and lung inflammation.
These caspase-3-enriched EVs are largely released from live
cells instead of apoptotic cells, serving as a ‘messenger’
mediating cross-talk among live cells. The caspase-3 detected
in the hyperoxia-induced EVs appeared to be the tetrameric
form of caspase-3 (Figure 4). Upon stimuli, two copies of the
large (p17) and small (p12) subunits comprising active
caspase-3 are generated and form an active heterotetramer
(MW: approximately 58kD).2%2* The tetrameric form of
caspase-3 cleaves specific protein substrates within the cell,
thereby resulting in apoptosis.3® There are only a few reports
on the non-apoptotic functions of caspase-3, and these
observations are in neurons and stem cell differentiation.343°
Boing et al. reported that MCF-7 breast cancer cells
release caspase-3-containing vesicles, and these caspase-
3-containing vesicles do not exhibit pro-apoptotic functions.®"
Recently, emerging evidence has suggested that caspase-3 is
detected in extracellular matrix (ECM), raising the hypothesis
that caspase-3 participates in cell-cell communications in a
paracrine manner.%® Our studies offer support to this hypoth-
esis by demonstrating that caspase-3-enriched EVs facilitate
certain macrophage-mediated pro-inflammatory effects.
However, the sequestration of caspases can result in the
tetrapeptide-based activity assays to underestimate the
amount of caspase activation that has occurred in situ.
In fact, this could well be happening in the case of
EV-encapsulated caspase-3. Future studies will investigate
in detail how caspase-3 folds in the EVs and whether it forms a
multimer. Previously, EVs have been thought to bear similar
cellular functions as their mother cells.'®'® Our studies are
among the very first reports to show that epithelial cell-derived
EVs exert downstream functions on alveolar macrophages.

Cell Death and Disease

Mechanistically, caspase-3 regulated macrophage activa-
tion and pro-inflammatory cytokine release take place via Rho-
associated Coiled-Coil kinase | (ROCK I) pathways (Figure 5).
Previous reports have shown that ROCK | is cleaved by
caspase-3 and subsequently contributes to membrane
blebbing.®”*® Although the role of membrane blebbing in
cytokine release remains incompletely elucidated, it is very
likely that the membrane blebbing induced by caspase-3-
cleaved ROCK I is involved in Golgi-mediated exocytosis and
cytokine release. Blocking ROCK | abolishes the effects of
caspase-3 on pro-inflammatory cytokine release.

For a long time, ‘a messenger between stressed lung
epithelial cells and immunomodulatory cells has been
suspected. Cytokines have been thought to pass these
stress/inflammatory signals among cells.'®3%4° However,
thus far, therapy targeting the inhibition of inflammatory
cytokines has not been very effective for ARDS/ALI
treatment.*'~*® Furthermore, to fulfill the mission of a ‘signal
messenger’, a cytokine, as a protein, has to be resistant to
proteinases in the ECM and has to efficiently enter target cells.
The exosome probably serves as a kind of ‘shelter that
enables signaling proteins to avoid degradation in the ECM
and thus serves as a cargo-carrier for transmitting a variety of
‘stress signals’, including but not limited to caspase-3. One of
the limitations in this investigation is that we do not address
the entire protein content enwrapped in these epithelial
cell-derived exosomes. A comprehensive proteomics on the
epithelial cell-derived exosomes and the cell type-dependent
EV production are planned in for the near future. Furthermore,
the detailed signaling pathways of caspase-3-induced inflam-
matory responses in macrophages have not been fully
determined. Identification of the caspase-3 conjugated
receptor and signaling pathway, as well as the dose and
time-dependent effects of exosome encapsulated caspase-3
on macrophage activation will also be taken up as a subject for
further investigation in the near future.

In summary, this report provides a novel mechanism by
which lung epithelial cells communicate with alveolar macro-
phages after exposure to devastating stimuli.

Materials and Methods

Please refer to the online supplements for the details on the following sections:
Animals and in vivo hyperoxia exposure; Cell culture; In vivo & in vitro extracellular

vesicle (EV) isolation; Extracellular vesicle surface staining; Sterile lung inflammation

model; ELISA; Caspase-3 activity; Western blot; Statistical Analysis (ANOVA).
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