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Purpose: Activated alveolar macrophages (AMs) secrete extracellular vesicles and particles to
mediate the inflammatory response in the acute respiratory distress syndrome (ARDS) although the
underlying mechanisms are poorly understood. This study investigated whether secretory autopha-
gosomes (SAPs) from AMs contribute to the inflammation-mediated lung injury of ARDS.

Methods: We first isolated SAPs from cell culture supernatants of RAW264.7 cells and
AMs and quantified Interleukin (IL)-1B in SAPs. Next, we employed
a lipopolysaccharide (LPS)-induced ARDS model to investigate whether SAP-derived IL-
1B could exacerbate lung injury. Finally, we used siRNA to knockdown Rab8a, both in vitro

levels

and in vivo, to investigate the effect of Rab8a on SAP secretion and lung injury in ARDS.
Results: We found that AMs play an important role in ARDS by releasing a novel type of
proinflammatory vesicles called SAPs that could exacerbate lung injury. SAPs are character-
ized as double-membrane vesicles (diameter ~200 nm) with the expression of light chain 3
(LC3). IL-1p in SAPs is the key factor that contributes to the inflammation and lung injury in
ARDS. We found that Rab8a is necessary for AMs to release SAPs with IL-1B, and Rab8a
knockdown alleviated lung injury in ARDS.

Conclusion: This study showed the novel finding that SAPs released from AMs play a vital
role in ARDS by promoting an inflammatory response and the underlying mechanism was
associated with IL-1p secretion.

Keywords: secretory autophagosomes, alveolar macrophages, interlukin-1p, Rab8a, acute
respiratory distress syndrome

Introduction

Acute respiratory distress syndrome (ARDS) occurs frequently in critically ill
patients treated in the ICU with morbidity and mortality rates of ARDS 10.4%
and more than 40%, respectively. The pathogenesis of ARDS is mediated by the
excessive inflammatory response of immune cells to various pulmonary or extra-
pulmonary factors.” Despite the high mortality rate, no effective treatment for the
underlying pathogenesis of ARDS has been developed. Alveolar macrophages
(AMs) constitute approximately 50% of the immune cells in the lungs and, through
the synthesis and release of various inflammatory mediators, they play a pivotal role
in the pathogenesis of ARDS.> Emerging evidence indicates that AMs autophagy
could impact the pathogenesis or progression of ARDS. However, the role of
macrophagic autophagy in ARDS appears to be complex, as it can be either
cytoprotective or deleterious.®’
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Autophagy is an evolutionarily conserved ubiquitous

process for degrading and clearing subcellular

components.®” In contrast to degradative autophagy,
secretory autophagy can bypass lysosome fusion and
export various cytoplasmic substrates.'®'? Recently, Bel
et al reported that lysozyme-containing autophagosomes
from Paneth cells secrete chemokines into the intestinal
lumen to participate in the pathogenesis of Crohn’s
disease.”® The autophagosomes released from cells are
called secretory autophagosomes (SAPs) and are charac-
terized as double-membrane vesicles (diameter ~200 nm)
with the expression of light chain 3 (LC3). More recently,
yeast, tumor cells, and endothelial cells were shown to
release SAPs to amplify pathological signals and to trans-
mit intercellular signals.'*'® Thus, SAPs may participate
in the

Nonetheless, it is unknown whether AMs can release

regulation of the inflammatory response.
SAPs to modulate the inflammatory response in ARDS.

Interleukin (IL)-1P is a well-known proinflammatory
cytokine that is secreted by activated macrophages. In
addition to conventional protein secretion by the endoplas-
mic reticulum (ER) and the Golgi apparatus, IL-1f can be
secreted through several unconventional pathways. In
recent years, several studies have shown that IL-1p secre-
tion can be regulated via autophagy.'”'® However, there is
no evidence that IL-1B can be transported directly via
intact SAPs.

This study aimed to provide insight into the inflamma-
tory regulation in ARDS and to identify potential drug
targets for the treatment of ARDS. Therefore, we evalu-
ated the role of AM-released SAPs
the inflammatory response in ARDS and investigated

in promoting

whether the mechanism underlying this effect is associated
with IL-1 secretion.

Materials and Methods

Isolation and Identification of Mouse AMs
Male wild-type (WT) C57BL/6 mice aged 8—10 weeks
were used in all experiments. AMs were harvested from
the bronchoalveolar lavage fluid (BALF) of mice. Briefly,
the lungs of the mice were perfused with 1 mL phosphate-
buffered saline (PBS; 10 times, 0.1 mL/perfusion/min) and
a 20-gauge endotracheal catheter was used to collect
BALF. Each BALF sample was centrifuged at 300 g for
5 min, and the supernatant was discarded. The pellet was
re-suspended in the RPMI 1640 medium (RPMI 1640;
Wisent Biotechnology, Nanjing, China) to obtain a cell

concentration of 2x10° cells/mL. After 2 h of incubation
at 37°C and with 5% CO,, unattached cells were removed,
and the adherent cells were cultured in RPMI 1640 con-
taining 10% fetal bovine serum (FBS; Coring, Australia),
100 TU/mL penicillin, and 100 pg/mL streptomycin. Flow
cytometry for F4/80, CDllc, and Siglec F was used to
identify the phenotype of AMs.

Cell Culture

The murine-derived macrophage cell line RAW264.7 was
purchased from the Cells Resource Center of Shanghai
Institutes for Biological Sciences, The Chinese Academy
of Science. The cells were cultured at 37°C in Dulbecco’s
modified Eagle’s medium (DMEM; Wisent Biotechnology,
China) containing 10% FBS, 100 IU/mL penicillin, and
100 pg/mL streptomycin in a humidified atmosphere with
5% CO,. When the cells reached 80% confluence, the
adherent cells were trypsinized using 0.25% trypsin-
EDTA (Invitrogen, American) and underwent passage in
new flasks for further expansion. The cells were untreated
or treated with 100 ng/mL lipopolysaccharide (LPS) for
12, 24, 48, or 72 h to determine the effect of LPS-
stimulated RAW264.7 activation. Mouse AMs were cul-
tured at 37°C in RPMI 1640 containing 10% FBS, 100 U/
mL penicillin, and 100 pg/mL
a humidified atmosphere with 5% CO,.

streptomycin  in

Cell Viability Assay

The cytotoxic effect of LPS (MCE, USA) on RAW264.7
cells was evaluated via trypan blue exclusion assay. The
cells were seeded in 24-well plates (5 x 10*/well), incu-
bated at 37°C overnight, and then treated with 0, 10, 100,
or 1000 ng/mL LPS. Cell viability was assessed after
24 h with trypan blue exclusion to determine the viable
cell percentage.

Animal Procedures

Briefly, male C57BL/6J mice (n=5-7 per group) were
randomly administered intratracheal injections of LPS
(5 mg/kg; MCE, USA), SAPs from LPS-stimulated
RAW264.7 cells (10° particles/mouse), or recombinant
IL-1P (250 U/mouse; BD Pharmingen, USA) with or with-
out pretreatment of IL-1RA (25 mg/kg, 24 h before injec-
tion of other drugs; MCE, USA). PBS (Biological
Industries, Israel) was used as control and as the vehicle
of LPS, SAPs, recombinant IL-1p, and IL-1RA. After
24 h, lung and BALF samples were collected. The left
lung of each mouse was processed for hematoxylin and
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eosin staining. The levels of 1L-6, IL-10, IL-12, and tumor
necrosis factor-alpha (TNF-a) in lung tissue homogenates
were quantified using an ELISA kit (Ela Science, China).

Isolation and Purification of SAPs

We isolated and purified SAPs according to the previously
reported methods for isolating tumor cell-released autop-
hagosomes (TRAPs).'” The culture supernatants and
BALF samples were centrifuged at 400 g for 5 min to
remove whole cells and debris. The supernatants were
centrifuged at 12,000g for 30 min. Subsequently, the
SAPs-containing pellets were collected, washed thrice
with PBS, and isolated with magnetic beads (Miltenyi
Biotec) combined with LC3B antibody (Cell Signaling
Technology) for SAPs. Finally, the pellets were resus-
pended in PBS and stored at —80°C or used for nanopar-
ticle tracking analysis (NTA), transmission -electron
microscopy (TEM), or Western blotting (WB) analysis.

Nanoparticle Tracking Analysis (NTA)

We measured the size and concentration of the collected
vesicles via NTA by using ZetaView PMX 110 (Particle
Metrix, Meerbusch, Germany) and the corresponding soft-
ware ZetaView 8.04.02. Isolated vesicle samples were
appropriately diluted using 1 x PBS to measure the parti-
cle size and concentration. NTA measurements were
recorded and analyzed at 11 positions. The ZetaView
system was calibrated using 110 nm polystyrene particles.

The temperature was maintained between 23°C and 30°C.

Transmission Electron Microscopy (TEM)
An isolated SAPs sample (5 uL) was deposited on
a formvar-carbon grid (01753-F, PELCO) and incubated at
room temperature for 5 min. The excess liquid was removed
using a small piece of Whatman filter paper
(WHA10010155, Sigma-Aldrich). Then, 5 pL of 1% uranyl
acetate was applied to the sample for 5-10 s. Subsequently,
three drops of water were placed on parafilm of the sample
to wash the grid three times. After the grid was dry, the
sample was observed using a transmission electron micro-
scope at 80 kV (1230, JEOL).

Western Blot Analysis

The total proteins from macrophages and SAPs were
extracted using the RIPA lysis buffer. The protein concen-
trations of the cell lysates were measured using the BCA
protein assay (Beyotime, China). Samples containing
equal amounts of proteins were resolved via 10% or 15%

sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred onto a polyvinylidene difluoride membrane
(Bio-Rad, American). Subsequently, the membrane was
blocked with 5% BSA and incubated overnight at 4°C
with specific primary antibodies. We used antibodies
against LC3B, Beclin-1, Rab8a, Apaf-1, CD40L, and f-
actin (1:1000 for all; #43566, #3495, #6975, #8723,
#15094, and #4970, respectively, Cell Signaling
Technology), CD63  (1:1000, 25682-1-AP,
Proteintech). Following incubation with the primary anti-

and

body, the membrane was washed and incubated with
a horseradish peroxidase-conjugated secondary anti-rabbit
antibody (Beyotime, China, 1:5000) for 1 h at 4°C and
visualized using electrochemiluminescence (ECL) detec-
tion kits (Beyotime, China). Each experiment was repeated
at least three times, and the gray value of each band was
measured by Image] (version 1.8.0, Image] Software,
USA) for quantification and further analysis.

ELISA

IL-1B, IL-6, IL-10, IL-12, and TNF-a were quantified via
ELISA in accordance with the manufacturer’s instructions
(ELISA kits for mouse IL-1pB, E-EL-M0037c; mouse IL-6,
E-EL-M0044c; mouse IL-10, E-EL-M0046¢; mouse IL-
12, E-EL-MO0726c; mouse TNF-a, E-EL-M0049c; all
from Ela Science, China). The ODysy values of the sam-
ples were obtained using a microplate reader. Each sample
was analyzed in duplicate. The intra- and inter-assay coef-
ficients of variation were both <20%.

Flow Cytometry

The AMs collected from the BALF samples and the iso-
lated EVs were characterized via flow cytometry. The Fc
receptor-blocking agent (Miltenyi Biotech, Germany) was
used to block the Fc receptors for 5 min at 4°C. Next, AMs
and SAPs were incubated with the antibodies in the dark at
4°C for 30 min and then washed with PBS. The antibodies
used were anti-F4/80 phycoerythrin (PE), anti-CD11c allo-
phycocyanin (APC), anti-Siglec F fluorescein isothiocya-
nate (FITC), and anti-LC3 allophycocyanin (APC) (all
from BD Biosciences, USA). All data were collected
using a flow cytometer and Novo Express (ACEA
NovoCyte, China) and then analyzed using FlowJo, ver-
sion X (Tree Star, USA).

In-vitro and in-vivo RNAi of Rab8a
The siRNAs used for in vitro and in vivo RNAI of Rab8a
were purchased from RiboBio Co., Ltd. (Guangzhou,
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People’s Republic of China). RAW264.7 cells were trans-
fected with the siRNA wusing the riboFECT CP
Transfection Kit (C10511-05) according to the manufac-
turer’s instructions. The efficiency of transfection was
evaluated via WB analysis. We designed three different
siRNAs for Rab8a knockdown: RNAi-1(5-CUGCAG
ACGUGGAGAAGAUTT-3'), RNAI-2(5'-GAAUAAGUG
UGAUGUGAAUTT-3'), and RNAi-3(5'-GUGCAAAGG
CCAACAUCAATT-3'). After in vitro transfection with
the three siRNAs, we chose RNAi-1, which had the best
efficacy, for further in vitro and in vivo experiments. The
multiplicity of infection of the transfection was 60. The
in vivo Rab8a-siRNA was injected into the caudal vein of
mice.

Statistical Analysis

All experiments were repeated using different animals and
cells in at least triplicates. Data were analyzed using the
GraphPad Prism 8.0 (GraphPad Software, San Diego,
USA). The descriptive statistics are presented as the
mean and SD for continuous variables. The data shown
in the graphs are presented as the mean + SD. All data
were tested for normal distribution using the Kolmogorov—
Smirnov test. The Student’s #-test or one-way ANOVA was
used to compare the statistical significance of the differ-
ences. P < 0.05 was considered indicative of statistical
significance.

Results
LPS-Induced Inflammatory Reaction and

Autophagy in Macrophages

To determine the effect of LPS on RAW264.7 cells, we
measured cell viability 24 h after LPS stimulation.
Compared to the control group, 100 ng/mL LPS signifi-
cantly decreased RAW264.7 cell viability (Figure 1A). To
examine the effect of LPS on RAW?264.7 cell activation,
we stimulated the cells with 100 ng/mL LPS for 12, 24,
48, or 72 h. Compared with the control levels, LPS
increased the levels of the proinflammatory cytokine IL-
1B in cell culture supernatants, and the concentration of
cytokines increased over time (Figure 1B). In addition,
LC3 I and beclin-1 were used as markers of autophagy,
and results of WB indicated that the autophagy in
RAW264.7 cells was enhanced by LPS administration
(Figure 1C). We also cultured primary mouse AMs and
confirmed via flow cytometry that they expressed F4/80,
CDllc, and Siglec F (Figure 1D). The LC3 II and beclin-1

levels in LPS-stimulated AMs increased in tandem with
those in LPS-stimulated RAW264.7 cells (Figure 1E).
Therefore, 24-h 100 ng/mL LPS stimulation was consid-
ered appropriate to induce inflammation and autophagy in
macrophages.

SAPs Released by LPS-Stimulated
Macrophages

SAPs were isolated from the culture supernatant of
RAW264.7 cells. NTA showed that the size of the vesicles
was consistent with that of autophagosomes (~200 nm;
Figure 2A). We validated the double-membrane configura-
tion of the isolated vesicles with TEM (Figure 2B). The
autophagosome membrane marker LC3-II was detected by
WB (Figure 2C) and flow cytometric assays (Figure S1).
Moreover, compared with apoptotic bodies, microvesicles,
and exosomes from RAW264.7 cells, no expression of
Apaf-1 (a marker of apoptotic bodies), CD40L (a marker
of microvesicles), or CD63 (a marker of exosomes) was
detected in SAP vesicles (Figure S2). After LPS stimula-
tion, the number of vesicles in the culture supernatants of
both RAW264.7 cells and AMs increased significantly, as
shown by NTA (Figure 2D). WB showed that LC3-1I was
more abundant in the cell supernatant of LPS-stimulated
RAW264.7 cells and AMs, because equivalent amounts of
proteins were present between the lanes (Figures 2E and
S3). Therefore, the secretion of SAPs from macrophages
could be induced by LPS administration.

SAPs from LPS-Stimulated Macrophages

Exacerbated Lung Injury in ARDS Mice
administered SAPs from LPS-induced
cells intratracheal

Mice were
RAW264.7
Compared to those in the control group, the application

through injection.
of SAPs clearly exacerbated the pathological changes in
the lung tissues and the number of infiltrated inflammatory
cells increased markedly (Figure 3A and B). SAPs admin-
istration could induce an ARDS lung injury akin to that
obtained by LPS stimulation, and the administration of
both SAPs and LPS could induce more severe lung injury
compared to LPS alone. ELISA results demonstrated that
the levels of proinflammatory cytokines (IL-1B, IL-6, and
TNF-a) increased significantly after SAPs administration,
whereas those of anti-inflammatory cytokines (IL-10 and
IL-12) decreased markedly (Figure 3C). Furthermore, we
observed a significant decrease in the survival rate of mice
after the injection of both SAPs and LPS compared with
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Figure | LPS-induced inflammatory reaction and autophagy in macrophages. RAW?264.7 cells were stimulated with or without LPS for 12, 24, 48, or 72 h. (A) The effects of
various concentrations of LPS on the viability of RAW264.7 cells upon 24 h of treatment, as tested via trypan blue exclusion assay; (B) The effect of LPS (100 ng/mL) on the
level of interleukin (IL)-1f in cell supernatants, as tested via ELISA; (C) Identification of mouse alveolar macrophages via flow cytometry. Positive for F4/80, CDI Ic, and
Siglec F; (D) The effect of LPS on the autophagy in RAW?264.7 cells was tested via Western blotting (WB); (E) The effect of LPS on the autophagy in alveolar macrophages
was tested via WB. The experiments were repeated at least three times. Each value represents the mean SD of three independent experiments (n = 3). *p < 0.05 vs the

control, analyzed via the t-test.
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Figure 2 SAPs released by LPS-stimulated macrophages. SAPs were isolated from the culture supernatant of RAW264.7 cells via centrifugation. (A) The size and
concentration of the vesicles from RAW264.7 cells were assessed via NTA; (B) The vesicles from RAW264.7 cells were identified via transmission electron microscopy
(Scale bar = 200 nm); (C) Western blot analysis revealed that the vesicles from the RAW?264.7 cells expressed LC3-II; (D) Results from nanoparticle tracking analysis
demonstrated that there were significant increases in the number of vesicles secreted by RAW264.7 cells and alveolar macrophages upon LPS stimulation, compared with
the number in the control; (E) Western blot analysis revealed that there were significant increases in the levels of LC3-Il in vesicles from RAW264.7 cells and alveolar
macrophages upon LPS stimulation, compared with the number in the control. The experiments were repeated at least three times. Each value represents the mean+SD of
three independent experiments (n = 3).*p < 0.05 vs the control, analyzed via the t-test.

LPS injection alone (Figure 3D). We thus concluded that
the injection of SAPs from LPS-stimulated macrophages
exacerbated LPS-induced ARDS in mice.

IL-1B from SAPs Secreted by LPS-
Stimulated Macrophages Caused Lung
Injury in Mice

To investigate the mechanism of lung injury caused by SAPs,
we used ELISA to test the levels of proinflammatory cyto-

kines (IL-1PB) in SAPs after the SAP membrane was broken
by Triton X-100. The results revealed considerably more IL-

1B in SAPs than in the RAW264.7 cell supernatant
(Figure 4A). Additionally, we found that the levels of IL-13
in the cell supernatant increased evidently after the SAPs
membrane was broken (Figure 4B). To validate that IL-1
could be secreted by SAPs, we isolated SAPs from cell
supernatants at 0, 1, 2, 3, 5, 7, and 14 days after cell super-
natant collection and then measured the IL-1p levels in SAPs
and supernatants. The results indicated that the levels of IL-
1B in SAPs decreased, while those in the cell supernatant
increased over time (Figure 4C). As we had already demon-
strated that SAPs from macrophages could cause lung injury
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Figure 3 SAPs from LPS-stimulated macrophages exacerbated lung injury in ARDS mice. SAPs from RAW264.7 cells were administered to mice through intratracheal
injection. (A) Histopathological images of the lung samples (haematoxylin-and-eosin staining, Scale bar = 200 pym); (B) The injury scores of the lung samples (n = 7 per
group); (C) The effects of SAPs from RAW?264.7 cells on the inflammatory cytokine levels in the lungs were assessed using ELISA (n = 6 per group); (D) The effect of SAPs
from RAW264.7 cells on the survival rate of mice (n = 7 per group). The experiments were repeated at least three times. Each value represents the mean+SD of three
independent experiments.*p < 0.0 vs the control; “p < 0.05 vs the LPS group, analyzed via the t-test.

in mice, we used interleukin 1 receptor antagonist (IL-1RA)
to treat mice before SAPs injection to verify that IL-1f in
SAPs was the key factor in inducing lung injury. We found
that IL-1RA pretreatment significantly ameliorated the
pathological changes in the lung tissues (Figure 4D and E),
and the survival rate of mice increased markedly with IL-
IRA administration (Figure 4F). Therefore, IL-1J secreted
by SAPs from macrophages was likely the key molecule that
caused lung injury in mice.

Rab8a Expression in SAPs Secreted by
LPS-Stimulated Macrophages

As SAPs could induce lung injury, we sought to inhibit
their secretion from activated macrophages. Rab8a is
essential for Paneth cells to secrete SAPS;13 therefore, we
used a WB assay to ascertain the presence of Rab8a on

macrophage-derived SAPs, and detected Rab8a expression
on SAPs from both LPS-stimulated RAW264.7 cells and
AMs (Figure 5A and B). Therefore, Rab8a may be crucial
for macrophages to secrete SAPs.

Rab8a-Modulated SAP Secretion in
LPS-Induced Macrophages

To evaluate the effect of Rab8a on SAP secretion by macro-
phages, we knocked down Rab8a in RAW264.7 cells and
verified the efficiency of Rab8a knockdown using WB ana-
lysis (Figure 6A and B), which showed a notable decrease in
the number of vesicles in the cell supernatant measured by
NTA (Figure 6C). The WB results demonstrated that LC3-II
was less abundant in the culture supernatant of Rab8a-
knockdown RAW264.7 cells (Figure 6D). Additionally, we
found that the IL-1pB levels in SAPs clearly decreased after
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ELISA after the SAPs were lysed using Triton X-100 (n = 3 per group); (B) The level of IL-1f in the culture supernatant of RAW264.7 cells was assessed via ELISA before and
after the SAPs were lysed using Triton X-100 (n = 3 per group); (C) SAPs were isolated from the cell-culture supernatant |, 2, 3, 5, 7, or 14 d after collecting the
supernatant. The levels of IL-1B in SAPs and supernatant were assessed via ELISA after the SAPs were lysed using Triton X-100 (n = 3 per group); (D) Histopathological
images of the lungs from mice administered with SAPs or rIL- I with or without pre-treatment with IL-IRA (haematoxylin-and-eosin staining, Scale bar = 200 pm); (E) The
injury scores of the lung samples (n = 7 per group); (F) The effects of IL-IRA and SAPs from RAW?264.7 cells on the survival rate of mice (n = 7 per group). The experiments
were repeated at least three times. Each value represents the meanSD of three independent experiments. *p < 0.05 vs the SAPs + supernant in the control group; *p < 0.05
vs the supernatant in the LPS group; ¥p < 0.05 vs the supernatant in the LPS group before SAPs membrane broken; #p < 0.05 vs the SAPs at day 0; #p < 0.05 vs the rIL-1B
group; " p < 0.05 vs the SAPs group; *%p < 0.05 vs the control group, analyzed via the t-test.

Rab8a knockdown (Figure 6E). Therefore, the secretion of
IL-1B by SAPs from macrophages could be inhibited by
Rab8a knockdown, and Rab8a was essential for macro-

phages to secrete SAPs.

Rab8a Knockdown Reduced SAP
Secretion and Ameliorated Lung Injury in

ARDS Mice
To validate the effect of Rab8a knockdown on SAP secre-
tion in LPS-stimulated ARDS in mice, we knocked down

Rab8a in mice with ARDS induced by intratracheal injec-
tion of LPS and verified the efficacy of Rab8a silencing by
WB (Figure 7A), and then isolated vesicles from their
BALF. NTA results indicated that the number of vesicles
decreased prominently in BALF from ARDS mice with
Rab8a knockdown compared with the ARDS group
(Figure 7B). The WB results demonstrated that LC3-II
was less abundant in the BALF of Rab8a-knockdown
ARDS mice (Figure 7C). Therefore, Rab8a knockdown
significantly reduced SAPs secretion in ARDS mice. To
verify the effect of Rab8a knockdown on lung injury in
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LPS-stimulated ARDS mice, we examined the lung tissue
of ARDS mice with Rab8a knockdown. The results
demonstrated that Rab8a knockdown notably ameliorated
pathological changes in the lung tissues (Figure 7D and E),
and the survival rate of mice increased with Rab8a knock-
down (Figure 7F). Additionally, ELISA results revealed
that the levels of proinflammatory cytokines (IL-6, TNF-a,
and IL-1P) decreased after Rab8a knockdown, whereas the
levels of anti-inflammatory cytokines (IL-10 and IL-12)
increased notably, which indicated that the inflammation
of lung tissue from ARDS mice was markedly attenuated
by Rab8a knockdown (Figure 7G). In addition, we found
that the levels of IL-1B in BALF noticeably decreased
after Rab8a knockdown, especially for SAPs in BALF
(Figure 7H).

Discussion
This study is the first to illustrate that SAPs from AMs
play a crucial role in ARDS by enhancing the inflamma-
tory response and exacerbating lung injury and this finding
may indicate a novel therapeutic approach for reducing
SAPs secretion to ameliorate the inflammatory response in
ARDS. Moreover, this study found that IL-1f is a critical
factor that contributes to the AMs-derived SAPs-induced
inflammation and lung injury and that IL-1RA diminished
the stimulatory effects of SAPs on lung inflammation and
injury. Furthermore, our findings indicate that Rab8a is
essential for AMs to release SAPs with IL-1f and that
Rab8a knockdown significantly alleviates lung injury in
ARDS.

Despite progress in the diagnosis and treatment of
ARDS, current treatments for ARDS are mostly based on

supportive methods for mechanical lung ventilation.'® The
lack of specific therapies for the underlying pathogenesis
of the uncontrolled inflammation results in the high mor-
tality and poor prognosis of ARDS.?* Extracellular vesi-
cles (EVs) and particles secreted from AMs play important
roles in the progression of lung inflammation and injury in
ARDS and that AMs are the main sources of EVs in
BALF from mice with early-stage LPS-induced
ARDS.?"?* Currently, most studies focus on the roles of
EVs, including MVs or exosomes. However, the vesicles
we identified, which are derived from AMs, did not
express markers of EVs. To the best of our knowledge,
our study demonstrated for the first time that, in addition
to EVs, AMs release SAPs following LPS stimulation.
Recent studies have suggested that EVs and particles
from macrophages contain various proinflammatory biolo-
gical mediators, and even lipid fractions of EV membranes
possess proinflammatory activity.>* 2’ Thus, it was logical
to hypothesize that SAPs from AMs may mediate inflam-
mation and lung injury. Therefore, our study focused on
the role of SAPs in the pathogenesis of the inflammation in
ARDS. We found that the administration of SAPs from
LPS-stimulated macrophages could exacerbate ARDS in
mice, which was consistent with the effect of other EVs
and particles from macrophages reported from previous
studies.”®*° Accordingly, SAPs from macrophages could
be considered novel vesicles that contribute to the over-
whelming inflammation in ARDS.

Our findings demonstrated that the proinflammatory
effect of AMs-derived SAPs is elicited, at least partially,
via an IL-1B—dependent mechanism. Our results indicate
that, in LPS-stimulated ARDS, SAPs from AMSs are
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loaded with IL-1pB, and thus, anti-IL-1p treatment was
exceedingly effective in mitigating the SAPs-induced
inflammation and lung injury. Several recent studies have
shown that IL-1p, as a member of the IL-1 family, can be
released without transiting through the conventional secre-
tory pathway. Macrophages can secrete IL-1 in an autop-
hagy-dependent manner called secretory autophagy.®>*
Dupont et al demonstrated that autophagy contributes to
IL-1P biogenesis and secretion of via an export pathway
that depends on Atg5 and inflammasomes.'” Previous stu-
dies showed that IL-1B is confined to the intermembrane
space between the inner and outer membranes of the
double-membrane autophagosomes during secretory
autophagy and then released into the extracellular space
when the outer membrane fuses with the plasma
membrane.*> >’ However, this finding differs from the
results presented herein, which suggests that IL-1B can
be packaged in SAPs — a type of double-membrane vesi-
cle — and can then be released from macrophages. To our
knowledge, this is the first time that the cytokine content
of SAPs has been explored. Our results clearly identify IL-
1B as a bioactive molecular cargo of AMs-derived SAPs,
and this observation has not been described previously.
Additionally, we found that the biological activity of the
IL-1PB to lung injury was the same regardless of whether
we provided SAP-encapsulated IL-1p, and this finding was
consistent with the effect of other cytokines of EVs
reported from a previous study.’® However, the mechan-
ism of release of the inflammatory mediator IL-18 from
double-membraned SAPs are not fully understood. Neves
et al demonstrated that the liberation of cytokines
from cell-free eosinophil granules could be based on
a stimulus-dependent mechanism.*® Other studies on EVs-
encapsulated cytokines, including IL-6 and IL-10, sug-
gested that entrapped cytokines could be released when
EVs interact with the cell surface, as lipid vesicles could
become leaky on contact with the plasma membrane.*’
Moreover, we unexpectedly observed that SAPs from
AMs could remain intact in vitro for 14 days, which
suggests that IL-1f may be more stable and thus retain
its proinflammatory effect in ARDS longer when packaged
in SAPs than as soluble IL-1. Therefore, the key point of
our study was that IL-1f, as the inflammatory cargo trans-
ported by AMs-derived SAPs, was able to mediate proin-
flammatory effects in ARDS.

As LC3 conjugation is a hallmark of autophagosome
formation, the manipulation of autophagy may be

a potential mechanism to regulate SAPs release to mediate

inflammation. Surprisingly, in our study, inhibition of
autophagy did not alleviate lung injury in mice with
ARDS (Figure S4). These results are in agreement with
those of recent studies that indicate that the role of autop-
hagy in ARDS is controversial and varies with the disease
background and the stages of lung inflammation.*' Thus,
instead of regulating SAPs secretion by manipulating
autophagy, our study focused on the mechanisms under-
lying the intracellular transport of vesicles and their secre-
tion in macrophages. Rab8a is a small GTPase that plays
a key role in the intracellular transport of proteins and
vesicles from the ER to the Golgi apparatus and the
plasma membrane.’” Several studies have shown that
Rab8a contributes to the autophagy-based unconventional
secretory pathway.***> Our study demonstrates, for the
first time, that Rab8a is the pivotal factor which mediates
SAP secretion via macrophages. These results reflect those
of Bel et al, who found that SAPs derived from Paneth
cells contain Rab8a, which is essential for Paneth cells to
secrete SAPs.'? Furthermore, we proved that knocking
down Rab8a can decrease SAPs secretion in vivo and
improve inflammation and lung injury in mice with
ARDS; thus, Rab8a may be a novel therapeutic target for
the treatment of ARDS.

There are several limitations to this study. First, we
investigated SAPs derived from macrophages only in vitro
and in mice. Additional studies are needed to explore the
role of SAPs in the BALF of ARDS patients. Second, we
used only one ARDS model, which was induced via intra-
tracheal LPS injection. However, ARDS can be direct
(pulmonary) or indirect (extrapulmonary). Given this dif-
ference in the pathogenesis of ARDS, our results should be
interpreted cautiously. Third, although we purified SAPs
with magnetic beads combined with LC3b antibody, the
possibility of other kinds of vesicles being present in the
SAPs we harvested exists because LC3 can be present in
several extracellular vesicles besides SAPs. However, we
examined the expressions of markers of different extracel-
lular vesicles with SAPs to rule out other types of vesicles
and found that the majority of the vesicles we collected
were SAPs. Fourth, as we did not detect inflammatory
cytokines other than IL-1P in SAPs, it is possible that the
lung injury could be induced by other proinflammatory
cytokines in SAPs or even by SAPs themselves.
Although we used an IL-1RA to verify that IL-1p played
a vital role in lung injury stimulated by AMs-derived
SAPs, it is necessary to investigate other components of
SAPs that could cause lung injury and inflammatory
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response. Last, we only examined the levels of SAPs in
BALF after ARDS modeling; therefore, it could be mean-
ingful to determine the dynamic changes of SAPs levels at
different stages of ARDS in future studies.

Conclusion

This is the first study to show that IL-1B in AMs-
derived SAPs participate in the pathogenesis of ARDS
by mediating the inflammatory response and lung injury
via IL-1B secretion. Both cellular and animal experi-
ments demonstrated that the mechanism underlying
SAPs secretion by macrophages is associated with
Rab8a. Accordingly, SAPs may serve as a novel bio-
marker, and Rab8a may be a potential therapeutic target
in ARDS.
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