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Acute lung injury (ALI) is still associated with high mortality.
Growing evidence suggests that Club Cell Protein 16 (CC16)
plays a protective role against ALI. However, the doses of recom-
binant CC16 (rCC16) used in preclinical studies are supraphy-
siological for clinical applications. Extracellular vesicles (EVs)
are nanovesicles endogenously generated by mammalian cells.
Our study demonstrated that CC16 is released via small EVs
and EV-encapsulated CC16 (sEV-CC16) and has anti-inflamma-
tory activities, which protectmice from lipopolysaccharide (LPS)
or bacteria-induced ALI. Additionally, sEV-CC16 can activate
the DNA damage repair signaling pathways. Consistent with
this activity, we observed more severe DNA damage in lungs
fromCc16 knockout (KO) than wild-type (WT)mice. Mechanis-
tically, we elucidated that CC16 suppresses nuclear factor kB
(NF-kB) signaling activation by binding to heat shock protein
60 (HSP60). We concluded that sEV-CC16 could be a potential
therapeutic agent for ALI by inhibiting the inflammatory and
DNA damage responses by reducing NF-kB signaling.
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INTRODUCTION
Acute lung injury (ALI) is a clinical syndrome associated with exten-
sive lung inflammation, damage to the parenchyma, severe hypox-
emia, and respiratory failure.1 ALI can deteriorate into a more severe
form of acute respiratory distress syndrome (ARDS), which is difficult
to treat and hence is associated with substantial morbidity and mor-
tality.2 ARDS is often observed in infections, sepsis, aspiration of
gastric contents, severe trauma, and patients in intensive care units.1–3

As ALI causes severe injury to the alveolar epithelium that often re-
sults in incomplete repair,4 long-term quality of life is poor in some
ALI survivors.5,6 Primary pneumonia caused by viruses, bacteria,
and fungi is the most common cause of ALI.7 Recently, the number
of patients with pneumonia in coronavirus disease 2019 (COVID-
19), caused by the novel severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2), has dramatically increased, and ALI represents
one of the most severe manifestations of COVID-19.8 Thus, ALI/
ARDS is now receiving increased clinical and basic research interest.
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Inflammation is the host immune response to ALI characterized by
pulmonary infiltration of immune cells, such as neutrophils and mac-
rophages.9,10 Although the inflammatory response is essential for host
defense, excessive inflammation often causes collateral damage to the
tissues.11 Excessive pro-inflammatory cytokines and chemokines pro-
duced by infiltrated inflammatory cells cause edema and deterioration
of gas exchange.12 In addition, ARDS can lead to progressive multiple
organ dysfunction caused by a cytokine storm in patients with severe
infection, such as COVID-19.13,14 This phenomenon indicates that
control of excessive inflammation is crucial for the treatment of
ALI/ARDS.

Extracellular vesicles (EVs) are nanoparticles naturally released from
cells.15 According to the International Society for Extracellular Vesi-
cles, EVs can be classified as small EVs (sEVs; diameter < 200 nm) and
medium/large EVs (m/lEVs; diameter > 200 nm).16 Recent studies
have attempted to identify the biological functions of EVs after Ra-
poso et al., reported that EVs carry antigens of their parent cells.17

EVs can enter cells by fusing with the membrane without the need
for a specific receptor.18 EVs are a promising drug delivery vehicle
because of their high stability, biocompatibility, low immunogenicity
and toxicity, and the fact that diverse molecules (microRNA
[miRNA], small interfering RNA [siRNA], DNA, proteins, and chem-
ical drugs) can be loaded into them.19,20

Club cells are important multifunctional cells within the mammalian
bronchial epithelium. Club cell protein (CC16) is the major secreted
protein of club cells.21 CC16 exerts protective effects against oxidative
stress and inflammation in the respiratory tract.22 CC16 suppresses
pulmonary inflammation triggered by allergens, ozone, cigarette
tp://creativecommons.org/licenses/by-nc-nd/4.0/).
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smoke (CS), and viruses.23 In addition, reduced bronchoalveolar
lavage fluid (BALF) CC16 levels were observed in various lung dis-
eases, including chronic obstructive pulmonary disease (COPD),
asthma, and ALI/ARDS.23,24

In this study, we found that sEV-encapsulated CC16 (sEV-CC16)
levels were decreased in BALF from patients with pneumonia
compared with normal controls. To explore the role of sEV-CC16,
we delivered sEV-CC16 obtained from BEAS-2B cells stably overex-
pressing CC16 to mice with lipopolysaccharide (LPS)-induced ALI.
sEV-CC16 displayed therapeutic benefits in mice by protecting
them from LPS-induced lung injury. Further, we attempted to eluci-
date the mechanism by which CC16 suppressed inflammation and
DNA damage. Our data indicated that CC16 was able to suppress
the activation of nuclear factor kB (NF-kB) signaling by binding to
heat shock protein 60 (HSP60). Taken together, results from our
study demonstrate the ability of sEV-CC16 to prevent ALI in a pre-
clinical model by modulating the inflammatory and DNA damage re-
sponses via reducing NF-kB signaling and suggest that sEV-CC16 can
be developed into a potential therapy for ALI/ARDS.

RESULTS
sEV-derived CC16 is reduced in BALF from pneumonia patients

It has been reported that BALF-derived sEVs from patients with
sarcoidosis contributed to inflammation by stimulating cytokine pro-
duction from immune and epithelial cells.25 Although CC16 is a ma-
jor secreted protein in epithelial lining fluid, it is unknown whether
CC16 can be secreted within EVs. To address the question, we puri-
fied sEVs from human BALF (Table S1) and characterized them using
nanoparticle tracking analysis (NTA). The size distributions and
average diameters of purified BALF sEVs are shown in Figures 1A
and 1B. The particle numbers of 200 mg of BALF sEV from normal
human and pneumonia patients were approximately 2.86� 1011 par-
ticles/mL and 2.90 � 1011 particles/mL, respectively (Figure 1C). No
differences in size and concentration were observed between the two
groups of sEVs. Transmission electron microscopy (TEM) and im-
munogold labeling with CC16 were conducted to show the morpho-
logical shape of sEVs and confirm the presence of CC16. CC16 was
abundantly expressed in sEVs from healthy subjects (Figure 1D).
However, CC16 protein levels were much lower in BALF m/lEVs
from healthy subjects and BALF sEVs from pneumonia patients (Fig-
ure 1D). Flow cytometry analysis also showed that healthy subjects
have more CC16-positive sEV particles compared with sEVs from
pneumonia patients (Figures 1E and 1F). To further validate our re-
sults, a quantitative assessment of CC16 using mass spectrometry
(MS) was performed, which is a mainstream molecular-level analysis
technique.26 The number of CC16-derived amino acids within BALF
sEVs was two orders of magnitude higher for normal subjects versus
patients with pneumonia (4.9 � 106 versus 5.6 � 104, respectively)
(Figures 1G and 1H). Considering the heterogeneity of BALF
sEVs,27 we enriched CC16-positive sEVs (CC16+ sEVs) from total
sEVs to elucidate the cell source of CC16-carrying sEVs. As shown
in Figure S1, sEV membrane proteins (CD9, CD63, FLOT1) were de-
tected in both total human BALF sEVs and CC16+ sEVs.
Interestingly, the Pan Cytokeratin (pan-CK; epithelial cell marker)
expression level was increased in CC16+ sEVs compared with the total
sEVs. Meanwhile, protein levels of MPO (neutrophil marker), a-SMA
(smooth muscle cell marker), and CD31 (endothelial cell marker)
were decreased in CC16+ sEVs, indicating that CC16+ sEVs are
mainly released from pulmonary epithelial cells. Furthermore, we
confirmed our observations above using the LPS-induced mouse
model of ALI. The murine BALF sEVs were characterized by NTA
(Figures S2A–S2D). Consistent with the human data, the number
of CC16-derived amino acids in sEVs from PBS- and LPS-treated
mice were detected by MS, respectively (Figures S2E and S2F). These
results indicate that CC16 is secreted through sEVs and that CC16
secretion in sEVs is reduced during ALI.

Preparation and characterization of CC16-enriched sEVs

It has been shown that stable producer cells can be used to produce
engineered sEVs.28 To generate CC16-enriched sEVs, BEAS-2B cells
were transfected with a plasmid encoding human CC16 or vector. Sta-
bly transfected BEAS-2B cells were selected as described in
Figure S3A. CC16 overexpression was confirmed using immunofluo-
rescence staining (Figure S3B). sEVs released from BEAS-2B-Con
(sEV-Con) and BEAS-2B-CC16 (sEV-CC16) were purified and char-
acterized. The morphology of sEVs in both groups under TEM has a
typical cup-like shape with a heterogeneous size range of less than
200 nm (Figure 2A). NTA results revealed that the average sizes of
sEV-Con and sEV-CC16 were 141 and 149 nm, respectively
(Figures 2B and 2C) and the particle numbers of sEV-Con and
sEV-CC16 were 3.62� 1011 and 3.23� 1011, respectively (Figure 2D).
Next, we verified sEV-Con and sEV-CC16 based on CC16 content,
protein markers, CC16-positive particles, and the number of CC16-
derived amino acids. First, ELISA showed that there was a signifi-
cantly higher amount of CC16 in sEV-CC16 than in sEV-Con
(Figure 2E). After calculating CC16 protein copy numbers in one sin-
gle sEV particle, we found sEV-CC16 contained about 14 copies of
CC16, whereas sEV-Con contained about one copy (Figure 2F). Re-
sults from the western blot analysis confirmed increased CC16 pro-
tein levels in sEV-CC16 versus sEV-Con; however, both types were
positive for CD9, CD63, FLOT1, and b-actin and were negative for
ribosomal protein SP-1 (Figure 2G). In addition, increased numbers
of CC16-positive sEVs and CC16-derived amino acid numbers in
sEV-CC16 were validated using flow cytometry analysis
(Figures 2H and 2I) and MS (Figures 2J and 2K), respectively. These
data demonstrated that the strategy for preparing sEV-CC16 is
feasible and valid.

sEV-CC16 attenuates LPS and bacterial-induced lung injury in

mice

Next, we evaluated whether sEV-CC16 could exert a protective effect
against ALI. As shown in Figure 3A, 3 h after LPS intratracheal instil-
lation (i.t.), sEV-Con or sEV-CC16 was also administered to the
mice via the i.t. route. First, we assessed organ/tissue distributions
of XenoLight DiR dye-labeled sEV-Con and sEV-CC16. Twenty-
four hours after administration of sEVs, the obtained images showed
lung-specific fluorescence intensity of DiR, indicating that sEV-Con
Molecular Therapy Vol. 31 No 5 May 2023 1347
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Figure 1. sEV-derived CC16 is reduced in BALF from pneumonia patients

(A–D) Two-hundred micrograms of BALF sEVs from pooled normal human (n = 10) and pneumonia patients (n = 21) are randomly pooled as five pairs per group. sEVs

samples are examined by NTA to analyze size distribution (A), average size (B), and particle numbers (C). Data aremean ± SD. Ns, not significant, p > 0.05. (D) Representative

TEM images of BALF-derived sEVs are shown. sEV samples were stained using immunogold labeling with the antibody against CC16. Scale bar, 100 nm. (E and F) Detection

of CC16-positive BALF sEVs from healthy (n = 10) and pneumonia patients (n = 21) using flow cytometry (E). Mean fluorescence intensity (MFI) is measured (F). The boxes in

the boxplots show the medians with 25th and 75th percentiles, and the whiskers show the minimum and maximum values. **p < 0.01 versus the normal group. (G and H)

Pooled BALF sEVs from normal human (n = 10) and pneumonia patients (n = 21) were purified. Twenty micrograms of pooled sEVs from each group are used for measuring

the amino acid number of CC16 by MS.
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and sEV-CC16 were effectively delivered into the lung rather than
other major tissues/organs (Figure 3B). We next evaluated lung
inflammation and injury, where rCC16 treatment was used as a pos-
itive control and to compare the treatment efficacy of sEV-CC16 and
1348 Molecular Therapy Vol. 31 No 5 May 2023
rCC16. BALF counts of macrophages (PBS, 2.11 ± 0.20 � 105/mL;
sEV-Con, 2.18 ± 0.41 � 105/mL; sEV-CC16, 1.05 ± 0.25 � 105/
mL; rCC16, 1.02 ± 0.15 � 105/mL) and neutrophils (PBS, 18.98 ±

1.78 � 105/mL; sEV-Con, 18.74 ± 3.19 � 105/mL; sEV-CC16,



Figure 2. Preparation and characterization of sEV-Con and sEV-CC16

(A) TEM images of sEV-Con and sEV-CC16 isolated from culture media of BEAS-2B-Con and BEAS-2B-CC16. Scale bar, 100 mm. (B–D) Two-hundred micrograms of sEV-

Con and sEV-CC16 are characterized using NTA for size distribution (B), diameter (C), and particle number (D). Results are represented as mean ± SD of a minimum of three

independent experiments. ns, p > 0.05; **p < 0.01. (E) The CC16 protein amount in 200 mg of sEV-Con and sEV-CC16 is quantified using ELISA (n = 4). (F) Copy number of

CC16 in single sEV-Con and sEV-CC16 is calculated (n = 4). Results are presented asmean ± SD. **p < 0.01. (G) sEV positive markers (CD9, CD63, and Flot1) and a negative

marker (Sp1) are detected in 50 mg of protein from BEAS-2B-Con, BEAS-2B-CC16, sEV-Con, and sEV-CC16 using western blot (n = 3). (H and I) Detection of CC16-positive

sEVs from sEV-Con and sEV-CC16 using flow cytometry (n = 5). Results are presented as mean ± SD. **p < 0.01. (J and K) sEV-Con and sEV-CC16 isolated from five

independent sEV isolation processes were pooled and analyzed byMS. The number of CC16-derived amino acids in 20 mg of pooled sEV-Con and sEV-CC16 are quantified.
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9.44 ± 2.22 � 105/mL; rCC16, 9.16 ± 1.37 � 105/mL) were signifi-
cantly reduced in sEV-CC16-treated mice and to a similar extent
in rCC16-treated mice (Figures 3C–3E). Similarly, lung injury as-
sessed by histopathology (Figures 3C and 3F) and lung wet/dry
weight ratio (Figure 3G) were significantly decreased in sEV-
CC16- and rCC16-treated groups. sEV-CC16 and rCC16 had
comparable anti-inflammatory activities as assessed by reduced cy-
tokines (interleukin [IL]-1b and tumor necrosis factor alpha
[TNF-a]) and chemokines (CXCL1 and CXCL2) in BALF
(Figures 3H–3K). In our experiment, sEV-Con did not show any
immunomodulatory effect compared with the PBS-only-treated
group, indicating that the therapeutic benefits of sEV-CC16 came
from overexpressed CC16. Furthermore, both sEV-CC16 and
rCC16 reduced the mRNA levels of cytokines (Il-1b, Il-6, and
TNF-a) and chemokines (Cxcl1, Cxcl2, and Ccl2) in lung tissues
and bronchoalveolar lavage (BAL) cells (Figures S3C–S3F). Besides
LPS, we validated our data using a murine model of bacterial-
induced ALI. As shown in Figure S4A, 3 h after Klebsiella pneumo-
niae infection, sEV-Con or sEV-CC16 was also administered to the
mice via i.t. Like LPS, BALF counts of macrophages (sEV-Con,
Molecular Therapy Vol. 31 No 5 May 2023 1349
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Figure 3. sEV-CC16 protects against LPS-induced lung injury in mice

Three hours after LPS, mice (five to eight mice per group) were given PBS, sEV-Con, sEV-CC16, or rCC16 and sacrificed 24 h after the indicated treatments. Schematic

illustration of delivery of sEV-Con and sEV-CC16 into LPS-pretreated mice (A). In vivo imaging systems (IVIS) images of major organs obtained 24 h after the delivery of DiR-

labeled sEVs (B). H&E staining of BAL cells and lung sections. M, macrophage; N, neutrophil; red arrows, neutrophils; blue arrows, alveolar disruption with hyaline mem-

branes. Scale bar, 100 mm (C). The number of BALF macrophages (D) or neutrophils (E). Lung injury scored (F). Lung wet-to-dry weight ratios (G). Protein levels of IL-1b (H),

TNF-a (I), CXCL-1 (J), and CXCL-2 (K) in BALF detected using ELISAs. The results presented as mean ± SD. In (D)–(I) and (K), the data were analyzed by a one-way ANOVA

followed by Tukey’s HSD. In (J), the boxes in the boxplots show the medians with 25th and 75th percentiles, and the whiskers show the minimum and maximum values. Data

are analyzed by the Kruskal-Wallis one-way analysis followed by pairwise comparisons using Mann-Whitney U tests. ns, p > 0.05; *p < 0.05; **p < 0.01.
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0.87 ± 0.25 � 105/mL; sEV-CC16, 0.21 ± 0.05 � 105/mL; rCC16,
0.24 ± 0.12 � 105/mL) and neutrophils (sEV-Con, 7.84 ±

2.22 � 105/mL; sEV-CC16, 1.93 ± 0.43 � 105/mL; rCC16, 2.38 ±

1.26 � 105/mL) were significantly reduced in sEV-CC16-treated
mice and rCC16-treated mice (Figures S4B–S4D). Corroborating
1350 Molecular Therapy Vol. 31 No 5 May 2023
this, lung injury score (Figures S4B and S4E) and lung wet/dry
weight ratio (Figure S4F) were significantly reduced with sEV-
CC16 and rCC16 treatments. In addition, inflammatory cytokines
and chemokines were also significantly reduced by treatment with
sEV-CC16 and rCC16 (Figures S4G–S4L). These results indicated
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that delivery of CC16-enriched sEVs can effectively attenuate endo-
toxin- and live bacterial-induced ALI.

sEV-CC16 attenuates LPS-induced lung injury in CC16

knockdown mice without complications

We confirmed that both cellular and released CC16 protein were
decreased by LPS-induced lung injury (Figures S5A–S5D), which is
in line with previous studies.29,30 To better address the importance
of sEV-CC16 during ALI, we knocked down CC16 in wild-type
(WT) mice using CC16 siRNA. The reduced CC16 protein expression
was confirmed on day 3 and day 5 after delivering CC16 siRNA
(Figures S6A and S6B). We also found that both secreted soluble
CC16 and sEV-CC16 are decreased (Figures S6C and S6D). No
adverse effects were observed in mice after the knockdown of CC16,
such as body weight loss (Figure S6E). As illustrated in Figure S7A,
we further explored whether CC16 knockdown can lead to more se-
vere damage during ALI and tested the therapeutic effect of sEV-
CC16, as well as its potential adverse effects. Twenty-four hours after
LPS treatment, BALF cell counting and lung wet/dry ratio were signif-
icantly increased in theCC16 knockdown group, while administration
of sEV-CC16 suppressed inflammatory response (Figures S7B–S7E).
In addition to 24 h, we evaluated the long-term effect after sEV-
CC16 administration. As shown in Figures S7F–S7H, LPS-induced
body weight loss is recovered by administration of sEV-CC16 in
both control andCC16 knockdown groups. sEV-CC16 administration
also attenuates lung injury in LPS-treated mice on day 7 (Figures S7I–
S7K). Furthermore, spleen enlargementwas ameliorated onday 7 after
sEV-CC16 treatment (Figure S8), indicating that sEV-CC16 adminis-
tration did not cause specific complications.

Tracking sEV-CC16 recipient cells that mediate the anti-

inflammatory effect

Our previous study showed that lung macrophages efficiently take up
intratracheally instilled sEVs.31 Using the same methods, we labeled
sEV-Con and sEV-CC16 with PKH26 to track their distribution in
the lung. Co-localization of PKH26 (red) and CD68-positive cells
(green, a marker of macrophage) were observed in lungs and BAL
cells (Figures 4A and 4B), indicating that sEVs derived from BEAS-
2B cells also can be taken up by lung macrophages. Next, we deter-
mined the uptake and anti-inflammatory effect of sEV-Con and
sEV-CC16 using macrophage-like THP-1 cells. PKH67-labeled
sEVs were efficiently taken up by THP-1 cells (Figure 4C). The
anti-inflammatory role of sEV-CC16 was confirmed by decreased
LPS-induced secretion of cytokines (IL-1b and TNF-a) and chemo-
kines (CXCL1 and CXCL2) (Figures 4D–4G). ThemRNA levels of cy-
tokines (IL-1b, IL-6, and TNF-a) and chemokines (CXCL2 and
CCL2) were reduced by sEV-CC16 compared with sEV-Con
(Figures S9A–S9E). Similarly, sEV-CC16 inhibited cytokine gene
expression induced by K. pneumoniae (Figures S9F–S9H). Further,
sEV-CC16 also induced anti-inflammatory effects on murine bone
marrow-derived primary macrophages (BMDMs) (Figures S9I–S9S).

Co-localization of PKH26 (red) and pan-CK (green, a marker of
epithelial cells) was observed in mice with LPS-induced ALI
(Figure 5A), which indicated that intratracheally delivered sEVs target
airway epithelial cells as well as macrophages. In vitro, PKH26-labeled
sEVs were internalized by normal human bronchial epithelial (NHBE)
cells, as well as BEAS-2B cells (Figures 5B and 5C). Functionally, sEV-
CC16 effectively reduced the cytokine and chemokine expression in
BEAS-2B cells (Figures 5D–5F). Surprisingly, rCC16 failed to reduce
the expression of these inflammation markers. Collectively, our results
indicated that sEV-CC16 exerts an anti-inflammatory role by targeting
macrophages and airway epithelial cells.

Transcription profile altered by sEV-CC16 in LPS-treated

macrophages

Macrophages play a key role in the innate immune system.32 To better
understand the effects of sEV-CC16 on the inflammatory gene
expression profile, a microarray analysis was conducted using Clar-
iom S Assay. The expression of 21448 genes was compared after add-
ing sEV-Con or sEV-CC16 to LPS-treated THP-1 cells. The regulated
genes in the heatmap showed several distinct clustering areas between
sEV-Con and sEV-CC16 (Figure 6A). We enriched this dataset of
differentially expressed genes using wikiPathway analysis, and we
confirmed that inflammation-related pathways were regulated by in-
hibiting the expression of pro-inflammatory genes (Table S2). Unex-
pectedly, we found that treatment of sEV-CC16 significantly activated
multiple DNA damage repair-related pathways, including DNA repli-
cation, DNA mismatch repair, DNA damage and cellular response,
and DNA repair pathways (Figure 6B). Moreover, several DNA repair
genes, such as LIG1, PCNA, BRCA2, and EXO1, were significantly
upregulated by sEV-CC16 treatment compared with the sEV-Con
(Figure 6C). The upregulation of these DNA repair genes was
confirmed by qRT-PCR in murine BAL cells after administration of
sEV-CC16 (Figure S10A) and human THP-1 macrophages (Fig-
ure S10B). Then, we evaluated LPS-induced DNA damage using a
Comet assay after treating THP-1 cells and BEAS-2B cells with
sEV-Con, sEV-CC16, or rhCC16. sEV-CC16 suppressed LPS-
induced DNA damage in both cell lines (Figures 6D–6G), as demon-
strated by the decreased length of tail DNA. However, rCC16 only
decreased DNA damage in macrophages, not the epithelial cells. To
compare the effect of sEV-Con or sEV-CC16 on DNA repair-related
gene expression in epithelial cells induced by K. pneumoniae expo-
sure, we conducted TaqMan Array and identified four upregulated
genes, POLQ, MBD4, MAPK9, and MGMT (Figure S10C). These
genes were upregulated by sEV-CC16 in NHBE and BEAS-2B
(Figures S10D and S10E), indicating that sEV-CC16 not only inhibits
inflammation but also activates DNA repair pathways.

sEV-CC16 protects against lung injury by modulating the DNA

repair pathways

Based on our observations from in vitro analysis, Cc16 KO mice were
used to further confirm the role of CC16 in DNA repair in vivo (Fig-
ure S11A). Lung sections from unchallenged 3- and 18-month-old
WT mice and Cc16 KO mice were stained with g-H2AX, a marker of
DNA damage. As shown in Figures S11B and S11C, 18-month-old
Cc16 KO mice showed a significantly increased number of g-H2AX-
positive cells in lung tissues compared with 18-month-old WT. We
Molecular Therapy Vol. 31 No 5 May 2023 1351
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Figure 4. sEV-CC16 inhibits LPS-induced inflammation in macrophages

(A and B) Mice (n = 5 per group) received 1 mg of LPS (in 50 mL of PBS) via i.t. After 3 h, mice were given 7.5 � 1010 (in 50 mL of PBS) PKH26-labeled sEV-Con or PKH26-

labeled EV-CC16 via the i.t. route. Mice were sacrificed 24 h after sEV treatment. Immunofluorescence staining was performed in lung sections (A) and BAL cells (B) using an

antibody against CD68 (a macrophage marker) to track the uptake of sEV-Con or sEV-CC16. Scale bar, 100 mm. (C) EV-Con or EV-CC16 labeled with PKH67 was added to

THP-1. After 24 h, cells were washed and the internalization of labeled sEV-Con or sEV-CC16 was detected using a fluorescence microscope. Scale bar, 100 mm. (D–G)

Differentiated THP-1 cells were treated with 100 ng/mL LPS, 5 � 108/mL sEV-Con, 5 � 108/mL sEV-CC16, or 1 mg/mL rCC16 for 24 h. The amount of released IL-1b (D),

TNF-a (E), CXCL-1 (F), and CXCL-2 (G) in culture media were detected using ELISAs. Results represent mean ± SD of three independent experiments and the data were

analyzed by a one-way ANOVA followed by Tukey’s HSD. **p < 0.01.
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observed similar results using TUNEL assay, which also indicated
enhanced DNA damage in Cc16 KO mouse lungs compared with WT
(Figures S11D and S11E). Next, we evaluated the DNA damage in the
LPS-treated mice. Double immunofluorescence staining of p-g-H2AX
and pan-CK suggests that sEV-CC16 but not rCC16 administration
can strongly attenuate LPS-inducedDNAdamage in lung epithelial cells
(Figures 7A and 7B), which is in line with the sEV-CC16 reduced
apoptosis (Figures 7C and 7D). Consistently, sEV-CC16 at 5 � 108/
mL (approximately 0.4 mg/mL) fully rescued the decrease of viability
caused by LPS in BEAS-2B cells (Figure 7E). In contrast, rCC16 at
5 mg/mL shows no beneficial effect on LPS-reduced cell viability.

CC16 suppresses NF-kB activity through the interaction with

HSP60

We aimed to identify the CC16-binding protein(s) to elucidate the
molecular mechanism by which CC16 reduces inflammation and
1352 Molecular Therapy Vol. 31 No 5 May 2023
DNA damage upon lung injury. We conducted glutathione
S-transferase (GST) pull-down combined with MS analysis and
identified pyruvate kinase M1/2 (PKM1/2, also called PKM2)
and HSP60 as potential CC16-binding proteins (Figure 8A).
Next, we performed coimmunoprecipitation (coIP) to validate
the interaction between CC16 and HSP60. However, we did not
observe the interaction between CC16 and PKM1/2 using a coIP
assay (Figure 8B). Chun et al. reported that Hsp60 activates NF-
kB signaling by directly interacting with an inhibitor of kB kinase
(IKK) complex.33 We also observed the same interaction between
HSP60 and IKKa (Figure 8C). However, when we overexpressed
CC16 in 293T cells, the interaction between HSP60 and IKKa
was blocked (Figure 8C). Based on this finding, we hypothesized
that intracellular CC16 could inhibit NF-kB activity by interacting
with HSP60. Consequently, intracellular CC16 reduces the inflam-
matory response and enhances DNA repair processes. To verify



Figure 5. sEV-CC16 inhibits bacterial-induced inflammation in lung epithelial cells

(A) Mice (n = 8 per group) received 1 mg of LPS (in 50 mL of PBS) via i.t. After 3 h, mice were given 7.5� 1010 (in 50 mL of PBS) unlabeled or PKH26-labeled sEV-CC16. Mice

were sacrificed 24 h after sEV-CC16 treatment. Immunofluorescence staining was performed in lung sections using an antibody against pan-CK (green, a marker of epithelial

cell) to track the uptake of sEV-CC16. Scale bar, 100 mm. (B–F) NHBE and BEAS-2B cells were infected withK. pneumoniae (K. p) at anMOI of 1:5 ratio for 1 h. After washing,

the cells were treated with 5 � 108/mL PKH26-labeled sEV-Con or sEV-CC16. The internalization of sEVs into NHBE (B) and BEAS-2B (C) is observed with a fluorescence

microscope. Scale bar, 100 mm. (D–F) 5� 108/mL sEV-Con, sEV-CC16 or 5 mg/mL rCC16 were added to K. pneumoniae (K. p)-infected BEAS-2B.mRNA levels of IL-1b (D),

IL-6 (E), and IL-8 (F) were detected using qRT-PCR at 24 h after the sEV treatment. Results represent mean ± SD of three independent experiments and the data were

analyzed by a one-way ANOVA followed by Tukey’s HSD. ns, p > 0.05; **p < 0.01.
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this hypothesis, we measured NF-kB reporter activity and found
sEV-CC16 significantly reduced NF-kB reporter activity in
THP-1 and 293T cells (Figures 8D and 8E). We also conducted
an NF-kB luciferase reporter assay and western blot after the over-
expression of CC16 and HSP60. Overexpression of HSP60 induced
NF-kB signaling in response to LPS treatment, while CC16 over-
expression can rescue HSP60-induced NF-kB activation (Fig-
ure 8F). In addition, overexpression of HSP60 in LPS-activated
BEAS-2B and NHBE cells increased the expression of pro-inflam-
mation markers, including IL-1b, CXCL2, and IL-8 (Figures S12A
and S12B). The pro-inflammatory effect induced by HSP60 over-
expression was rescued when a CC16-expressing plasmid was co-
transfected into NHBE cells (Figure S12C). As shown in Figure 8G,
overexpression of CC16 can inhibit the phosphorylation and
degradation of IkBa, which is induced by LPS and HSP60 overex-
pression. Furthermore, the protein expression of NF-kB p65 in the
nuclear fraction was increased by LPS and HSP60, but CC16 can
suppress the nuclear translocation of p65, indicating that CC16 is
a negative regulator of NF-kB signaling by blocking the interaction
between HSP60 and IKK.

DISCUSSION
An increasing number of high-profile studies on EVs have described
their significant roles in the regulation of several molecular pathways
related to aging, cancer, infectious diseases, and obesity.15 Although
EV studies have attracted widespread interest following the publica-
tion of rigorously conducted EV studies, consensus still has not
emerged on the classification of EV subtypes such as endosome-
origin “exosomes” (size range 50–150 nm) and plasma membrane-
derived “ectosomes” (size range 100–500 nm).34 Several studies
recently tried to distinguish exosomes and ectosomes based on spe-
cific protein expression levels of CD6 and CD63 to separate exosomes
and small ectosomes in the same size range.35 Nonetheless, these
studies have only been conducted on certain cell lines. Therefore,
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we conducted this study using heterogeneous particles of less than
200 nm as sEVs (commonly known as exosomes) following the guide-
line Minimal Information for Studies of Extracellular Vesicles 2018
(MISEV 2018).16 Since it has been reported that sEVs can efficiently
deliver various therapeutic materials to target cells, sEV-based drug
delivery has been considered a potential therapeutic system.36 sEVs
are secreted by most types of cells and can be detected in various
body fluids, including saliva, breast milk, synovial fluid, bile, blood,
urine, and BALF.15 In this study, we used BALF, which is a bronchoal-
veolar washing fluid containing the lung immune cells; thus, impor-
tant immunological information about the lung can be provided.37

CC16 is the major protein secreted by club cells and the most abun-
dant protein in BALF, accounting for 2%–3% of the total protein.21

Decreases in levels of CC16 in the BALF are closely linked to lung
injury, including ALI and its severe form, ARDS. Lung injury allows
excess fluid to move into the lungs from circulation due to increased
epithelial permeability induced by an inflammatory response, causing
decreased lung compliance and severe hypoxemia associated with
high mortality.38 Functionally, CC16 has an anti-inflammatory effect
against various insults, such as allergens, viruses, bacteria, and CS.29,39

In Cc16 deficient condition, increased emphysema development and
pulmonary inflammation were observed compared with age-matched
WT mice. In particular, Cc16 KO mice showed increased apoptosis
and inflammatory responses compared withWTmice in pathological
conditions such as CS exposure40,41 and asthma.42 In addition, Cc16
KO mice showed spontaneous development of airspace enlargement,
higher lung compliance, and lower lung resistance thanWTmice over
18 months of age.41 Although CC16 showed a lot of beneficiary ef-
fects, alveolar barrier damage caused by inflammatory responses
can trigger CC16 leakage from the respiratory tract into blood ves-
sels,43 and circulating CC16 is eventually eliminated from the body
by renal clearance.44 The expression level of CC16 has also been
shown to be decreased during LPS-induced ALI.29 Thus, during
ALI, reductions in lung CC16 levels may contribute to excessive
inflammation and associated lung injury.

BALF-derived sEVs are mainly secreted from lung resident cells such
as alveolar macrophages, epithelial cells, stem cells, and endothelial
cells.45 Bourdonnay et al. reported that sEVs mediate the crosstalk be-
tween alveolar macrophages and epithelial cells in the inflammatory
response.46 Furthermore, the study suggested that molecules pack-
aged into sEV may exhibit physiological similarities to exogenously
administered therapeutics.46 While studies have reported that admin-
istration of rCC16 ameliorates inflammation preparedness by lung
macrophages and epithelial cells,39,47,48 our study has revealed that
CC16 is naturally secreted by Club cells via sEVs; thus, CC16 deliv-
ered via sEVs has therapeutic potential to treat lung diseases. We
attempted to develop an sEV-based nanotherapy to improve the
pharmacokinetic properties of CC16. CC16 has a highly conserved
N-terminal signal peptide among various species, which is likely to
target CC16 not only in the secretory pathway but also secreted
EVs. A previous study profiled the protein content of sEVs from
mouse BALF and found that CC16 is one of the 1,140 high-confidence
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proteins identified in BAL EXOs.49 In this study, CC16 was efficiently
encapsulated into the sEVs of BEAS-2B-CC16, a stable CC16-ex-
pressing cell encoding human CC16. In addition, sEV-CC16 was
able to exert beneficial activities on lung macrophages and epithelial
cells. Although the fluorescence intensity of PKH26-labeled sEV-
CC16 is weaker than in macrophages (red dots in Figure 5A), it suc-
cessfully confirmed that sEVs were delivered into epithelial cells. sEVs
improved lung injury and the lung inflammatory response in mice
with LPS-induced ALI. In addition, sEVs constrained the inflamma-
tory response in LPS- and K. pneumoniae-stimulated macrophages
and epithelial cells. Therefore, our study provides compelling evi-
dence that sEV-CC16 has a marked potential as a therapeutic agent
for inflammatory lung diseases such as ALI/ARDS.

The advantage of sEVs is that they can increase drug delivery effi-
ciency. Compared with existing synthetic nanoparticles, a distinct
advantage of sEVs is their natural origin,50 which enables them to
fuse with the recipient cell without triggering immunogenicity and
to promote the cytoplasmic release of cargos after endosomal up-
take.51 A recent study by Johnson et al. reported that CC16 blocked
the adhesion of macrophages to human endothelial cells by binding
to a4b1 integrin, thereby reducing lung inflammation and damage.52

Although we did not confirm whether sEV-CC16 can exhibit anti-in-
flammatory effects by binding to a4b1 integrin, our results indicated
that sEV-CC16 exerts its therapeutic function without binding to a re-
ceptor due to direct internalization into target cells, which is an
advantage of sEVs over rCC16 protein.53 Another key finding of
our study is that sEV-CC16 exerts similar beneficial effects at much
lower concentrations than rCC16. Although rCC16 could be internal-
ized to epithelial cells through phagocytosis and pinocytosis without
receptor, the phagocyte capacity of macrophages is much stron-
ger.54,55 So, only a small amount of rCC16 may be able to go into cells
other than macrophages due to the lack of CC16-specific membrane
receptors. However, sEVs can go into the cell with their therapeutic
cargos by fusion and/or endocytosis.56 In our study, sEV-CC16 was
effective in experimental models such as the bacterial infection
cellular model, where rCC16 was not found to be therapeutically
beneficial.39 Several studies have reported that sufficient therapeutic
effects of rCC16 are achieved only at very high concentrations (of
up to 2 mg/mL in macrophages and 200 mg/mL in epithelial cells).47,48

In our study, sEV-CC16 and rCC16 showed a similar therapeutic ef-
fect on lung injury in mice with LPS-induced ALI, the CC16 concen-
tration in sEV-CC16 (40 ng/kg body weight) was much lower than
needed for rCC16 (2 mg/kg body weight). Similar results were also
observed in in vitro experiments. Thus, sEV-CC16 has advantages
over CC16 as a therapeutic approach by reducing the amount of pro-
tein that needs to be delivered to achieve a therapeutic response.

Another novel finding from our study is that sEV-CC16 promotes
DNA repair-related pathways in stressed lung epithelial cells and
macrophages. Inflammation and DNA damage are closely linked
pathologies.57 Also, dysfunction of lung epithelial cells and lung mac-
rophages can be triggered by reactive oxygen species (ROS)-induced-
mitochondrial DNA damage, which in turn evokes inflammatory and



Figure 6. Transcription profile altered by sEV-CC16 in LPS-treated macrophage-like cells

(A-C) 100 ng/mL LPS-treated THP-1 were incubated with 5� 108/mL sEV-Con or sEV-CC16 for 24 h. Human Gene Clariom S assay was used to represent differential gene

expression by a heatmap between sEV-Con- and sEV-CC16-treated THP-1 (n = 3 per group). Hierarchical clustering indicated individual gene expression into blue (reduced

expression) and red (increased expression) (A). Transcriptome Analysis Console was conducted for pathway analysis (B). DNA repair pathway-related genes are depicted,

and qRT-PCR-confirmed genes are indicated in the scatter plot. Significance was calculated using two-sided Fisher’s exact test (C). (D–G) 100 ng/mL LPS-treated THP-1 (D

and E) or 1 mg/mL LPS-treated BEAS-2B (F and G) (n = 5 per group) were incubated with 5� 108/mL sEV-Con, or 5� 108/mL sEV-CC16, or 2 mg/mL rCC16 for 24 h. Images

of representative Comet assay images were taken using a fluorescencemicroscope. Scale bar, 100 mm. The length of tail DNAwas quantified using ImageJ software. Results

represent mean ± SD and the data were analyzed by a one-way ANOVA followed by Tukey’s HSD. ns, p > 0.05; **p < 0.01.
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immune responses.58 ROS produced by LPS at inflammatory sites
often trigger DNA damage response.59,60 Several studies suggest
that DNA damage causes an inflammatory response by activating
NF-kB.61,62 By investigating the Cc16 KO mice, we identified a novel
protective function for CC16 by preventing DNA damage in lung cells
of unchallenged animals. The protective effect of sEV-CC16 against
DNA damage was also confirmed in lung epithelial cells and macro-
phages in vitro. Previously, we reported that CC16 inhibited ROS gen-
eration and cytokine secretion in bacterial-infected lung epithelial
cells,39 supporting that CC16 is capable of several different functions,
including anti-inflammatory effects, reducing DNA damage and
ROS. However, the molecular mechanism by which CC16 activates
the DNA repair pathway was discovered in our study.

The anti-inflammatory effect of CC16 has been investigated not only
in response to LPS treatment but also in cells or animals exposed to
bacteria, ozone, allergens, viruses, and CS.39–41,47,48 CC16 has been
proposed to inhibit two pro-inflammatory pathways, phospholipase
A2 and NF-kB.41,63 However, the direct binding protein of CC16 is
still unclear. NF-kB signaling is a central mediator of pro-inflamma-
tory gene induction and functions in innate and adaptive immune
cells. Although several studies observed that CC16 can inhibit NF-
kB activation,39–41,47 the molecular mechanism is still unclear. Lesur
et al. first reported that CC16 regulated inflammation by inhibiting
phospholipase A2 (PLA2) activity, which can modulate NF-kB trans-
location.63 However, Laucho-Contreras et al. reported that there was
no relationship between secretory PLA2 (sPLA2) and CC16 in the
Cc16 KOmice model.41 Another of our principal findings is the iden-
tification of themolecular target of CC16 using an affinity purification
approach. With this approach, we identified that HSP60 is a direct
binding target of CC16 and regulates the affinity for NF-kB signaling.
HSP60 activated NF-kB signaling by inducing phosphorylation and
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Figure 7. sEV-CC16 protects against DNA damage

induced by LPS

Mice received 1 mg of LPS in (50 mL of PBS) via the i.t.

route. After 3 h, mice were treated with sEV-Con, sEV-

CC16, or cCC16 via the i.t. route. Mice were sacrificed

24 h after sEV treatment. (A and B) Lung sections (n = 3

per group) were stained using an antibody against

g-H2AX (DNA damage marker) and pan-CK (epithelial cell

marker). sEV-Con-treated mice were stained with a non-

immune rabbit IgG. Scale bar, 100 mm (A). Relative fluo-

rescence intensity is measured by ImageJ software (B). (C

and D) TUNEL staining (n = 3 per group) was conducted to

detect DNA damage in the lung (C). TUNEL-positive cells

were calculated in the lung tissues (D). (E) BEAS-2B cells

were treated with 100 mg/mL LPS, 5 mg/mL rCC16,

5 � 108/mL sEV-Con, or 5 � 108/mL sEV-CC16 as

indicated for 24 h. Cell viability was detected by MTS

Assay Kit. In (B) and (D), results are mean ± SD and

analyzed by a one-way ANOVA followed by Tukey’s

HSD. In (E), data are presented as mean ± SD. ns,

p > 0.05; **p < 0.01.
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nuclear localization in several cell lines, such as cardiomyocytes and
microglia.64,65 We also observed that overexpression of HSP60 in
lung epithelial cells initiated an inflammatory response. It has been
reported that HSP60 induces phosphorylation of IKKa/b complex
by binding with IKKa and IKKb.33 Activated IKKa/b induces IkB
phosphorylation, which in turn degrades the NF-kB complex and
permits translocation of NF-kB dimers into the nucleus to trigger
transcription of pro-inflammatory genes.66,67 Interestingly, the inter-
action of HSP60 with IKKa was blocked when we overexpressed
CC16, suggesting that CC16 may compete with IKKa for the
1356 Molecular Therapy Vol. 31 No 5 May 2023
interaction of HSP60 to inhibit inflammatory
signaling. As a result, inactivated IKKa by bind-
ing of CC16 to HSP60 blocked NF-kB signaling
by inhibiting phosphorylation and degradation
of IkBa and localization of NF-kB p65 into
the nuclear (Figures 8 and S12).

Currently, technical limitations do not allow us
to completely separate exosomes from small ec-
tosomes. Some studies separated exosomes and
small ectosomes using beads,35,68 but it is still
difficult to obtain sufficient amounts of exo-
somes for in vivo experiments.69 Another limita-
tion in our study is that, although sEV-CC16 are
secreted from the CC16-overexpressed stable
cell line, CC16 may not be the only component
that differs from the EVs from control cells.
Several studies have reported that stem cell-
derived sEVs have bioactivities, including
immunoregulation, angiogenesis, and tissue
regeneration.70 Nevertheless, the therapeutic
benefits of EV-CC16 remain unchallenged by
this limitation. Also, sEV-Con derived from epithelial cells did not
show bioactivity compared with the PBS group (Figures S7 and S8).
In addition, sEV-CC16 treatment did not show any adverse reactions
compared with the rCC16 treatment group, suggesting that the ther-
apeutic function of sEV-CC16 mainly came from the CC16 protein
itself. However, further studies are needed to fully explore the other
proteins or RNA components that are differentially present in sEV-
CC16. Even though the sEV-CC16 treatment did not cause any signif-
icant side effects, weight loss, or mortality in animals 1 week after
treatment, potential untoward/toxic effects of sEV-CC16 need to be



Figure 8. CC16 suppresses NF-kB activity through interaction with HSP60

(A) A representative image of affinity chromatography using GST and GST-tagged CC16. (B) pRP-CMV-CC16 was co-transfected with pcDNA-HSP60 or pEGFP-C1-PKM2

into 293T cells at 1:1 ratio. After 24 h, 1 mg/mL LPS was added to the cells. CoIP assay was conducted using lysates 48 h after transfection (n = 3). (C) pRP-CMV-CC16,

pcDNA-HSP60, or empty vector were transfected into BEAS-2B cells at 1:1 ratio. Twenty-four hours later, 1 mg/mL LPS was added to the cells. CoIP assay was conducted

using BEAS-2B cell lysates 48 h after transfection (n = 3). (D and E) sEV-Con or sEV-CC16 were added together with LPS after transfecting pNL3.2. NF-kB-RE plasmid. NF-

kB reporter activity in THP-1 cells (D) and 293T cells (E). (F and G) pRP-CMV-CC16, pcDNA-HSP60, or empty vector was transfected into 293T cells (F) or THP-1 cell (G) at

1:1 ratio. Twenty-four hours after transfection, LPS was added to the cells for an additional 24 h. NF-kB reporter activity (F) and nuclear translocation of NF-kB sub-unit in

cytoplasmic and nuclear fractions (G) were determined. b-Actin and H3 were used as a loading control for western blot. In (D) and (E), results are mean ± SD of three in-

dependent experiments and analyzed by two-tailed unpaired Student’s t test. In (F), results represent mean ± SD and were analyzed by one-way ANOVA followed by Tukey’s

HSD. ns, p > 0.05; *p < 0.05; **p < 0.01.
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further evaluated before clinical use. Moreover, several limitations
present a major obstacle to the clinical application of sEV-CC16.
First, sEV-CC16 used in our study is derived from BEAS-2B-CC16
stable cells. Given that BEAS-2B is an immortalized cell line by
SV40-containing adenovirus, the safety concern may limit the usage
of sEV-CC16 in translational studies. Second, roughly 400 mL of cul-
ture medium from thirty 10-cm dishes are required to collect enough
sEV-CC16 for treating one single mouse due to the low yield of sEV-
CC16 from cultured cells. Last, sEV-CC16 contains a low CC16
amount, approximately 14 copies per sEV, as shown in Figure 2F.
Despite these limitations, we successfully proposed a new platform
for targeted delivery of CC16 using sEVs and highlighted the potential
of sEV-CC16 as a promising nanotherapeutic for the treatment of
ALI. In summary, our work demonstrates that sEV-CC16 can be
secreted naturally and have therapeutic potential for ALI/ARDS
and potentially other lung diseases associated with inflammation by
inhibiting the NF-kB pathway through its direct interaction with
HSP60.

MATERIALS AND METHODS
Reagents

LPSs from Escherichia coli O111:B4, PMA, and PEG 6000 were pur-
chased from Sigma-Aldrich. PBS, TBS, penicillin-streptomycin
(10,000 U/mL), FBS, EV-depleted FBS, DMEM, and RPMI-1640
Molecular Therapy Vol. 31 No 5 May 2023 1357

http://www.moleculartherapy.org


Molecular Therapy
were purchased fromGibco. Lipofectamine 2000 reagent, protease in-
hibitor tablet, and BSA were purchased from Thermo Fisher Scienti-
fic. The K. pneumoniae strain was purchased from ATCC (#43186,
Manassas, VA). Recombinant human CC16 was purchased from No-
vus Biologicals (NBP2-35126, Centennial, CO).
Cell culture

BEAS-2B, THP-1, and HEK293T cells were purchased from ATCC
(Manassas, VA). Primary NHBE cells were purchased from Lonza
Bioscience. BEAS-2B and NHBE cells were cultured using Bronchial
Epithelial Cell Growth Medium (BEGM) Bullet Kit (Lonza).
HEK293T cells were cultured in 10% FBS/DMEM with 1% peni-
cillin/streptomycin. THP-1 cells maintained in 10% FBS/RPMI-
1640 were differentiated into macrophage-like cells using 40 nM
PMA treatment for 48 h. BMDMs were isolated as previously
described71 andmaintained with 30% L929 cells conditioned medium
in DMEM complete medium for 7 days before any further experi-
mental procedure. All cells were cultured in an incubator at 37�C sup-
plied with 5% CO2.
In vitro pro-inflammatory stimulation

For LPS treatment, 100 ng/mL was used to activate THP-1 and
BMDM. A concentration of 1 mg/mL was used for NHBE, BEAS-
2B, and 293T cells. For bacterial stimulation, K. pneumoniae were
grown in Luria-Bertani medium at 37�C in a rotator at 250 rpm over-
night and then sub-cultured using fresh medium until they reached
mid-log phase. Bacterial concentrations were assessed by optical den-
sity 600 (OD600), K. pneumoniae was diluted to the desired colony-
forming units (CFU), and 5� 106 CFU of K. pneumoniae were added
to 106 cultured cells for 1 h. After the incubation, bacteria were
removed by washing, and 50 mg/mL gentamicin was added to kill
the remaining bacteria as described before.72 Cells were then main-
tained with rCC16, sEV-Con, and sEV-CC16 for 24 h.
Plasmids

Plasmid pRP-Puro-CMV-CC16 and its vector pRP-Puro-CMV were
purchased from VectorBuilder (Chicago, IL). Human HSP60 cDNA
amplified by RT-PCR was subcloned into the Kpn I and Xho I sites
of pcDNA3.1 vector (CMV promoter; Invitrogen) to obtain
pcDNA-HSP60, and the primer sequences used for cloning are pro-
vided in Table S3. pEGFP-C1-PKM2 (Addgene plasmid #64698)
was a gift from Axel Ullrich.73
Generation of stable cell line and sEV-CC16

To produce sEV-CC16, we generated stable CC16 producer cells, as
described in Figure S3A. Briefly, plasmid pRP-Puro-CMV-CC16 or
vector pRP-Puro-CMV was transfected into BEAS-2B through elec-
troporation (1,290 V, 20 ms, two pulses) using the Neon Transfection
System (Thermo Fisher Scientific). At 48 h post transfection, 2 mg/mL
puromycin was added to select stably transfected cells. The puromy-
cin-added media were changed every 2–3 days until colonies formed.
Then, a single colony was expanded and maintained for 24 h more in
EV-depleted medium to purify sEV-CC16 or sEV-Con.
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Purification of sEVs

sEVs were prepared using sequential centrifugation protocol with
slight modifications.74,75 BALF samples and conditioned media
were collected and centrifuged at 500 � g for 5 min to remove cells.
The supernatant was centrifuged at 2000 � g for 20 min to eliminate
apoptotic bodies. The resulting supernatants were mixed with an
equal volume of a 2 � PEG (16% PEG with 1 M NaCl) solution
and were incubated at 4�C overnight, followed by centrifugation at
3,000 � g for 1 h to pellet total EVs. To remove m/lEVs, pellet EVs
were resuspended with PBS followed by centrifugation at
16,000 � g for 1 h. The resulting supernatants were filtered using a
0.22-mm filter and ultracentrifuged at 120,000 � g for 1 h to pellet
sEVs. To wash sEVs, PBS was added and sEVs were ultracentrifuged
at 120,000 � g for 1 h. To enrich CC16+ sEVs from human BALF
sEVs, we used Pierce Protein A/G Magnetic Beads (Thermo Fisher
Scientific) coated with CC16 antibody (NovusBio, NBP2-75705, clone
JU34-03) as previously described.76 Briefly, we coated a 1-mg mag-
netic bead with 10 mg of CC16 antibody for 1 h at room temperature
in immunoprecipitation (IP) buffer (Pierce IP Lysis Buffer, Thermo
Fisher Scientific). After washing the bead using IP buffer, coated
beads were incubated with human BALF sEVs at 4�C overnight
and were washed three times using IP buffer. CC16+ sEVs were eluted
for western blot analysis.

Animal studies

WT C57BL/6 mice of both genders (8 weeks old) were purchased
from the Jackson Laboratory. To induce lung injury, mice were anes-
thetized and intratracheally intubated by a blunt-ended feeding nee-
dle. Then 1 mg of LPS or 5 � 103 CFU of K. pneumoniae in 50 mL of
PBS was delivered through the needle. After 3 h, mice were given
50 mL of PBS, sEV-Con (7.5 � 1010 in 50 mL of PBS), sEV-CC16
(7.5 � 1010 in 50 mL of PBS), or rCC16 (2 mg/kg body weight) via
the i.t. route. Mice were euthanized by an aerosolized isoflurane over-
dose at the indicated time point. To perform the knockdown of CC16
in the lung, we loaded 400 pmol of CC16 siRNA into 20 mL of Lipo-
fectamine 2000 reagent according to the manufacturer’s protocol.
Pre-designed control and CC16 siRNA (TriFECTa RNAi Kit) were
purchased from Integrated DNA Technologies. siRNA was delivered
intratracheally 5 days before LPS or sEV administration. A total of 15
to 21 mice per group were used and three to eight mice as indicated in
the dot plot were used per group in each experiment. After eutha-
nasia, we isolated BALF as previously described.77 Briefly, mice
(five to eight mice per group) were used to lavage total mouse lungs
and washed with 1.8 mL (0.6 mL � 3) of PBS. BALF was then cyto-
centrifuged at 500� g for 5 min to obtain BAL cells. Total inflamma-
tory cell counts were measured using a hemocytometer as previously
described.78 BAL cells were air-dried and stained with PROTOCOL
Hema 3 fixative and solutions (Fisher Scientific). Images of the
stained BAL cells were visualized and captured using a microscope
(Zeiss Observer Z1, Carl Zeiss, Oberkochen, Germany). To measure
the weight ratio, we dissected the inferior lobe of the right lung
from mice. The wet weight was measured immediately after its exci-
sion and dried at 60�C for 24 h and re-weighed for dry weight. The
wet/dry weight ratio was calculated by dividing the wet by the dry
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weight. The remaining part of the lung was used for RNA or protein
extraction. To observe histologic images of lung sections, we obtained
the whole lungs from five mice per group and made cryosections for
immunofluorescence and H&E staining. All the animal studies were
approved by Charlie Norwood Veterans Affairs Medical Center Insti-
tutional Animal Care and Use Committee and followed the ARRIVE
guidelines.

Cc16 KO murine model

The formalin-fixed paraffin-embedded blocks of lung tissues from
both WT and Cc16 KO mice were kindly provided by Dr. Caroline
A. Owen. Animal experiments were conducted following ARRIVE
guidelines. Cc16 KO mice were generated as described previously,79

and C57BL/6 WT and Cc16 KO mice of both genders were housed
in the same room in a barrier facility under specific pathogen-free
conditions for 3 months (n = 3 per group) and 18 months (n = 8
for WT; n = 9 for Cc16 KO). The Brigham and Women’s Hospital
Institutional Animal Care and Use Committee approved all proced-
ures performed on mice.

Characterization of sEVs

As previously described,80 the negative-staining TEM images and im-
munogold-labeled TEM images with monoclonal anti-CC16 (R&D
Systems, MAB4218, clone #394324) and non-immune rat immuno-
globulin G (IgG) (R&D Systems, MAB005, Clone # 43414) were taken
using JEM 1230 TEM (JEOL USA, Peabody, MA) at the Electron Mi-
croscopy Core Laboratory at Augusta University. NTA data were
obtained using Nanosight NS500 at the Nanomedicines Characteriza-
tion Core Facility (The University of North Carolina at Chapel Hill).
To track the sEV distributions, PKH26 (red dye) and PKH67 (green
dye) Fluorescent Cell Linker Kits for General Cell Membrane Label-
ing (Sigma-Aldrich) were used according to the manufacturer’s pro-
tocol. For in vivo study, PKH26-labeled sEVs were administered into
mice as described above. Lung sections and BAL cells were incubated
with polyclonal anti-CD68 (Abcam, ab125047) and monoclonal pan-
CK (Sigma-Aldrich, c2562, clone C-11+PCK-26+CY-90+KS-
1A3+M20 + A53-B/A2) overnight at 4�C. After washing, polyclonal
anti-rabbit Alexa 488-conjugated (Thermo Fisher Scientific,
A11070) and polyclonal anti-mouse Alexa 488-conjugated (Thermo
Fisher Scientific, A11001) secondary antibodies were applied. For
in vitro experiments, after treating with PKH26- or PKH67-labeled
sEVs, THP-1, BEAS-2B, and NHBE cells were washed and fixed.
Nuclei were counterstained with DAPI (Abcam). Fluorescence im-
ages were visualized and captured using a Zeiss Observer Z1 micro-
scope (Carl Zeiss). To measure the expression levels of CC16 in
sEVs, flow cytometric analysis was performed as described previ-
ously.81 Purified 2-mg sEVs were coupled with 10 mL of aldehyde/sul-
fate latex beads (Thermo Fisher Scientific) for 2 h. After blocking in
4% BSA for 1 h, the bead-bound sEVs were permeabilized for
5 min with 0.2% Triton X-100 and fixed for 5 min with 2% formalde-
hyde. For analysis, bead-bound sEVs were incubated with mono-
clonal anti-CC16 (NovusBio, NBP2-75705, clone JU34-03), followed
by incubation with polyclonal anti-rabbit Alexa 488-conjugated sec-
ondary antibodies (Thermo Fisher Scientific, A11070) antibody.
Flow cytometric analysis was performed using Cytoflex Flow Cytom-
eter (Beckman Coulter).

Human samples

Demographic information of human samples was included in
Table S1. Normal human BAL samples were purchased from
BioIVT (Westbury, NY). For BAL samples from pneumonia patients,
nine were purchased from Discovery Life Sciences (Huntsville, AL)
and 12 were collected from patients enrolled in the Albuterol to Treat
Acute Lung Injury (ALTA) Trial82 and provided by the National
Heart, Lung, and Blood Institute (NHLBI) Biologic Specimen and
Data Repository Information Coordinating Center (BioLINCC). Pub-
lic-use data and plasma samples were collected from a previously con-
ducted study, the ALTA trial, and provided via BioLINCC. All human
procedures in the ALTA trial were approved by the institutional re-
view boards, and written informed consents were obtained from pa-
tients or surrogates at each participating hospital. Plasma specimens
were measured at Augusta University laboratories and this study was
approved by the Augusta University Institutional Review Board (IRB
number 1128838-13) prior to its initiation.

Immunofluorescence and H&E staining

Immunofluorescence staining was performed as previously
described.31 Briefly, lung sections were incubated overnight at 4�C
with monoclonal anti-CC16 (NovusBio, NBP2-75705, clone JU34-
03), polyclonal anti-CD68 (Abcam, ab125047), monoclonal pan-
CK (Sigma-Aldrich, c2562, clone C-11+PCK-26+CY-90+KS-
1A3+M20 + A53-B/A2), and monoclonal anti-g-H2AX (Abcam,
ab81299, clone EP854(2)Y). After washing, polyclonal anti-rabbit
Alexa 488-conjugated (Thermo Fisher Scientific, A11070), polyclonal
anti-mouse Alexa 488-conjugated (Thermo Fisher Scientific,
A11001), and polyclonal anti-rabbit Alexa 546-conjugated (Thermo
Fisher Scientific, A11071) secondary antibodies were applied. Nuclei
were counterstained with DAPI (Sigma-Aldrich). Images of the
stained lung sections were visualized using a Zeiss Observer Z1 mi-
croscope (Carl Zeiss). The BAL cells were cytocentrifuged at
500 � g for 5 min using a Shandon Cytospin 4 (Thermo Fisher Sci-
entific) and concentrated onto a microscope slide. BAL cells were
air-dried and stained with PROTOCOLHema 3 fixative and solutions
(Thermo Fisher Scientific). Total inflammatory cell counts in the
BALF were determined using a hemocytometer. H&E staining of
lung sections was conducted in the Histology Core Laboratory at Au-
gusta University. Histologic images of lung sections were captured us-
ing a Zeiss Observer Z1 microscope (Carl Zeiss). The histologic lung
injury score was assessed in the double-blinded condition as previ-
ously described.83 Briefly, lung injury was assessed on the following
criteria: (1) the number of neutrophils in the alveolar space, (2) the
number of neutrophils in the interstitial space, (3) the number of hy-
aline membranes, (4) proteinaceous debris filling the airspaces, and
(5) alveolar septal thickening.

TUNEL assay

A TUNEL Assay Kit - BrdU-Red (Abcam, ab66110) was used accord-
ing to the manufacturer’s instructions. In brief, lung sections were
Molecular Therapy Vol. 31 No 5 May 2023 1359
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fixed using 4% formaldehyde/PBS for 15 min. Fixed tissues were
treated with 20 mg/mL proteinase K solution for 5 min to expose
the DNA for end-labeling with the TdT enzyme. Then, DNA labeling
solution containing TdT enzyme and Br-dUTP were treated for 1 h at
37�C in the dark, following treatment of anti-BrdU-Red antibody for
30 min and DAPI for nuclei counterstaining. Images of the stained
lung sections were captured using a Zeiss Observer Z1 microscope
(Carl Zeiss). To measure the percentage of TUNEL-positive cells,
100 DAPI stained cells were counted from 10 random microscopic
fields per sample.

In vivo imaging systems

To track biodistribution, we labeled 100 mg of sEVs using DiR near-
infrared (NIR) fluorescence dye (XenoLight, 125964), according to
the manufacturer’s instructions. Briefly, 8.3 mg/mL DiR dissolved
in ethanol was prepared and diluted to 640 mg/mL using PBS, and
100 mg of sEVs in 25 mL was incubated with 25 mL of 640 mg/mL
DiR for 30 min at room temperature. DiR-labeled sEVs were washed
and purified using ultracentrifugation to remove unbound DiR dye.
LPS-treated mice were given DiR-labeled sEV-Con or sEV-CC16 in-
tratracheally. Major organs/tissues were collected for ex vivo imaging
and visualized using LI-COR Pearl Impulse Imaging System at 24 h
after EV administration.

Western blot analysis, coIP assay, and ELISA

Western blot analysis was performed as described previously.84 In
brief, cells or sEVs were lysed in RIPA buffer with protease inhibitor.
Cytoplasmic and nuclear fractions were extracted by Nuclear Extrac-
tion Kit (Abcam, ab113474) according to the manufacturer’s proto-
col. Protein lysates were resolved on SDS-PAGE gels and transferred
to the polyvinylidene fluoride (PVDF) membrane. Membranes were
blocked in 5% BSA/TBST incubated with primary antibodies with
monoclonal anti-CD9 (Abcam, ab92726, clone EPR2949), polyclonal
anti-CD63 (Abcam, ab216130), monoclonal anti-Flotillin 1 (Abcam,
ab133497, clone EPR6041), polyclonal anti-Sp1 (Abcam, ab227383),
monoclonal anti-CC16 (NovusBio, NBP2-75705, clone JU34-03),
monoclonal HSP60 (Abcam, ab59457, clone LK-1), monoclonal
anti-IKKa (Abcam, ab32041, clone Y463), monoclonal pan-
CK (Sigma-Aldrich, c2562, clone C-11+PCK-26+CY-90+KS-
1A3+M20 + A53-B/A2), monoclonal CD31 (BD Pharmingen,
553369, clone MEC 13.3), polyclonal MPO (R&D Systems,
AF3667), monoclonal a-SMA (Sigma-Aldrich, A5691, clone 1A4),
monoclonal IkBa (Cell Signaling Technology, #4814, clone L35A5),
monoclonal p-IkBa (Cell Signaling Technology, #2859, clone
14D4), monoclonal NF-kB p65 (Cell Signaling Technology, #8242,
clone D14E12), monoclonal histone H3 (Cell Signaling Technology,
#4499, clone D1H2), and monoclonal anti-b-actin (Sigma-Aldrich,
A5441, clone AC-15) overnight at 4�C. They were then incubated
with polyclonal anti-rabbit horseradish peroxidase (HRP) secondary
antibody (R&D Systems, HAF008), polyclonal anti-mouse HRP
secondary antibody (R&D Systems, HAF007), polyclonal anti-rat
HRP secondary antibody (R&D Systems, HAF005), and polyclonal
anti-goat HRP secondary antibody (R&D Systems, HAF017). Images
were obtained by X-ray film and Chemidoc image system (Bio-Rad).
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For the coIP assay, samples were lysed in IP Lysis Buffer (Thermo
Fisher Scientific) and incubated with Pierce Protein A/G Magnetic
Beads (Thermo Fisher Scientific), followed by incubation with pri-
mary antibody at 4�C overnight. IgG was used as a negative control.
The precipitated samples were directly used for western blot analysis.
Input was used as a positive control. DuoSet ELISA Kits for human
proteins (CC16, IL-1b, TNF-a, CXCL-1, and CXCL-2) and mouse
proteins (IL-1b, TNF-a, CXCL-1, and CXCL-2) were purchased
from R&D Systems. The mouse CC16 ELISA kit was purchased
from MyBioSource (MyBioSource, MBS2708332). ELISA was con-
ducted according to the manufacturer’s protocol.

RNA preparation, reverse transcription, qRT-PCR, and PCR

array

Total RNA was isolated using PureLink RNA Mini Kit (Invitrogen).
First-strand cDNA was prepared from an RNA template using
High-Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems). qRT-PCR was performed by using the Power SYBR Green
PCR Master Mix and StepOne Plus Real-time PCR System (Applied
Biosystems). Tbp was used as a normalization control. The sequences
of the primers are summarized in Table S3. For analysis of human
DNA repair mechanism, qRT-PCR was performed using TaqMan
Array Human DNA Repair Mechanism (Thermo Fisher Scientific).
Pooled RNA from three independent samples was converted into
cDNA in a reverse-transcription reaction. Microarray heatmap was
then generated usingGraphPad Prismversion 9 (GraphPad Software).

The GST pull-down assay

GST pull-down assay (Thermo Fisher Scientific) was conducted using
GST (Proteintech), GST-tagged CC16 (Proteintech), and THP-1 cells.
Briefly, 108 differentiated THP-1 cells were treated with 100 ng/mL
LPS for 24h and thenhomogenizedwith 1mLof pull-down lysis buffer.
Then 1 mL of cell lysate was mixed with 150 mg of GST or GST-tagged
CC16 and separated by glutathione agarose affinity resin, which can
capture the GST-tagged protein. Samples were concentrated and sepa-
rated by SDS-PAGE and visualized by silver staining. The samples
eluted fromglutathione agarose affinity resin and visualized band by sil-
ver stainingwere analyzed byOrbitrap FusionTribridMS (ThermoSci-
entific) coupled with an Ultimate 3000 nano-UPLC system (Thermo
Scientific) in the Proteomics Core Laboratory at Augusta University.

NF-kB reporter assay

Transfection of the plasmid pNL3.2. NF-kB-RE (Promega, N1111)
into THP-1 cells and HEK293T cells was conducted by using Lipo-
fectamine 2000. At 24 h after transfection, a luciferase assay was per-
formed using the Nano-Glo Luciferase Assay System (Promega)
according to the manufacturer’s protocol. Luciferase activities were
measured and analyzed after adding LPS (100 ng/mL) to THP-1 cells
or LPS (1 mg/mL) to HEK293T cells for 24 h with sEV-Con (5 � 108/
mL), sEV-CC16 (5 � 108/mL), or plasmid transfection as indicated.

Comet assay

Comet assays were performed using Comet assay kit (Abcam)
following the manufacturer’s instructions. In brief, THP-1 cells and



www.moleculartherapy.org
BEAS-2B cells were suspended at 105 cells/mL in ice-cold PBS and
were combined with Comet agarose in a 1/10 ratio. The mixture
was immediately transferred onto the Comet slide. After incubating
with prechilled lysis buffer, the slides were subjected to electropho-
resis using Tris-borate-EDTA (TBE) electrophoresis solution. After
electrophoresis, Vista Green DNA dye was added to Comet slides.
Images were captured by a Zeiss Observer Z1microscope (Carl Zeiss).
Ten pictures were randomly taken, and the tail length and tail DNA
(%) were calculated using ImageJ software.

Clariom S assay and data analysis

Total RNA was isolated from THP-1 cells treated with sEV-Con or
sEV-CC16 in 100 ng/mL LPS condition using RNeasy Plus Kits (Qia-
gen). For confirming RNA quality, RNA integrity number (RIN) was
assessed by the Agilent 2200 TapeStation (Agilent Technologies).
Clariom S assay and microarray were performed in Georgia Cancer
Center Integrated Genomics and Bioinformatics Core at Augusta
University. Further analysis for the scatter plot, heatmap, and the
signaling pathway was carried out using the Transcriptome Analysis
Console 4.0 (TAC 4.0) (Applied Biosystems)

Copy number of CC16 calculation

CC16 protein copies per single sEV-Con and sEV-CC16 were calcu-
lated as described by Davidson et al.85 Briefly, we measured the
amount in 200 mg of sEV-Con or sEV-CC16. The number of CC16
was then calculated using this equation: protein number = mass of
proteins/molecular weight of CC16 (15.8) � Avogadro’s constant
(6.02� 1023). The protein number was then divided by particle num-
ber from 200 mg of sEV-Con or sEV-CC16, respectively.

Cell viability assay

BEAS-2B cells were seeded in a 96-well plate with 100 mL of culture
media per well. After the indicated treatment, 20 mL of CellTiter 96
AQueous One Solution Cell Proliferation Assay (MTS) (Promega,
G3582, Madison, WI) was added to each well and incubated for 2 h
at 37�C, in 5% CO2 atmosphere (following the manufacturer’s proto-
col). The absorbance at 490 nm was measured.

Statistical analysis

SigmaPlot (Systat Software) was used for data analysis. For comparing
two groups, the two-tailed unpaired Student’s t test for variables with a
normal distribution or the Mann-Whitney U test for variables without
a normal distribution were used. For comparing three or more groups,
a one-way analysis of variance with a Tukey’s honestly significant dif-
ference (HSD) test for variables with normal distribution or the
Kruskal-Wallis one-way analysis followed by pairwise comparisons us-
ing Mann-Whitney U tests for those without a normal distribution
were selected. Parametric data are shown as mean ± SD. Non-para-
metric data are shown as boxplots showing medians and 25th and
75th percentiles and whisker plots showing minimum and maximum
values. A p value%0.05 was considered to be significant. Data without
normal distribution were visualized by box and whisker plots or data
with normal distribution were visualized by scattering dot plots using
GraphPad Prism (GraphPad Software).
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