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Chronic obstructive pulmonary disease (COPD) is a debilitating chronic disease and the third-
leading cause of mortality worldwide. It is characterized by airway neutrophilia, promoting

tissue injury through release of toxic mediators and proteases. Recently, it has been shown that
neutrophil-derived extracellular vesicles (EVs) from lungs of patients with COPD can cause a
neutrophil elastase-dependent (NE-dependent) COPD-like disease upon transfer to mouse airways.
However, in vivo preclinical models elucidating the impact of EVs on disease are lacking, delaying
opportunities for therapeutic testing. Here, we developed an in vivo preclinical mouse model of lung
EV-induced COPD. EVs from in vivo LPS-activated mouse neutrophils induced COPD-like disease in
naive recipients through an a-1antitrypsin-resistant, NE-dependent mechanism. Together, these
results show a key pathogenic and mechanistic role for neutrophil-derived EVs in a mouse model of
COPD. Broadly, the in vivo model described herein could be leveraged to develop targeted therapies
for severe lung disease.

Introduction

Chronic obstructive pulmonary disease (COPD) is a chronic inflammatory lung disease and is the
third-leading cause of death worldwide (1-3). Primary causes are associated with inhaled substances,
such as tobacco smoke, that evoke recruitment of inflammatory cells into the airways (4). Chronic air-
way inflammation leads to a multitude of remodeling events, including alveolar destruction (emphy-
sema), that conspire to cause airflow obstruction and, ultimately, respiratory failure (5). Importantly,
airflow obstruction and the rate of COPD progression are linked to the infiltration of immune cells, in
which neutrophils (PMNs) play a prominent role. PMNs release proteases that degrade collagen and
elastin. A cornerstone in COPD airway inflammation is the idea that an imbalance occurs between
immune cell-derived proteases and endogenous antiproteases in the lung (6, 7). This imbalance leads
to unchecked protease activity, resulting in proteolytic destruction of lung extracellular matrix (ECM)
and death of airway cells due to loss of ECM survival cues (anoikis) (8—10), which can then progress
to enlargement of terminal airspaces (emphysema). A primary player in this ECM destruction is the
PMN-derived protease NE, and in patients with COPD and animal models, an imbalance between NE
and its antiprotease a-1 antitrypsin (a-1AT) can result in COPD (6, 11-15). While a hereditary form of
a-1AT deficiency (16, 17) can result in COPD in the absence of smoking, the vast majority of individuals
with COPD have been shown to have adequate a-1AT levels, and it has been unclear how NE in these
patients has been able to evade antiprotease inactivation (18, 19).

We and others have shown that exosomes (20-22), small extracellular vesicles (EVs) between 50
and 150 nm, are released by most, if not all, eukaryotic cells, and can harbor proteolytic enzymes on
their surface (23-25). Such EVs are increasingly recognized as having a role in lung health, disease,
and therapy (26, 27). While investigating exosomes released from PMNs, we identified proteolytically
active NE on their surface, along with the PMN marker CD66b (28). Only exosomes termed “activat-
ed” (from stimulated PMNs that are degranulating, as opposed to nondegranulating, unstimulated, or
“quiescent,” PMNs) contain surface-exposed NE. These activated exosomes acquire NE extracellularly
in an o-1AT-resistant orientation and can provoke a COPD-like phenotype in a murine intratracheal
(i.t.) transfer model, whereas quiescent exosomes do not.
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Importantly, these PMN-derived (CD66b*) NE* exosomes are found in the bronchoalveolar lavage
fluid (BALF) of COPD patients, but not healthy non-smoking controls, and can provoke an NE-depen-
dent COPD-like phenotype in the mouse i.t. transfer model. The evidence suggests that PMN derived
CD66b*NE*, a-1AT-resistant exosomes may be driving the ECM destruction and alveolar enlargement
seen in COPD. Consequently, COPD patients harboring NE* PMN—derived exosomes might be viewed as
functionally a-1AT deficient, which, in part, could account for the disease.

Current treatments for COPD do not address the pathogenic role of EVs in promoting emphysema
and ECM remodeling, highlighting the need for in vivo models of EV-induced emphysema. Therefore,
to provide a way to expand on our discoveries regarding neutrophil-derived EVs and further explore
discrete disease-related mechanisms, we developed a mouse-to-mouse EV transfer model. In this study,
using an in vivo model of LPS-driven PMN activation and inflammation, we comprehensively studied
the characteristics and pathogenicity of the neutrophil-derived EVs associated with the tissue trauma.
Our study provides a preclinical in vivo model that allows expansion of the role of airway EVs in the
pathogenesis of acute and chronic lung disease, and could provide a platform for novel understanding
of disease and therapeutic testing.

Results

Acute LPS-driven lung inflammation generates NE-rich EVs. To model the role of neutrophil-derived EVs in
generating lung emphysema, we treated mice i.t. with LPS (or sterile saline) (Figure 1A), which resulted
in robust neutrophil-dominated acute lung inflammation (Figure 1B and Supplemental Figure 1; sup-
plemental material available online with this article; https://doi.org/10.1172/jci.insight.153560DS1).
Characterization of airway EVs isolated from BALF of mice treated with saline or LPS showed that the
majority of these vesicles were within the exosome size range of 50-100 nm (Figure 1C) and that the
presence of acute neutrophilic inflammation changed neither the size distribution compared with that
of the saline controls nor the total number of EVs in the airways (Supplemental Figure 2). Next, given
the differential presence of inflammatory cells in the LPS compared with the saline control group, we
investigated whether the EVs carried surface-bound NE. Flow cytometry phenotyping of airway EVs
showed that LPS-derived EVs carried abundant NE (67.2%) compared with controls (24.9%) (Figure
1D). While saline control EVs carried some NE, likely from inflammation arising from i.t. instillation
of saline, NE staining was not detected on Elane”’~ (NE-KO) EVs or non-neutrophil-derived EVs (Sup-
plemental Figure 3). Next, we determined whether increased expression of NE on LPS-derived EVs
was accompanied by enhanced proteolytic activity. Fluorescence resonance energy transfer (FRET)
assay of the EV-associated NE showed that enzymatic activity was dramatically upregulated in the
LPS-treated EV group (Figure 1E). Further, we observed that this increase in activity was dependent
both on the presence of NE (relative to its absence in Elane’~ EVs) and neutrophil-derived EVs (relative
to Ly6G depletion) (Figure 1F). We previously showed that EV-associated NE in humans is not subject
to inhibition by tissue antiproteases, such as a-1AT (28). Therefore, we investigated whether this feature
was conserved across species. As observed in the human specimens, mouse EV-associated NE was not
sensitive to o-1AT inhibition (Figure 1F); however, NE activity was inhibited by a small molecule inhib-
itor of NE (Figure 1G). These results demonstrate that neutrophil-derived EVs generated during lung
inflammation exhibit increased a-1AT-resistant NE activity, thus warranting more extensive studies
into whether they can elicit tissue remodeling in vivo. Collectively, these results also demonstrate that
activated EVs from mouse PMNs are similar, if not identical, to those from human PMNs in terms of
harboring a-1AT-resistant NE on a Ly6G* EV population.

LPS-derived EVs induce lung damage and emphysema. To determine whether LPS-derived EVs are patho-
genic and, if so, the optimal conditions under which to model airway damage mediated by EVs, we deliv-
ered saline- and LPS-derived EVs i.t. for 1 week at a single dose or over 3 doses 2 days apart (Supplemen-
tal Figure 4). Airway damage was quantified by alveolar enlargement (mean linear intercepts [L ]). The
dosing strategies resulted in similar levels of alveolar enlargement after 1 week in the LPS EV group when
compared with the saline EV control group, with LPS-derived EVs inducing significantly more damage.
Therefore, to minimize the invasiveness of the procedure, the regimen selected for the remainder of the
study was 1 dose of EVs followed by tissue analysis 1 week later.

Next, we sought to determine the optimal number of EVs required to elicit airway enlargement. A/J
mice were treated with increasing numbers of EVs (Figure 2A), and airway damage was quantified after
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Figure 1. Characterization of airway EVs following i.t. treatment with LPS. (A) EVs were harvested from BALF 24 hours following saline or LPS (35 pug)
treatment of 11-week-old A/} mice (n = 10 per group). (B) Flow cytometric analysis of the cellular composition of BALF following LPS or saline treatment.
(C) Size distribution of airway EVs (LPS and saline treated) determined using NanoSight measurements following purification via differential ultracentrif-
ugation. (D) Quantification of surface NE on airway EVs of LPS- and saline-treated mice by bead-based flow cytometric analysis. (E) Analysis of NE activity
of airway EVs (LPS and saline) using an NE-specific FRET assay. (F) NE activity for EVs from LPS-treated Elane~ mice or WT mice treated with a-1AT (1 pg)
or depleted of Ly6G* EVs. (G) NE activity for LPS EVs from E pretreated with NE Inhibitor Il (NE INH. II; 20 uM) prior to the assay. Data are shown as median
and IQR (n = 3 replicates per experiment). Statistical analyses were performed using Wilcoxon's signed-rank test; ****P < 0.0001.

1 week (Figure 2B). The results showed a dose-response relationship for LPS-derived EVs, with statistically
significant alveolar enlargement observed with 1 x 10° EVs and a robust response beginning at 1 x 10’ EV's
(Figure 2, B and C). The same trend was present in age-matched C57BL/6 mice (Figure 2, D-F), suggest-
ing that the mechanism of EV-mediated alveolar enlargement is conserved across strains. Furthermore,
we observed that the EV-mediated alveolar enlargement from a single 1 x 10” EV dose lasted for at least
3 weeks (Supplemental Figure 5, A—C), with the induction of low levels of inflammation at weeks 1 and
2 (Supplemental Figure 5, D-G). The degree of emphysema at week 3 was lower than at weeks 1 and 2;
however, the difference was not significant, suggesting a long-lasting effect independent of the presence of
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Figure 2. LPS-treated airway EVs induce alveolar damage in naive recipient mice. (A) EVs were transferred i.t. into
11-week-old female A/J mice. Mice received 108, 107, 10°, or 10° EVs in a single dose over 1 week. (B) L, were quanti-
fied 1 week from the initial treatment (n = 5 per group). (C) Representative images (H&E) of EV-treated mice (LPS
and saline). Scale bars: 100 um. (D) EVs were transferred i.t. into 11-week-old female C57BL/6 mice. Mice received
108,107, 10¢, or 10° EVs in a single dose over 1 week. (E) Lm were quantified 1 week from the initial treatment (n =

5 per group). (F) Representative images (H&E) of EV-treated mice (LPS and saline). Scale bars: 100 um. Data are
shown as median and IQR (representative of 2 independent experiments). Statistical analyses were performed
using Wilcoxon’s signed-rank test; **P < 0.01.

high degree of inflammation. We also determined whether the alveolar enlargement in the LPS exosome
groups observed by histological analysis translated into local and systemic pathological changes. Mice
treated with 1 x 108 LPS exosomes showed increased airway resistance, lower forced expiratory volume in
0.1 seconds (FEV0.1), and right-ventricular hypertrophy 1 week after the first dose (Figure 3, A—C). The
latter effect continued to trend upward, albeit insignificantly, when mice were treated with 1 x 107 LPS
exosomes, suggesting a possible threshold effect. Together these data show that local changes mediated by
LPS-activated airway EVs can translate into systemic pathological changes characteristic of emphysema in
a short period of time.

LPS-derived EVs promote alveolar enlargement in a PMN- and NE-dependent manner. Lung-derived EVs generat-
ed in response to LPS showed markedly increased NE activity and caused alveolar enlargement. Consequently,
we investigated whether the pathogenic effect of these EVs was dependent solely on neutrophil-derived EVs
via an NE-dependent mechanism. To test this, we either depleted LPS-derived EVs of the neutrophil-derived
population via a bead-based pulldown method (Ly6G*) or treated them with a small molecule inhibitor for
NE. The EVs were then instilled i.t. into naive mice, and lungs were harvested for histological analysis 1 week
later. Notably, depletion of neutrophil-derived EVs drastically reduced the EV-mediated alveolar enlargement
(Figure 4, A and B). Furthermore, inhibition of EV-associated NE mediated a similar reduction in L _, sug-
gesting that the mechanisms of airway pathology are mediated by NE present on neutrophil-derived EVs.
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To further test this observation, we isolated EVs from WT or NE-KO (Elane ) mice after induction of airway
inflammation via LPS or saline control. As expected, LPS-derived airway EVs from WT mice promoted alveo-
lar enlargement. In stark contrast, this effect was almost completely abrogated in the absence of NE (Figure 4,
C and D). Further, the low level of neutrophil inflammation in the airways was also abrogated when neutrophil
EVs were absent (Ly6G-depleted) or in the absence of NE or NE activity (Supplemental Figure 6). Together,
these data further confirm a pathological NE-EV—-dependent mechanism.

Discussion
Neutrophil migration into the airways of patients with emphysema and COPD has been well document-
ed (29); however, the mechanisms influencing their impact on disease severity and progression remains
poorly understood. Several soluble mediators, such as reactive oxygen species, inflammatory cytokines,
and proteases have been linked to the inflammatory responses in emphysema (30), likely via induction of
epithelial necroptosis (31). We previously showed that tissue injury in COPD could also be mediated by
neutrophil-derived exosomes isolated from human specimens via an NE-mediated mechanism (28).

Several in vivo models have been developed to study COPD, including cigarette smoke—induced (32),
elastase-induced (33), and LPS-induced emphysema (34, 35), or a combination of these (36). However,
mechanisms of disease progression remain elusive, thus slowing progression of the development of nov-
el therapeutics. This study introduces a methodology to address the role of EV-induced pathology. Inter-
estingly, while LPS administration can induce emphysema (37), administration of LPS-derived neutrophil
EVs results in a much faster progression to alveolar enlargement with a 500-fold-lower dose, suggesting
the presence of LPS-induced protective mechanisms in donor mice that is absent in non-LPS-treated
recipients. Further, the identification of LPS-induced neutrophil-derived proteolytic EVs provides a context
for study of the impact of these entities during bacteria-driven COPD exacerbations. Future studies should
consider models of bacterial challenge with smoke-induced emphysema to determine whether these EVs
are more prominent and may provide progressive tissue remodeling mediated by NE that would translate in
changes in airway physiology.

Our results show that, although there is not a robust T cell signature in this acute inflammatory model
of tissue injury, neutrophils are present at low levels in the BALF of neutrophil-derived EV—treated mice.
Further, while our results demonstrate a role of neutrophil-derived EVs in promoting alveolar enlargement,
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Figure 4. LPS EV-mediated lung is driven by neutrophil EVs bearing neutrophil elastase. (A) Eleven-week-old female C57BL/6 mice received a single dose
of 1x 107 EVs i.t. from either WT or Elane”~ mice treated with saline or LPS (35 pg). L, were quantified 1 week from the initial treatment (n = 5 per group).
(B) Representative images (H&E) of EV-treated mice. Scale bars: 100 um. (C) Eleven-week-old female C57BL/6 mice received single dose of 1 x 107 of LPS-
treated EVs i.t. with or without Ly6G depletion to remove neutrophil-derived EVs. L were quantified 1 week from the initial treatment (n = 5 per group).

(D) Representative images (H&E) of EV-treated mice. Scale bars: 100 um. Data are shown as median and IQR (n = 1 experiment). Statistical analyses were
performed using Wilcoxon's signed-rank test; **P < 0.01.

EV contributions from other resident cells during emphysema cannot be excluded, warranting further, com-
prehensive investigation into the role that EVs play in the pathogenic response.

In resolving inflammatory responses, NE activity is counteracted by tissue antiproteases such as ela-
fin and o-1AT (38, 39). However, in pathologic conditions, such as emphysema and COPD, protease/
antiprotease imbalances have been described (40—42), suggesting an unopposed enzymatic activity lead-
ing to tissue damage and remodeling. To this end, elastase inhibitors have been developed and used in
clinical trials for COPD (43), but with little to no influence on disease progression (44, 45). While these
clinical studies show little improvement of patient outcomes, one must consider the route of adminis-
tration of such therapies. Indeed, the data presented in this study show that lung damage in emphysema
and COPD is mediated by EV-bound NE present in the airways, which confers resistance to tissue
antiproteases. Therefore, the failure of these small molecule inhibitors may be reversed by the develop-
ment of an airway delivery system for these therapeutics, which are active not only on free NE, but on
the EV-bound form as well. Of course, one also needs to consider the possibility of reduced potency of
a given small molecule inhibitor against EV-associated NE compared with the solution-phase NE for
which they were developed.

This study describes the development of a model of lung injury via mouse-to-mouse transfer,
including evidence for sustained injury for weeks after initial EV administration. Importantly, this is a
rapid model that mimics key features of COPD and may serve as a robust system for preclinical drug
studies related to attenuating tissue remodeling and emphysema. In conclusion, this study highlights a
rapid, neutrophil-driven mechanism of emphysema mediated by mouse neutrophil-derived EV-bound
NE, which recapitulated with fidelity what was observed with human neutrophils (28). Broadly, this
study establishes a robust in vivo model to study the mechanisms underlying disease progression in
COPD, opening opportunities to develop and validate new targeted therapeutics.
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Methods

Mouse models. All experiments were carried out in 11-week-old female mice. A/J and C57BL/6, and mice were
purchased from the Jackson Laboratory at 10 weeks of age and rested for 1 week prior to use. Elane - mice were
purchased from the Jackson Laboratory (B6.129X1-Elane™5%/J), and female mice were used at 11 weeks of age.

Mouse EV generation. Eleven-week-old female mice were treated i.t. with 50 pL sterile saline (0.9%) or
35 ug Pseudomonas aeruginosa—derived LPS diluted in 50 uL sterile saline (MilliporeSigma). BAL was per-
formed 24 hours after treatment with sterile PBS and pooled for each group.

Mouse EV isolation and characterization. BAL were spun at 500g for 10 minutes at 4°C to remove
airway cells. The supernatants were sequentially centrifuged at 10,000g, 4°C for 1 hour, followed by a
100,000¢ ultracentrifugation for 2 hours. Pelleted EVs were resuspended in ultracentrifuged PBS, then
characterized and quantified using a NanoSight N3000 (Malvern Panalytical).

EV delivery. Dose-response assays were performed using 10°, 108, 107, 10°, or 10° EVs diluted in 50 pL
sterile saline. Mice were anesthetized with isoflurane, and EVs were delivered i.t. either at a single dose or
3 doses (every other day) for the duration of 1 week. All other assays were carried out with a single dose of
1 x 107 EVs over 1 week.

Ly6G EV depletion. Streptavidin-coated magnetic beads (Spherotech) were washed in ultracentrifuged
PBS, and 5 pL beads (1% w/v) were incubated with 300 ng biotinylated anti-mouse Ly6G antibody
(Miltenyi Biotec) for 2 hours on ice. Antibody-coated beads were then washed 3 times with ultracen-
trifuged PBS and incubated with 1 x 10!° LPS-derived airway EVs overnight at 4°C on an end-over-end
rotating wheel. The next day, beads were removed by means of a magnetic stand, and free EVs were
quantified using a NanoSight N3000 (Malvern Panalytical).

Histology. Mice were sedated with pentobarbital (50 mg/kg). The lung circulation was infused with
sterile PBS to remove blood cells, then the lungs were fixed isobarically using 10% buffered formalin (Mil-
liporeSigma) delivered i.t. Lungs were excised and transferred in 10% buftered formalin for 48 hours. The
left lungs were embedded in paraffin, sectioned, and stained with H&E for morphometric analysis.

Lung morphometric analysis. H&E-stained left lung sections were imaged using an INFINITY2 photo-
micrographer (Lumenera Corp.). L were quantified using the INFINITY ANALYZE2-1 program. Brief-
ly, 4 nonconsecutive sections per mouse were imaged at 10x magnification and overlaid with a 100 mm?
grid. Photomicrographs (3 per section) were analyzed for the number of intersections of 3 noncontiguous
alveolar septae with the walls of 100 mm? grid. L  for each image were quantified by dividing the number
of intercepts for each square by 400 mm length. The final L, was obtained by averaging the 36 counts per
each lung across each 400 mm measurement.

Flow cytometry. Airway cells obtained from the BAL were resuspended in cold PBS-EDTA (2.5 mM)
and incubated for 10 minutes on ice in the dark with a mouse Fc block (BioLegend) and the Zombie Near-
IR Live/Dead stain (BioLegend). After the preincubation, cells were stained for 20 minutes on ice in the
dark for surface expression of CD45 (clone 30-F11), CD11c (clone N418), Ly6G (clone 1A8), Ly6C (clone
HK1.4), CD11b (clone M1/70), CD4 (clone GK1.5), CD8 (clone 53-6.7), NK1.1 (clone S17016D) and
CD3 (clone 145-2C11) (all antibodies were purchased from BioLegend). Cells were then washed 3 times
with cold PBS-EDTA and then fixed overnight at 4°C with the Lyse/Fix Phosflow (BD Biosciences). The
next day, the fixative was removed following a 500g, 4°C centrifugation for 10 minutes, and cells were resus-
pended in cold PBS-EDTA. Cell acquisition was performed on a BD FACS Symphony (BD Biosciences),
and data were analyzed using FlowJo v10.7 (BD Biosciences).

EV flow cytometry. Streptavidin-coated magnetic beads (Spherotech) were washed in ultracentrifuged
PBS, and 5 pL beads (1% w/v) were incubated with 300 ng of biotinylated anti-mouse Ly6G antibody
(Miltenyi Biotec, clone REA526) for 2 hours on ice. Antibody-coated beads were then washed 3 times
with ultracentrifuged PBS and incubated with 1 x 10® EVs overnight at 4°C on an end-over-end rotating
wheel. The next day, beads were washed 3 times with ultracentrifuged PBS and incubated with 1 pg
mouse Fc block (BioLegend) for 15 minutes on ice, followed by a 30-minute incubation in the dark on ice
with 1 pg anti-mouse NE antibody (R&D Systems, clone 887105) conjugated with APC (Lightning-link,
Novus Biologicals). Bead-EV conjugates were washed 3 times with ultracentrifuged PBS before acquisi-
tion on a Cytoflex cytometer (Beckman Coulter).

Neutrophil elastase activity. Neutrophil elastase activity was measured using a FRET probe (Sirius Fine
Chemicals). 1 x 10 EVs were incubated in the activation buffer (100 mM Tris-HCl, 500 mM NaCl, pH 7.5)
with 1 uM of the Nemo-1 probe at 37°C. Fluorescence (excitation, 354 nm) was measured every 2 minutes
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for a total of 30 minutes (donor: 400 nm; acceptor: 490 nm). Activity was quantified using the ratio of
donor/acceptor fluorescence measurements.

Inhibition of NE was performed with NE Inhibitor II (20 pM, EMD Millipore) or with recombinant
mouse SERPINAI (a-1AT, 1 pg; Ls Bio). EVs were preincubated with the inhibitors for 30 minutes at 37°C
prior to activity measurement.

Physiological measurements of lung function. One week after treatment with LPS- and saline-derived air-
way EVs, mice underwent pulmonary function testing using a flexiVent apparatus (SCIREQ) with the Neg-
ative Pressure Forced Expiration (NFPE) extension. All data were analyzed using flexiWare 8.0 software.
System and tube calibrations were completed prior to the experiment, and subsequent tube calibrations
were performed before testing of each new subject. Following anesthetization with ketamine/xylazine,
a tracheostomy was performed on each mouse using a 20G Angiocath, and mice were connected to the
flexiVent apparatus. The system delivered a tidal volume of 6 mL/kg, with a respiratory rate of 150/min.
Pulmonary measurements, including airway resistance (R), compliance (C), elastance (E), and FEVO0.1,
were taken in triplicate by the software using multiple respiratory perturbation programs. All pulmonary
parameters were recorded and presented as an average of 3 independent measurements.

Statistics. All analyses were performed using nonparametric statistics as detailed in the figure legends.
Data are shown as median and IQR, and significance threshold was set at o = 0.05.

Study approval. All animal studies and protocols were approved by the JACUC at the University of
Alabama at Birmingham.

Author contributions
JEB, CM, MCM, and AG conceived the study and wrote the manuscript; CM, MCM, KRG, DWR, and
LV carried out the experiments.

Acknowledgments

We thank the UAB Comprehensive Flow Cytometry Core for logistical support during the acquisition of
the samples included in this study. This study was supported by the NIH: 5SR35HL135710 to JEB, K12
GMO088010 to MCM, HL 153113 to AG, and K08 HL.148514-02 to DWR,; the Cystic Fibrosis Foundation:
Research Development Program Grant ROWE19R0 to CM; and the US Department of Veterans Affairs:
Merit Review 1101CX001969 to AG.

Address correspondence to: Amit Gaggar, 845 19th St S, Birmingham, Alabama 35294, USA. Phone:
205.934.4304; Email: agaggar@uabmc.edu.

—_

. Vogelmeier CF, et al. Global strategy for the diagnosis, management, and prevention of chronic obstructive lung disease 2017
report: GOLD executive summary. Arch Bronconeumol. 2017;53(3):128-149.

Raherison C, Girodet PO. Epidemiology of COPD. Eur Respir Rev. 2009;18(114):213-221.

Shapiro SD. End-stage chronic obstructive pulmonary disease: the cigarette is burned out but inflammation rages on. Am J
Respir Crit Care Med. 2001;164(3):339-340.

Tuder RM, Petrache I. Pathogenesis of chronic obstructive pulmonary disease. J Clin Invest. 2012;122(8):2749-2755.

Barnes PJ. Immunology of asthma and chronic obstructive pulmonary disease. Nat Rev Immunol. 2008;8(3):183-192.

Turino GM. The origins of a concept: the protease-antiprotease imbalance hypothesis. Chest. 2002;122(3):1058-1060.

w

N o >k

Greene CM, McElvaney NG. Proteases and antiproteases in chronic neutrophilic lung disease — relevance to drug discovery.

Br J Pharmacol. 2009;158(4):1048-1058.

Mouded M, et al. Epithelial cell apoptosis causes acute lung injury masquerading as emphysema. Am J Respir Cell Mol Biol.

2009;41(4):407-414.

. Hedstrom U, et al. Bronchial extracellular matrix from COPD patients induces altered gene expression in repopulated primary

human bronchial epithelial cells. Sci Rep. 2018;8(1):3502.

10. Choi ME, et al. Necroptosis: a crucial pathogenic mediator of human disease. JCI Insight. 2019;4(15):128834.

11. Djekic UV, et al. Attacking the multi-tiered proteolytic pathology of COPD: new insights from basic and translational studies.
Pharmacol Ther. 2009;121(2):132-146.

12. Sarir H, et al. Cells, mediators and Toll-like receptors in COPD. Eur J Pharmacol. 2008;585(2-3):346-353.

13. Shapiro SD, et al. Neutrophil elastase contributes to cigarette smoke-induced emphysema in mice. Am J Pathol.
2003;163(6):2329-2335.

14. Sng JJ, et al. MMP-8, MMP-9 and neutrophil elastase in peripheral blood and exhaled breath condensate in COPD. COPD.
2017;14(2):238-244.

15. Janoff A, et al. Experimental emphysema induced with purified human neutrophil elastase: tissue localization of the instilled

protease. Am Rev Respir Dis. 1977;115(3):461-478.

0

hel

JCl Insight 2022;7(4):e153560 https://doi.org/10.1172/jci.insight.153560 8


https://doi.org/10.1172/jci.insight.153560
mailto://agaggar@uabmc.edu
https://doi.org/10.1016/j.arbres.2017.02.001
https://doi.org/10.1016/j.arbres.2017.02.001
https://doi.org/10.1183/09059180.00003609
https://doi.org/10.1164/ajrccm.164.3.2105072c
https://doi.org/10.1164/ajrccm.164.3.2105072c
https://doi.org/10.1172/JCI60324
https://doi.org/10.1038/nri2254
https://doi.org/10.1378/chest.122.3.1058
https://doi.org/10.1111/j.1476-5381.2009.00448.x
https://doi.org/10.1111/j.1476-5381.2009.00448.x
https://doi.org/10.1165/rcmb.2008-0137OC
https://doi.org/10.1165/rcmb.2008-0137OC
https://doi.org/10.1038/s41598-018-21727-w
https://doi.org/10.1038/s41598-018-21727-w
https://doi.org/10.1016/j.pharmthera.2008.09.008
https://doi.org/10.1016/j.pharmthera.2008.09.008
https://doi.org/10.1016/S0002-9440(10)63589-4
https://doi.org/10.1016/S0002-9440(10)63589-4
https://doi.org/10.1080/15412555.2016.1249790
https://doi.org/10.1080/15412555.2016.1249790

20.

2

—_

22.

23.
24.

25.

26.

2

=

28.

29.
30.

31.

32.

33.

34.

3

w

36.
37.

38.
39.
40.

4

_

42.
43.
44.

45

JCl Insight 2022;7(4):e153560 https:

RESEARCH ARTICLE

. Ganrot PO, et al. Obstructive lung disease and trypsin inhibitors in alpha-1-antitrypsin deficiency. Scand J Clin Lab Invest.
1967;19(3):205-208.

. Stockley RA. Alphal-antitrypsin review. Clin Chest Med. 2014;35(1):39-50.

. Campbell EJ, et al. Quantum proteolysis by neutrophils: implications for pulmonary emphysema in alpha(1)-antitrypsin defi-
ciency. Chest. 2000;117(5 suppl 1):303S.

. Stockley RA, Turner AM. a-1-Antitrypsin deficiency: clinical variability, assessment, and treatment. Trends Mol Med.

2014;20(2):105-115.

Hessvik NP, Llorente A. Current knowledge on exosome biogenesis and release. Cell Mol Life Sci. 2018;75(2):193-208.

. Colombo M, et al. Biogenesis, secretion, and intercellular interactions of exosomes and other extracellular vesicles. Annu Rev

Cell Dev Biol. 2014;30:255-289.

Ludwig AK, Giebel B. Exosomes: small vesicles participating in intercellular communication. Int J Biochem Cell Biol.

2012;44(1):11-15.

Shimoda M, Khokha R. Proteolytic factors in exosomes. Proteomics. 2013;13(10-11):1624-1636.

Szul T, et al. Toll-like receptor 4 engagement mediates prolyl endopeptidase release from airway epithelia via exosomes. Am J

Respir Cell Mol Biol. 2016;54(3):359-369.

Butin-Israeli V, et al. Deposition of microparticles by neutrophils onto inflamed epithelium: a new mechanism to disrupt epithe-

lial intercellular adhesions and promote transepithelial migration. FASEB J. 2016;30(12):4007-4020.

McVey MJ, et al. Extracellular vesicles in lung health, disease, and therapy. Am J Physiol Lung Cell Mol Physiol.

2019;316(6):L977-L989.

. Russell DW, et al. Extracellular vesicles as central mediators of COPD pathophysiology [published online November 1, 2021].

Annu Rev Physiol. https://doi.org/10.1146/annurev-physiol-061121-035838.

Genschmer KR, et al. Activated PMN exosomes: pathogenic entities causing matrix destruction and disease in the lung. Cell.

2019;176(1-2):113-126.

Hoenderdos K, Condliffe A. The neutrophil in chronic obstructive pulmonary disease. Am J Respir Cell Mol Biol. 2013;48(5):531-539.

King PT. Inflammation in chronic obstructive pulmonary disease and its role in cardiovascular disease and lung cancer. Clin

Transl Med. 2015;4(1):68.

Chen D, et al. RIP3-dependent necroptosis contributes to the pathogenesis of chronic obstructive pulmonary disease. JCI Insight.

2021;6(12):e144689.

‘Wright JL, Churg A. Animal models of cigarette smoke-induced chronic obstructive pulmonary disease. Expert Rev Respir Med.

2010;4(6):723-734.

Vidal D, et al. Alterations in pulmonary structure by elastase administration in a model of emphysema in mice is associated

with functional disturbances. Rev Port Pneumol. 2012;18(3):128-136.

van Houwelingen AH, et al. Induction of lung emphysema is prevented by L-arginine-threonine-arginine. FASEB J.

2008;22(9):3403-3408.

. Vernooy JH, et al. Long-term intratracheal lipopolysaccharide exposure in mice results in chronic lung inflammation and per-

sistent pathology. Am J Respir Cell Mol Biol. 2002;26(1):152-159.

Ghorani V, et al. Experimental animal models for COPD: a methodological review. Tob Induc Dis. 2017;15:25.

Brass DM, et al. Chronic LPS inhalation causes emphysema-like changes in mouse lung that are associated with apoptosis. A

J Respir Cell Mol Biol. 2008;39(5):584-590.

Henriksen PA. The potential of neutrophil elastase inhibitors as anti-inflammatory therapies. Curr Opin Hematol. 2014;21(1):23-28.

Williams SE, et al. SLPI and elafin: one glove, many fingers. Clin Sci (Lond). 2006;110(1):21-35.

Marciniak SJ, Lomas DA. What can naturally occurring mutations tell us about the pathogenesis of COPD? Thorax.

2009;64(4):359-364.

. Gross P, et al. Experimental emphysema: its production with papain in normal and silicotic rats. Arch Environ Health. 1965;11:50-58.

Eriksson S. Studies in alpha 1-antitrypsin deficiency. Acta Med Scand Suppl. 1965;432:1-85.

Ohbayashi H. Neutrophil elastase inhibitors as treatment for COPD. Expert Opin Investig Drugs. 2002;11(7):965-980.

Kuna P, et al. AZD9668, a neutrophil elastase inhibitor, plus ongoing budesonide/formoterol in patients with COPD. Respir

Med. 2012;106(4):531-539.

. Groutas WG, et al. Neutrophil elastase inhibitors. Expert Opin Ther Pat. 2011;21(3):339-354.

//doi.org/10.1172/jci.insight.153560 9


https://doi.org/10.1172/jci.insight.153560
https://doi.org/10.3109/00365516709090627
https://doi.org/10.3109/00365516709090627
https://doi.org/10.1016/j.ccm.2013.10.001
https://doi.org/10.1016/j.molmed.2013.11.006
https://doi.org/10.1016/j.molmed.2013.11.006
https://doi.org/10.1007/s00018-017-2595-9
https://doi.org/10.1146/annurev-cellbio-101512-122326
https://doi.org/10.1146/annurev-cellbio-101512-122326
https://doi.org/10.1016/j.biocel.2011.10.005
https://doi.org/10.1016/j.biocel.2011.10.005
https://doi.org/10.1002/pmic.201200458
https://doi.org/10.1165/rcmb.2015-0108OC
https://doi.org/10.1165/rcmb.2015-0108OC
https://doi.org/10.1096/fj.201600734R
https://doi.org/10.1096/fj.201600734R
https://doi.org/10.1152/ajplung.00546.2018
https://doi.org/10.1152/ajplung.00546.2018
https://doi.org/10.1146/annurev-physiol-061121-035838
https://doi.org/10.1165/rcmb.2012-0492TR
https://doi.org/10.1172/jci.insight.144689
https://doi.org/10.1172/jci.insight.144689
https://doi.org/10.1586/ers.10.68
https://doi.org/10.1586/ers.10.68
https://doi.org/10.1016/j.rppneu.2011.12.007
https://doi.org/10.1016/j.rppneu.2011.12.007
https://doi.org/10.1096/fj.07-096230
https://doi.org/10.1096/fj.07-096230
https://doi.org/10.1165/ajrcmb.26.1.4652
https://doi.org/10.1165/ajrcmb.26.1.4652
https://doi.org/10.1186/s12971-017-0130-2
https://doi.org/10.1165/rcmb.2007-0448OC
https://doi.org/10.1165/rcmb.2007-0448OC
https://doi.org/10.1097/MOH.0000000000000001
https://doi.org/10.1042/CS20050115
https://doi.org/10.1136/thx.2008.099408
https://doi.org/10.1136/thx.2008.099408
https://doi.org/10.1080/00039896.1965.10664169
https://doi.org/10.1517/13543784.11.7.965
https://doi.org/10.1016/j.rmed.2011.10.020
https://doi.org/10.1016/j.rmed.2011.10.020
https://doi.org/10.1517/13543776.2011.551115

