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RESEARCH ARTICLE

Deconstructing Organs: Single-Cell Analyses, Decellularized Organs, Organoids, and Organ-on-
a-Chip Models
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Abstract

The receptor for advanced glycation end-products (RAGE) has been implicated in the pathophysiology of chronic obstructive pulmo-
nary disease (COPD). However, it is still unknown whether RAGE directly contributes to alveolar epithelial damage and abnormal
repair responses. We hypothesize that RAGE activation not only induces lung tissue damage but also hampers alveolar epithelial
repair responses. The effects of the RAGE ligands LL-37 and HMGB1 were examined on airway inflammation and alveolar tissue dam-
age in wild-type and RAGE-deficient mice and on lung damage and repair responses using murine precision cut lung slices (PCLS)
and organoids. In addition, their effects were studied on the repair response of human alveolar epithelial A549 cells, using siRNA
knockdown of RAGE and treatment with the RAGE inhibitor FPS-ZM1. We observed that intranasal installation of LL-37 and HMGB1
induces RAGE-dependent inflammation and severe alveolar tissue damage in mice within 6h, with stronger effects in a mouse strain
susceptible for emphysema compared with a nonsusceptible strain. In PCLS, RAGE inhibition reduced the recovery from elastase-
induced alveolar tissue damage. In organoids, RAGE ligands reduced the organoid-forming efficiency and epithelial differentiation into
pneumocyte-organoids. Finally, in A549 cells, we confirmed the role of RAGE in impaired repair responses upon exposure to LL-37.
Together, our data indicate that activation of RAGE by its ligands LL-37 and HMGB1 induces acute lung tissue damage and that this
impedes alveolar epithelial repair, illustrating the therapeutic potential of RAGE inhibitors for lung tissue repair in emphysema.

COPD; emphysema; organoids; precision cut lung slices; RAGE

INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is a chronic
and progressive lung disease, characterized by predominantly
neutrophilic inflammation and abnormal lung tissue repair,
leading to chronic bronchitis and/or emphysema with severe
airflow limitation. COPD is caused by a combination of genetic
factors and chronic exposure to noxious particles or gases,
such as those from cigarette smoke, exhaust fumes, and envi-
ronmental pollution. Currently available pharmacological
therapies for COPD reduce disease symptoms, but do not halt
or reverse alveolar tissue damage. To identify therapeutic tar-
gets that promote lung tissue regeneration, increased insight

into the molecular and cellular responses involved in lung tis-
sue damage and the aberrant repair processes in COPD is
urgently awaited.

The airway mucosal layer is the first to encounter inhaled
insults causing mucosal epithelial cell damage. The release of
damage-associated molecular patterns (DAMPs) from the dam-
aged airway epithelium has been proposed as a key step in the
development of airway inflammation and emphysema (1–4).
DAMPs are host molecules released from damaged cells and
cells undergoing necrotic cell death, that upon their release
activate pattern recognition receptors (PRRs) expressed on vari-
ous cell types to initiate innate and adaptive immune responses
(5). The profile of DAMPs released upon cigarette smoke-
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induced cellular damagemay contribute to the susceptibility to
develop chronic inflammation in COPD, as supported by our
previous findings on the association between cigarette smoke-
induced neutrophilic inflammation and DAMP release profile
(6, 7). DAMPs that signal via the Receptor for advanced glyca-
tion end-products (RAGE), such as cathelicidin (LL-37) and
highmobility group box-1 (HMGB1) are of particular interest, as
higher levels of these DAMPs have been detected in serum, spu-
tum, and bronchoalveolar lavage (BAL) of patients with COPD
compared with healthy individuals (4, 8), and both were found
increased during COPD exacerbations (2, 9).

RAGE ligation induces the activation of several downstream
signaling pathways, including nuclear factor-kappa-light-
chain-enhancer of activated B cells (NF-κB), activator protein 1
(AP-1), signal transducer and activator of transcription (STAT),
and iron regulatory protein-1 (IRP-1) pathways, leading to a
proinflammatory response (10–12). Moreover, RAGE has been
shown to be involved inmultiple facets of COPD pathophysiol-
ogy (13–15). The gene encoding RAGE, AGER, has been identi-
fied as a susceptibility gene for COPD (16, 17). Furthermore, we
have previously shown that genetic susceptibility determines
the magnitude of inflammation upon RAGE activation, indi-
cating that RAGE signalingmay contribute to the susceptibility
to develop inflammation and lung tissue damage in COPD (2,
7). Upon activation of RAGE, LL-37 and HMGB1 induce NF-κB-
mediated proinflammatory responses (4), although their
effects can also be mediated by Toll-like receptor 4 (TLR4)
binding (18). Mice overexpressing RAGE spontaneously de-
velop emphysema (19), whereas RAGE knockout mice and
mice treated with a specific RAGE inhibitor were protected
against both neutrophil elastase- and cigarette smoke-induced
manifestations of emphysema, including airspace enlargement
(20–23). However, it is unknown whether the effects on alveo-
lar tissue damage are a secondary effect of RAGE-induced
inflammation or directly caused by RAGE activation, leading
to alveolar epithelial cell cellular damage and/or impaired
repair. Upon damage, the alveolar epithelium is regenerated
by proliferation of alveolar epithelial progenitors and their dif-
ferentiation into alveolar type II (ATII) cells and subsequent
differentiation into ATI cells that form the gas exchange units.

We hypothesized that RAGE ligands directly induce alveolar
tissue damage and reduce alveolar epithelial repair responses
and blockage of the RAGE pathway reduces alveolar tissue
damage and enhances tissue repair responses. In addition, we
hypothesized that the magnitude of RAGE-induced alveolar tis-
sue damage is dependent on genetic susceptibility. To address
this, we examined the effect of LL-37 and HMGB1 on airway
inflammation and alveolar tissue damage in mice genetically
susceptible or nonsusceptible for the development of emphy-
sema. In addition, we investigated the role of RAGE in this
response by using RAGE and TLR4 knockout mice. To assess
the direct effect of LL-37 andHMGB1 on alveolar epithelial dam-
age and repair responses, we used the ex vivomurine PCLS and
organoidmodels as well as the human alveolar cell line A549.

MATERIALS AND METHODS

Mouse Models and Ethics

Experiments using A/J, NZW/LacJ and C57BL/6 mice
were approved by the Institutional Animal Care and Use

Committee of the University of Groningen and experi-
ments using the C57BL/6 wild-type, RAGE�/�, TLR4�/�,
and RAGE�/�TLR4�/� knockout mice were approved by
the University of Technology Sydney Animal Care and
Ethics Committee (ETH19-3483). Knockouts were obtained
as specified previously (24). A/J and NZW/LacJ mice were
obtained as pathogen-free female 8-wk-old mice (n = 6 per
group; Jackson Laboratories, Bar Harbor, ME), whereas
C57BL/6 mice (n = 8) were purchased from the Animal
Resource Center (Perth, Australia) and knockout mice
were bred in the animal facility at the University of
Technology Sydney on a C57BL/6 background. No data
points were excluded as outliers. In agreement with a pre-
viously optimized protocol, all mice received a single
treatment of LL-37 (67.4 mg; #94261, Sigma-Aldrich, St
Louis, MO), HMGB1 (30 mg; disulfide HMGB1, HMGBiotech,
Milan, Italy), or BSA (67.4 mg; Sigma-Aldrich) in 50 mL sa-
line by intranasal administration under oxygen/isoflurane
anesthesia (2). After 6 h, mice were euthanized and bron-
choalveolar lavage (BAL) fluid and BAL cells were col-
lected and stored at �80�C until further use.

Lung tissue was formalin-fixated, paraffin-embedded, sec-
tioned, and stained for hematoxylin and eosin before alveo-
lar size was analyzed. Linear mean intersect (LMI) was
measured by taking nine microscopic photographs of the pa-
renchyma, free of airways and blood vessels, and analyzing
them under a�20magnification. A grid with 21 vertical lines
was placed on top of the microscopic photograph and the
number of interceptions between the lines and the alveolar
septum is counted as measure for the alveolar size. The LMI
was calculated as (n� l� 2)/m in which n is the total number
of lines, i.e., 21, m is the number of intersects, and l is the
length of the individual lines as calculated with the scale of
the microscopic photo.

Myeloperoxidase (MPO), keratinocytes-derived chemo-
kine (KC), and neutrophil elastase (NE) were measured
using ELISA, according to manufacturer’s protocol (R&D
Systems, Minneapolis, MN; Mouse Myeloperoxidase DuoSet
ELISA, DY3667; Mouse Neutrophil Elastase/ELA2 DuoSet
ELISA, DY4517; Mouse CXCL1/KC DuoSet ELISA, DY453).
Double-stranded DNA (dsDNA) levels were measured using
the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen,
Waltham,MA).

Organoids

Mouse lung organoids were prepared as described previ-
ously (25, 26). In short, CD31�/CD45�/EpCAMþ epithelial cells
were isolated from young adult murine lung tissue (C57BL/6;
age 8–12wk) excluding trachea using the QuadroMACS
Separator (Miltenyi Biotec, Leiden, The Netherlands). Then,
10,000 CD31�/CD45�/EpCAMþ cells were seeded together
with 10,000 mouse lung fibroblasts in 100μL growth factor-
reduced 1:1 diluted Matrigel (Corning Life Sciences BV, The
Netherlands) for 7days. Organoids were grown in Falcon
inserts (Corning) in a 24-well plate containing 400mL of orga-
noid media (DMEM/F-12 with 5% FCS, 1% penicillin/strepto-
mycin, 1% glutamine, 1% amphotericin B, 0.025% epidermal
growth factor (EGF), 1% insulin-transferrin-selenium, 0.01%
cholera toxin, and 1.75 % bovine pituitary extract), medium
was replaced every 2–3days. Organoid cultures were stimulated
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with 10mg/mL LL-37, 200ng/mL HMGB1 on days 1, 3, and 5
after a medium change. Organoids were counted and size
was measured on day 7. Afterward, organoids were fixed in
acetone:methanol 1:1 and prepared for immunofluores-
cence staining. Characterization of the organoids was
assessed by measuring prosurfactant protein C (SPCþ ) as
marker for alveolar organoids and acetylated-a tubulin
(ACTþ ) as marker for airway organoids.

Precision Cut Lung Slices

C57BL/6 mice were euthanized under anesthesia of
1.5% isoflurane/O2 inhalation. Upon opening of the ab-
dominal cavity, a small incision was made in the trachea
on the anterior side of the thickest band of cartilage, in
which a cannula was placed, secured with a tight knot.
Lungs were carefully inflated, minimizing injection pres-
sure, with UltraPure Low Melting Point Agarose solution
(1.5%, ±1.5mL, Invitrogen, Waltham, MA). After inflation,
lungs were placed on ice for 15min to ensure agarose sol-
idification and subsequently separated into individual
lobes. Using a tissue slicer (Leica VT 1000 S Vibrating
blade microtome, Leica Biosystems B.V., Amsterdam, The
Netherlands), precision cut lung slices (PCLS) were pre-
pared in 4% agarose gel columns, at a thickness of 450 mm.
PCLS were washed (4 times) and cultured in DMEM
(Lonza, Basel, Switzerland) supplemented with 1mM so-
dium pyruvate, 1% MEM nonessential amino acids, 1.5 mg/
mL amphotericin B, 45 mg/mL gentamycin, and 1% peni-
cillin/streptomycin in 12-wells culture plates. Each well
contained 2–3 lung slices. Agarose-free PCLS were treated
with 1 mg/mL FPS-ZM1 (Sigma Aldrich, St. Louis, MO) for 1
h before stimulation with or without 20 mg/mL LL-37 or
200ng/mL HMGB1 for 24 h and subsequently treated
with/without 2.5 mg/mL porcine pancreas elastase (Sigma
Aldrich, St. Louis, MO) for 24 h. Afterwards the LMI was
measured in hematoxylin/eosin-stained sections of the
PCLS (27, 28).

Electrical Resistance Measurements

Alveolar epithelial adenocarcinoma cells (A549), which
were previously shown to express RAGE (29–31), were cul-
tured over a period of 48–72h (37�C at 5% CO2) in RPMI/10%
FCS and seeded into arrays of the electric cell-substrate im-
pedance sensing system (ECIS; Applied BioPhysics Inc.,
Troy, MI). RAGEwas silenced using a commercially available
RAGE specific esiRNA kit (Sigma-Aldrich, St. Louis, MO),
containing a variety of RAGE siRNAs. Transfection was per-
formed, according to a previously optimized protocol (7, 32),
in the ECIS arrays using lipofectamine RNAiMAX transfec-
tion reagent (Invitrogen, Carlsbad) in Optimem (Gibco,
Waltham, MA) medium. The universal negative control
siRNA (Sigma-Aldrich, St. Louis, MO) was used as scrambled
control. Transfection was performed 24h after seeding and
48h before wounding. Resistance was monitored in real
time at a frequency of 400Hz. One hour after stimulation
with LL-37 (20mg/mL) and/or preincubation (1h) with FPS-
ZM1 (1mg/mL) cells were wounded by electroporation (30 s,
using voltage pulses of 5V and a frequency of 40kHz). After
wounding, cells were monitored for 20h to assess the epithe-
lial repair response.

Statistics

Statistical significance between groups was determined
using a Mann–Whitney U test. Statistical differences
between conditions in the ECIS experiments were deter-
mined using a two-way ANOVA. A P value lower than 0.05
was considered statistically significant.

RESULTS

RAGE Ligand-Induced Airway Inflammation Is
Dependent on Genetic Susceptibility

Previously, we showed that a single intranasal LL-37 expo-
sure was able to induce neutrophilic airway inflammation in
BALB/cByJ mice (2). Here, we selected a susceptible (A/J)
and nonsusceptible (NZW/LacJ) mouse strain for the devel-
opment of emphysema (33), to dissect whether HMGB1 or
LL-37 induced inflammation and/or tissue damage contrib-
utes to the susceptibility to develop emphysema.

After 6h, both HMGB1 and LL-37 induced a significant
increase in neutrophil numbers in BAL fluid in both mouse
strains (Fig. 1, C and D). In addition, HMGB1 but not LL-37,
induced a significant increase in BAL eosinophil numbers
(Fig. 1B) in both strains. Both HMGB1 and LL-37 induce a sig-
nificant decrease in mononuclear cells in BAL fluid of A/J
mice but not NZW/LacJmice.

The BAL levels of the neutrophil chemoattractant KC
were significantly increased upon HMGB1 treatment in
both strains, whereas LL-37 treatment had no effect on
BAL KC levels in either strain (Fig. 1E). The BAL levels of
the neutrophilic inflammatory marker MPO were signifi-
cantly increased by HMGB1 and LL-37 in A/J mice only
(Fig. 1F). BAL levels of neutrophil elastase were increased
upon treatment with HMGB1 but not LL-37 in A/J mice,
whereas neither HMGB1 nor LL-37 had an effect on NE lev-
els in NZW/LacJ mice (Fig. 1G). Increased BAL levels of the
DAMP dsDNA, which serves as a marker of immunogenic
cell death, were detected upon treatment with LL-37 in A/J
mice only (Fig. 1H). No differences were found between
LL-37- or HMGB1-treated and control mice for the DAMPs
galectin-3 and HSP70 (data not shown).

In lung tissue homogenates, the levels of KC were
increased upon treatment with both LL-37 and HMGB1 in
both mouse strains (Fig. 1I). Lung tissue levels of MPO were
not significantly increased upon treatment with HMGB1 nor
LL-37 (Fig. 1, H–J). The lung tissue levels of NE were
increased upon treatment with LL-37 in lung tissue of NZW/
LacJmice only (Fig. 1K).

When comparing the response to RAGE ligands in the sus-
ceptible A/J and the nonsusceptible NZW/LacJ strains, it is
noteworthy that upon HMGB1 treatment the percentage of
neutrophils in BAL fluid as well as the BAL levels of KC,
MPO, and neutrophil elastase were significantly greater in A/
Jmice (Fig. 2). However, lung tissue levels of thesemediators
were comparable in A/J and NZW/LacJmice. (Fig. 2,G–I).

To determine whether the HMGB1- and LL-37-induced air-
way inflammatory responses are RAGE dependent, we
assessed the effect of RAGE and TLR4 deficiency in C57BL/6
mice, which have been shown to be susceptible to the devel-
opment of emphysema (33). We treated RAGE�/�, TLR4�/�,
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Figure 1. The receptor for advanced glycation end-products (RAGE) ligands LL-37 and HMGB1, both induce airway inflammation upon intranasal treat-
ment in mice. Mice genetically susceptible (A/J) or nonsusceptible (NZW/LacJ) for the development of emphysema were intranasally treated with a sin-
gle-dose of the RAGE ligands LL-37 (67.4mg) and HMGB1 (30mg) or BSA (67.4mg) as control (n =6–8 per group). After 6 h, all mice were euthanized and
broncho-alveolar lavage (BAL) fluid and lung tissue homogenate were analyzed for lung inflammatory markers. Inflammatory cells in BAL fluid were ana-
lyzed using the cytospin cell differentiation assay. Mono-nuclear cells (percentage of total cells; A), eosinophils (percentage of total cells; B) , neutrophils
(percentage of total cells; C), and the absolute number of neutrophils (D) in BAL fluid is shown. Furthermore, the concentrations of the murine CXCL-8
analogue KC (E), myeloperoxidase (MPO; F), neutrophil elastase (NE; G) and dsDNA (H) were measured in BAL fluid. In lung tissue, homogenate the lev-
els of KC (I), MPO (J), and NE (K) were measured. Data are expressed as box and Tukey whiskers (n =6 mice per group). Statistical differences were
tested between the treatment groups and its corresponding control using the Mann–Whitney U test, where �P < 0.05, ��P < 0.01, and ���P < 0.001.
KC, chemokine.
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and RAGE�/�TLR4�/� mice intranasally with HMGB1, LL-37,
or BSA for 6h. LL-37 induced airway inflammation in wild-
typemice with a robust and significant increase in bothmac-
rophages and neutrophils whereas HMGB1 administration

did not lead to airway inflammation (Fig. 3). The LL-37-
induced airway inflammatory response was completely
absent in RAGE�/� mice whereas still present in TLR4�/�

mice. The RAGE�/�TLR4�/� mice showed an intermediate
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phenotype (Fig. 3). These data demonstrate that LL-37-
induced airway inflammation is mediated by RAGE signaling.

RAGE Ligands Acutely Induces Alveolar Tissue Damage
in Mice

To investigate whether HMGB1 or LL-37 can induce alveo-
lar tissue damage, airspace enlargement (LMI) was assessed

in mice after a single treatment with HMGB1 or LL-37.
HMGB1, but not LL-37, induced a significant increase in air-
space enlargement 6h after treatment, in both the suscepti-
ble (A/J) as well as the nonsusceptible (NZW/LacJ) mouse
strain (Fig. 4, A–B). In A/J mice, HMGB1 treatment induced
a significantly larger increase in LMI compared with NZW/
LacJ (Fig. 4C). Of note, the mean alveolar size at baseline

RAGE LIGANDS REDUCE THE LUNG REGENERATIVE CAPACITY

Figure 2.Mice susceptible for the development of emphysema develop stronger airway neutrophilic inflammation upon intranasal treatment with recep-
tor for advanced glycation end-products (RAGE) ligands than nonsusceptible mice. Mice genetically susceptible (A/J) or nonsusceptible (NZW/LacJ) for
the development of emphysema were intranasally treated with a single-dose of the RAGE ligands LL-37 (67.4mg) and HMGB1 (30mg) or BSA (67.4mg) as
control (n =6–8 per group). After 6 h, all mice were euthanized and broncho-alveolar lavage (BAL) fluid and lung tissue homogenate were analyzed for
lung inflammatory markers. The relative difference between control mice and the RAGE ligand-treated mice are shown as percentage of mono-nuclear
cells (A) and neutrophils (B) of control mice. The percentage increase of the murine CXCL-8 analogue KC (C), myeloperoxidase (MPO; D), neutrophil elas-
tase (NE; E), and dsDNA (F) in BAL fluid compared with the mean of the control groups is shown. In lung tissue homogenate the percentage increase of
KC (G), MPO (H), and NE (I) compared with the control groups is shown. Data are expressed as box and Tukey whiskers (n =6–8 mice per group).
Statistical differences were tested using the Mann–Whitney U test, where �P< 0.05 and ��P< 0.01. KC, chemokine.

Figure 3. LL-37 induces acute airway inflammation
upon intranasal injection in a receptor for advanced
glycation end-products (RAGE)-dependent manner.
Wild-type C57BL/6 mice and RAGE�/�, TLR4�/�, and
TLR4�/�RAGE�/� mice on a C57BL/6 background
(n = 6–8 per group) received a single intranasal treat-
ment with LL-37 (67.4 mg), HMGB1 (30 mg), or BSA
(67.4 mg) as control. Six hours after the injection, mice
were euthanized and BAL fluid was collected. The
absolute number of white blood cells (A), macro-
phages (B), and neutrophils (C) was measured in BAL
fluid. Data are expressed as box and Tukey whiskers,
n = 6–8 mice per group. Significance was tested using
a Mann-Whitney U test, ����P < 0.0001 between a
treatment and the corresponding control treatment,
#P < 0.05, ##P < 0.01, ####P < 0.0001 between
mouse strains.
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was larger in A/J mice, which may contribute to the higher
susceptibility for the development of emphysema.

RAGE Inhibition Prevents Elastase-Induced Alveolar
Tissue Damage in Precision Cut Lung Slices

To assess whether RAGE ligands directly induce alveolar
damage, we used C57BL/6 murine PCLS, an ex vivo model that
lacks any recruitment of circulating immune cells (Fig. 5A).
PCLS showed substantial RAGE expression within the alveolar
epithelium (Fig. 5B). Upon visual inspection, no obvious differ-
ences in RAGE expression were observed between untreated
PCLS or PCLS treated with either LL-37 or HMGB1 (Fig. 5B).
Stimulation of PCLS with LL-37 or HMGB1 led to significant al-
veolar enlargement (Fig. 5C). When the PCLS were preincu-
bated with the RAGE inhibitor FPS-ZM1 before stimulation
with LL-37 or HMGB1, the airspace enlargement was pre-
vented, indicating that LL-37 and HMGB1 induce alveolar tis-
sue damage via RAGE signaling. To model neutrophil elastase-
induced emphysema, PCLS were ex vivo treated with porcine
pancreas elastase for 24h, which led to severe alveolar damage
as indicated by a marked increase in alveolar size (Fig. 5D).
Next, PCLS were treated with FPS-ZM1 either before or after
the induction of tissue damage with elastase. Treatment of

PCLS with FPS-ZM1 after, but not before, the induction of lung
tissue damage significantly reduced the airspace enlargement,
suggesting that RAGE activation impairs lung tissue repair
and/or regeneration upon elastase-induced damage.

RAGE Activation Affects Mouse Lung Organoid Growth
and Organization

To assess whether RAGE activation affects alveolar epithe-
lial regenerative responses, we used an organoid model.
Epithelial EpCAMþ progenitors were seeded into Matrigel in
the presence of fibroblast feeder cells to induce the formation
of self-organized organoids. During the formation of organo-
ids, LL-37 and HMGB1 were added to the culture every 48h.
Per well, between 30 and 35 organoids formed, with a mor-
phology of grape-shaped alveolar or larger, more spherical air-
way structures (Fig. 6A; 25). Notably, after 7days of culture in
the presence of LL-37 or HMGB1, the total number of organo-
ids was significantly reduced whereas the mean size of the
organoids was considerably larger compared with the nonsti-
mulated organoids (Fig. 6A). To assess the type of organoids
formed upon LL-37 or HMGB1 stimulation, the organoids were
stained for the ATII marker SPC and airway ciliated cell
marker ACT. This analysis confirmed that the larger organoids

RAGE LIGANDS REDUCE THE LUNG REGENERATIVE CAPACITY

Figure 4. HMGB1 induces acute alveolar tissue
damage in mice upon intranasal treatment in
mice susceptible and nonsusceptible for the de-
velopment of emphysema. A: hematoxylin and
eosin staining on lung tissue of mice susceptible
(A/J) or nonsusceptible (NZW/LacJ) for the devel-
opment of emphysema, which received a single
intranasal treatment with LL-37 (67.4mg), HMGB1
(30mg), or BSA (67.4mg) as control (n =6/group).
Black scale bars represent 100mm. B: linear
mean intersect (LMI) analysis as marker for lung
tissue damage. C: the relative LMI is shown as
percentage of the mean of the strain specific
control group. Data are expressed as means ±SE,
n =6–8 mice per group. Significance is tested
using a Mann–Whitney U test, where �P < 0.05
and ��P< 0.01.
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observed in LL-37 and HMGB1 stimulated cultures were
indeed largely positive for ACT whereas the smaller organoids
were negative for ACT and strongly SPC positive (Fig. 6B).
Quantification of organoid size and number confirmed that

upon treatment with either HMGB1 or LL-37, there were signif-
icantly fewer organoids whereas the mean diameter of the
organoids was increased (Fig. 6, C and D). These data suggest
that RAGE ligands favor the growth of airway-derived
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organoids expressing the airway marker ACT while limiting
the number of organoids expressing the alveolarmarker SPC.

LL-37 Reduces the Wound Healing Capacity of A549
Cells via RAGE-Signaling

Finally, to investigate the effect of RAGE ligands on alveo-
lar cell repair in human cells, alveolar epithelial A549 cells

were wounded using electroporation, upon which the recov-
ery of the monolayer was monitored by measuring the trans-
epithelial resistance. A549 cells were stimulated with 20mg/
mL LL-37 1 h before electroporation. LL-37 impaired the
repair response, as cells were no longer able to fully recover
and form an intact monolayer. To assess whether this
reduced regenerative response was caused by activation of

RAGE LIGANDS REDUCE THE LUNG REGENERATIVE CAPACITY

Figure 5. Receptor for advanced glycation end-products (RAGE) ligands induce alveolar tissue damage whereas RAGE inhibitors prevent elastase-
induced tissue damage in murine precision cut lung slices (PLCS). A: graphical representation of the experimental setup. B: fluorescent RAGE (green)
and DAPI (blue) staining in untreated PCLS and PCLS treated with 20mg/mL LL-37 or 200ng/mL HMGB1 for 24h show that RAGE expression is located
and limited to alveolar epithelial cells in murine PCLS in all conditions. PCLS negative control depicts an untreated PCLS stained with DAPI. C: murine
PCLS were treated with 1mg/mL of the RAGE inhibitor FPS-ZM1 for 1 h before being stimulated with or without 20mg/mL LL-37 or 200ng/mL HMGB1 for
24h. Afterward the linear mean intercept (LMI) as marker for alveolar tissue damage, was calculated in hematoxylin and eosin (H&E)-stained sections of
the PCLS. D: PCLS were treated with 2.5mg/mL porcine pancreas elastase for 24h. LMI was determined in H&E-stained sections afterward. One hour
before (pretreatment) or 24h after (post-treatment) elastase treatment, PCLS were treated with 1mg/mL FPS-ZM1 for 24h. Afterward the LMI is measured
in H&E-stained sections. White scale bars represent 200mm. Data shown as means ± SE, all experiments are performed 6–8 times. Significance was
tested using a Mann–Whitney U test, �P< 0.05 and ���P< 0.001. [Image created with BioRender and published with permission.]

Figure 6. Mouse lung organoids are
affected in size and number upon stimula-
tion with receptor for advanced glycation
end-products (RAGE) ligands. Mouse lung
organoids were prepared by seeding
10,000 EpCAMþ cells together with 10,000
MLg2908 mouse lung fibroblasts in 100 μL
growth factor-reduced 1:1 diluted Matrigel
for 7days. A: organoid cultures were stimu-
lated with 10mg/mL LL-37 or 200ng/mL
HMGB1 on days 1, 3, and 5 after a medium
change. Photos depict light microscopic
images of organoids grown in Matrigel on a
24-wells insert. B: visual representation of
the prosurfactant protein Cþ (SPCþ )
organoids as marker for alveolar-derived
organoids and acetylated-a tubulinþ
(ACTþ ) organoids as marker for airway-
derived organoids, where DAPI is blue,
SPC is green, and ACT is red. Shown are
organoids stimulated with 200ng/mL
HMGB1. The number per well (C) and the
size of organoids (D) were measured using
light microscopy. White scale bars repre-
sent 500mm. Data are shown as mean ±
SE, with all experiments representing 6 in-
dependent experiments. Significant differ-
ence was tested using a Mann–Whitney U
test, �P< 0.05.
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RAGE, cells were pretreated with the RAGE inhibitor FPS-
ZM1 for 1 h. This significantly attenuated the LL-37-induced
repair defect (Fig. 7A), indicating that this response is at least
partly dependent on RAGE signaling. To confirm that the
reduced repair capacity is RAGE dependent, A549 cells were
transfected with RAGE-specific siRNAs. Silencing of RAGE
did not alter the regenerative capacity at baseline. However,
upon stimulation with LL-37, silencing of RAGE prevented
the reduced repair responses (Fig. 7B), further establishing
that the LL-37-induced decrease in A549 repair capacity is
RAGE dependent.

DISCUSSION

We demonstrate an additional role for the RAGE ligands
LL-37 and HMGB1 in emphysema, not only inducing neutro-
philic inflammation but also contributing to alveolar tissue
damage and impairing alveolar epithelial repair. LL-37-
induced airway inflammation was completely dependent on
RAGE, as demonstrated by the lack of effect in RAGE defi-
cient mice. Using an in vivo mouse model, we showed that a
single intranasal treatment with HMGB1 induces airway
inflammation and lung tissue damage, which was stronger
in mice susceptible to develop emphysema. Furthermore,
using an ex vivo PCLS model, we showed that RAGE inhibi-
tion enhances tissue repair upon elastase-induced tissue
damage. In addition, using an organoid model, we observed
that RAGE activation limits the alveolar cell regenerative
capacity, promoting the formation of airway organoids.
Finally, we showed in human A549 cells that LL-37 impairs
the alveolar epithelial wound healing response in a RAGE-
dependent fashion. Together, these data indicate that RAGE
signaling plays an important role in the development of alve-
olar tissue damage and is a potential therapeutic target for
emphysema.

Previously, we have shown that LL-37 induces neutro-
philia within 6h of intranasal administration in BALB/cByJ,
which were susceptible to cigarette smoke-induced emphy-
sema, but not in nonsusceptible DBA/2J mice (2). Similarly,
we now show that LL-37 and HMGB1 induce more neutro-
philic airway inflammation and HMGB1 also more tissue
damage in mice strains that are more susceptible to the de-
velopment of emphysema when compared with nonsuscep-
tible strains. Differences in genetic susceptibility to alveolar
tissue damage in mice was previously shown in a study by
Radder et al. (33) where A/J was the most susceptible strain
out of 34 strains investigated for the development of ciga-
rette smoke-induced emphysema whereas NZW/LacJ was
one of the most resistant strains. These previous findings
combined with our data suggest that mice genetically sus-
ceptible for alveolar damage are also susceptible to develop
HMGB1-induced alveolar damage. This supports a role not
only for the release of RAGE ligands but also RAGE expres-
sion in the development of emphysema upon smoking. In
addition, we observed that the mean alveolar size was larger
at baseline in NZW/LacJ compared with A/J mice, which
may contribute the increased susceptibility to develop alveo-
lar tissue damage. Differences in the effects of LL-37 and
HMGB1 between mouse strains may be caused by differences
in receptor affinity, which is dependent on the intramolecular
charge of the ligand (34). In addition, the ability of ligands to

activate secondary receptors, such as TLR4, and the level of
expression of these receptors may also contribute to differen-
ces between strains. Previously, it was shown that C57BL/6
mice were not susceptible for the development of cigarette
smoke-induced airway inflammation (6). Correspondingly,
C57BL/6 mice did not show significant release of HMGB1
upon exposure to cigarette smoke for 5days (7, 35), and we
now show that HMGB1 does not induce airway inflammation
in this strain, neither in wild-type C57BL/6 or RAGE and/or
TLR4 gene-deficient C57BL/6mice.

Very little is known about the effects of smoke on LL-37
release in mice, although mice lacking the murine LL-37

Figure 7. LL-37 reduces the wound healing capacity of A549 cells via re-
ceptor for advanced glycation end-products (RAGE) signaling. The alveo-
lar epithelial adenocarcinoma cell line A549 was grown to confluency in
electric cell-substrate impedance sensing (ECIS) arrays to measure the
barrier function and regenerative capacity in real time. Upon reaching con-
fluence, the cell layer was wounded using electroporation. A: the relative
cellular resistance normalized right after the moment of electroporation to
investigate the regrowth of the monolayer, or the regenerative capacity of
A549 cells. Cells were stimulated with or without 20mg/mL LL-37 for 1 h
before electroporation. In addition, cells were preincubated with 1mg/mL
of the RAGE inhibitor FPS-ZM1 1 h before stimulation with LL-37. B: A549
cells were transfected with a specific siRNA assay targeting RAGE or with
a scrambled siRNA assay 24h after seeding and 48h before wounding.
A549 cells transfected with scrambled siRNA or RAGE siRNA were stimu-
lated with 20mg/mL LL-37 1 h before wounding. Data are shown as mean
± SE from 6 independent experiments. Significance was tested using a
two-way ANOVA, where �P< 0.05 is considered statistically significant.
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homologue, CRAMP (cathelicidin-related antimicrobial pep-
tide), show significantly reduced lung immune infiltration
upon exposure to cigarette smoke for 1 wk, demonstrating
the importance of LL-37 in cigarette smoke-induced airway
inflammation (36). Interestingly, using mice deficient in
RAGE and/or TLR4, we observed a strong and completely
RAGE-dependent inflammatory response upon LL-37 treat-
ment. In addition, by using a RAGE inhibitor, we confirmed
a crucial role for RAGE in the LL-37 effects on alveolar epi-
thelial damage and repair responses. Interestingly, we
observed that the intranasal treatment of mice with LL-37
induced dsDNA release in BAL fluid in both mouse strains
whereas the intranasal treatment of mice with HMGB1 did
not increase the BAL dsDNA levels. It was previously estab-
lished that LL-37 is able to induce cell death (37), and may
thus evoke the release of DAMPs, for example, dsDNA,
whereas this has not been described for HMGB1, which
mostly has immunemodulating properties (38).

It has previously been shown that RAGE is important in
the development of lung organoids and the differentiation of
ATII cells into ATI cells in organoids (39, 40). Here, we
showed that RAGE ligands support the development of orga-
noids expressing airway markers at the expense of organoids
expressing alveolar markers, reducing the total number of
organoids, but increasing the average size of organoids,
which may reflect impaired alveolar regeneration. Nuclear
RAGE signaling has been shown crucial for DNA damage
repair, limiting subsequent senescence and fibrosis (41).
Furthermore, it was shown that increased ATII senescence
leads to a reduction in SPC-expressing organoids (42).
Therefore, it is tempting to speculate that activation of mem-
brane-bound RAGE by LL-37 or HMGB1 reduces the DNA
repair capacity of intracellular RAGE, inducing senescence
and reducing SPC-positive organoids, ultimately resulting in
a reduction in the alveolar regenerative capacity upon stimu-
lation with RAGE ligands.

In agreement with earlier literature (43), we showed high
levels of RAGE expression in the alveolar compartment in
our ex vivo PCLS model. Here, we show that LL-37 directly
induces tissue damage ex vivo, inducing a strong increase in
alveolar enlargement that could be reversed in the presence
of a small-molecule RAGE inhibitor. The exact mechanism
of RAGE-induced alveolar damage requires further investi-
gation, however it has been shown that RAGE-activation
induces NADPH oxidase activation, causing the release of re-
active oxygen species, which induces epithelial damage
and delayed epithelial wound healing (44). Interestingly,
the inhibition of RAGE after elastase-induced tissue dam-
age reduced airspace enlargement, indicating that RAGE
activation can impair epithelial repair responses. Thus,
RAGE inhibition may not only reduce inflammation-
induced tissue damage, but also promote alveolar tissue
regeneration. As there is still no curative treatment avail-
able for COPD, there is an urgent need for the development
of treatments promoting lung tissue regeneration. Future
studies should identify whether RAGE inhibitors are able
to promote lung tissue regeneration in patients with
emphysematous COPD.

In summary, our study shows that activation of RAGE
induces acute lung tissue damage and that inhibition of
RAGE stimulates the epithelial repair response and may

induce lung tissue regeneration, which can potentially be
used as a therapeutic target for patients with COPD.
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