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Pulmonary emphysema is associated with dysregulated innate immune responses that
promote chronic pulmonary inflammation and alveolar apoptosis, culminating in lung
destruction. However, the molecular regulators of innate immunity that promote emphy-
sema are ill-defined. Here, we investigated whether innate immune inflammasome com-
plexes, comprising the adaptor ASC, Caspase-1 and specific pattern recognition receptors
(PRRs), promote the pathogenesis of emphysema. In the lungs of emphysematous
patients, as well as spontaneous gp130F/F and cigarette smoke (CS)-induced mouse mod-
els of emphysema, the expression (messenger RNA and protein) and activation of ASC,
Caspase-1, and the inflammasome-associated PRR and DNA sensor AIM2 were
up-regulated. AIM2 up-regulation in emphysema coincided with the biased production
of the mature downstream inflammasome effector cytokine IL-1β but not IL-18. These
observations were supported by the genetic blockade of ASC, AIM2, and the IL-1 recep-
tor and therapy with AIM2 antagonistic suppressor oligonucleotides, which ameliorated
emphysema in gp130F/F mice by preventing elevated alveolar cell apoptosis. The func-
tional requirement for AIM2 in driving apoptosis in the lung epithelium was indepen-
dent of its expression in hematopoietic-derived immune cells and the recruitment of
infiltrating immune cells in the lung. Genetic and inhibitor-based blockade of AIM2 also
protected CS-exposed mice from pulmonary alveolar cell apoptosis. Intriguingly, IL-6
trans-signaling via the soluble IL-6 receptor, facilitated by elevated levels of IL-6, acted
upstream of the AIM2 inflammasome to augment AIM2 expression in emphysema. Col-
lectively, we reveal cross-talk between the AIM2 inflammasome/IL-1β and IL-6 trans-
signaling axes for potential exploitation as a therapeutic strategy for emphysema.

AIM2 j emphysema j inflammasome j apoptosis j IL-6

Emphysema is a major debilitating component of chronic obstructive pulmonary dis-
ease (COPD), the third leading cause of morbidity and mortality worldwide (1, 2).
The main cause of emphysema is cigarette smoke (CS), which triggers potent innate
immune responses leading to chronic pulmonary inflammation that damages lung struc-
ture and health in most smokers, ∼20% of whom develop clinically debilitating, irrevers-
ible emphysema (3, 4). Pulmonary inflammation is characterized by increased expression
of many proinflammatory cytokines, including interleukin (IL)-6, which is also a common
feature of emphysema patients and has been linked to disease pathogenesis in several pre-
clinical emphysema models (5–10). These include gp130F/F mice, which are genetically
engineered for IL-6/gp130–dependent hyperactivation of “trans” signaling—the patholog-
ical mode of signaling by IL-6 upon its engagement with the naturally occurring soluble
IL-6 receptor (sIL-6R)—which in the lung drives alveolar cell apoptosis, leading to
emphysema (7, 11). However, the identity of key regulators of innate immunity which
contribute to emphysema susceptibility and progression remain ill-defined.
Innate immune responses to microbes and endogenous host-derived danger (or damage)

signals within the lung mucosa depend on the tightly coordinated activation of extra-
cellular and cytosolic pattern recognition receptors (PRRs), which are widely expressed
in epithelial and immune cells. PRRs are classified into several large structurally and
functionally conserved families, including toll-like receptors (TLRs), absent in mela-
noma 2 (AIM2)-like receptors (ALRs), and NOD-like receptors (NLRs) (3, 12, 13). The
activation of specific ALRs and NLRs initiates inflammatory signaling cascades via multi-
protein complexes called inflammasomes, which comprise the key adaptor protein
apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC),
and Caspase-1, to facilitate maturation and release of proinflammatory cytokines IL-1β
and IL-18 (3, 13, 14). Although inflammasomes are critical for driving acute innate
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immune responses that resolve inflammation and maintain tissue
homeostasis, data from clinical studies and mouse disease models
demonstrate that excessive inflammasome activation promotes sev-
eral chronic autoimmune and inflammatory diseases (3, 13, 15).
The potential involvement of inflammasomes in COPD has

been suggested from observations that CS induces Caspase-1
activity, and IL-1β and IL-18 production, in vitro (lung epithe-
lial cells) and in vivo (16–20). Also, experimentally induced
(i.e., CS, elastase, or ozone) COPD mouse models either
involving mice lacking receptors for IL-1β and IL-18 or treated
with an IL-1 receptor antagonist or a Caspase-1 inhibitor are
protected against airway inflammation (17–19, 21, 22). Clini-
cal studies have also shown increased Caspase-1 activity, and
elevated IL-1β and IL-18 levels, in lungs of COPD patients
and smokers (16, 18, 20, 23). Moreover, the extracellular
release of ASC specks, another indicator of inflammasome
activity, has been reported in bronchoalveolar lavage fluid
(BALF) of COPD patients and a CS-induced COPD mouse
model (24). However, the role of specific inflammasome-
associated PRRs in emphysema is unknown, with investigations
limited to the observation that Nlrp3�/� mice are protected
against a CS-induced COPD-like phenotype in the lung,
although emphysema-specific criteria were not reported (25).
To address this knowledge gap in the role of inflammasomes in

the pathogenesis of emphysema, here we show that components
of AIM2 inflammasomes, namely ASC, Caspase-1, and AIM2,
were overexpressed and/or hyperactivated in lungs of genetically
engineered spontaneous gp130F/F and acute CS-induced emphy-
sema mouse models and in lungs of emphysema patients. Genetic
ablation of ASC and AIM2, but not NLRP3, in these preclinical
models ameliorated emphysematous changes by suppressing ele-
vated alveolar cell apoptosis, independent of infiltrating immune
cells, in the lung epithelium. Furthermore, we show that the
AIM2 inflammasome preferentially employs IL-1β, but not
IL-18, to drive emphysema. We also reveal that IL-6 trans-
signaling was an upstream regulator of AIM2 expression and
inflammasome activation in emphysema. Collectively, our find-
ings provide critical evidence to consider the innate immune
AIM2 inflammasome/IL-1β axis as a potential new treatment
strategy for emphysematous COPD patients.

Methods

Human Samples. Lung tissue from surgery for treatment of a solitary periph-
eral carcinoma was collected at Monash Medical Centre (Melbourne, Australia)
from patients with or without evidence of emphysema, defined by pulmonary
function tests (7) (SI Appendix, Table S1) and high-resolution computerized
tomography of the chest. Tissues from tumor-free subpleural parenchyma were
formalin-fixed and paraffin-embedded or snap-frozen. Lung tissue and sera
(including from healthy emphysema-free individuals) were collected upon writ-
ten informed consent. Studies were approved by the Monash Health Human
Research Ethics Committee.

Animal Models and Treatments. The gp130F/F, gp130F/F:Aim2�/�, gp130F/F:
Asc�/�, gp130F/F:Il1r�/�, gp130F/F:Il18�/�, gp130F/F:sgp130Fctg/tg, and
gp130F/F:Il6�/� mice and Aim2�/�, Nlrp3�/�, and sgp130Fctg/tg mice, on a
129Sv × C57BL/6 background, have been reported (7, 8, 26–28). Experiments
involving gp130F/F mice treated with the AIM2 antagonist Sup ODN or the IL-6
trans-signaling inhibitor sgp130Fc have been described (7, 26). The acute CS
model was performed on wild-type (WT), Aim2�/�, and sgp130Fctg/tg mice as
before (7, 8), with WT mice also concurrently administered by intraperitoneal
injection with sgp130Fc (once, 0.5 mg/kg), rapamycin (twice, 4 mg/kg) or Sup
ODN (once, 15 mg/kg), along with relative control injections, over 4 d. Bone
marrow chimeras were generated as before (26).

All mice were housed under specific pathogen-free conditions. Experiments
were approved by the Monash University Animal Ethics Monash Medical
Centre “B” Committee and were conducted in accordance with the ARRIVE
guidelines (29).

Lung Function Analyses and Assessment of Emphysema. Histological
assessment of perfusion-fixed mouse lungs was performed on methylene blue-
stained lung tissue sections using computer-assisted newCAST software (version
2.14; Visiopharm), and airspace enlargement was quantified by mean linear
intercept (MLI) on hematoxylin and eosin (H&E)-stained lung sections (7, 8).
Lung function was performed using the flexiVent system (SCIREQ) (7, 8).

Immunofluorescence and Immunohistochemistry. Formalin-fixed, paraffin-
embedded human lung sections were stained with antibodies against AIM2
(HPA031365; Atlas Antibodies) and cleaved Caspase-1 (PA5-38099; Invitro-
gen) (26). Terminal deoxynucleotidyl transferase-mediated dUDP nick-end
labeling (TUNEL) assay (Millipore) and immunohistochemistry with antibodies
against AIM2 (20590-1-AP; Proteintech), CD45 (ab40763; Abcam), ASC
(AL177; Adipogen), and cleaved (Asp210) Caspase-1 (PA5-38099; Invitrogen)
were performed on mouse lung tissue sections (7, 26). Positive-staining cells
were quantified manually on digital images of photomicrographs (60× high-
power fields; n = 20 per lung section) (7).

Multicolor immunofluorescence staining was performed on paraffin-
embedded lung tissues using antibodies against cleaved Caspase-3/Alexa
Fluor 488 (9669; Cell Signaling Technology) or ASC (AG-25B-006; Adipogen),
AIM2 (20590-1-AP; Proteintech), gamma-H2AX (ab2893, phospho S139; Abcam),
SPC (SC-7706; Santa Cruz Biotechnology), and CD45 (ab40763; Abcam) together
with Alexa Fluor 568-conjugated donkey anti-goat and Alexa Fluor 488-
conjugated donkey anti-rabbit secondary antibodies (Abcam) (7, 26, 30). Nuclear
staining was achieved using 40,6-diamidino-2-phenylindole (DAPI). Slides were
examined under a Nikon confocal microscope and analyzed for red and green
fluorescence. Where appropriate, stereological techniques were applied to deter-
mine dual-stained cell numbers (7). To assess for the presence of ASC specks
within SPC-positive cells, z-stack confocal imaging was performed by capturing
16 to 18 z-stacks of 0.5-μm size at 100× magnification.

ELISA and Immunoblotting. Total protein lysates were prepared from snap-
frozen lung tissues (27) and with sera were subjected to enzyme-linked immuno-
sorbent assay (ELISA) and/or immunoblotting. ELISA was performed for mouse
and human total IL-1β and sIL-6R (R&D Systems), mouse/human IL-6 (BD
Sciences), and mouse/human total IL-18 (MBL International Corporation).
Mature/free human IL-18 was detected with a sandwich ELISA (27). Immuno-
blotting was performed with antibodies against mouse cleaved Caspase-1
(AG-20B-0042-C100; AdipoGen), IL-18 (5180R; BioVision), IL-1β (AF-401-NA;
R&D Systems), AIM2 (20590-1-AP; Proteintech), cleaved Caspase-3 (9661;
Cell Signaling Technology), Gasdermin D (ab209845; Abcam), and β-tubulin
(ab6046; Abcam). Protein bands were visualized using enhanced chemilumi-
nescence for Caspase-1 or for other immunoblots with the Odyssey Infrared
Imaging System (LI-COR) and quantified using ImageJ (NIH).

RNA Isolation and Gene Expression Analyses. Total RNA was isolated from
snap-frozen mouse and human lung tissues using TRIzol (Sigma), and quantita-
tive RT-PCR (qPCR) was performed on complementary DNA (triplicates) with
SYBR Green (Life Technologies) using the 7900HT Fast RT-PCR System (Applied
Biosystems). Gene expression data were analyzed using the Sequence Detection
System Version 2.4 software (Applied Biosystems). Mouse and human primer
sequences have been described previously (8, 26, 27, 30).

Statistical Analyses. Statistics were performed using GraphPad Prism for Win-
dows version 7.0 software, with D’Agostino and Pearson omnibus K2 normality
tests. Significance between two groups of normal distribution was determined
by Student’s t tests, and Mann–Whitney U tests were performed for nonnormally
distributed data or smaller data sets. One-way ANOVA was used to determine dif-
ferences among three or more groups for normally distributed data, and
Kruskal–Wallis tests for nonnormally distributed data or smaller datasets. Linear
regression was performed for correlations between given markers in emphysema
patient groups only. A P value of <0.05 was considered statistically significant.
Experimental sample size estimates were based on power analyses assuming a
significance level (alpha) of 0.05 and a power of 80%. All data in figures are
expressed as the mean ± SEM.
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Results

Augmented Expression and Activation of Inflammasome
Components Correlates with the Emphysema Phenotype of the
gp130F/F Mouse Model. We initially profiled the gene expression
of inflammasome-associated PRRs in emphysematous lungs
of 6-month-old (mo) gp130F/F mice by qPCR. Messenger RNA
(mRNA) expression of Aim2 (4.5-fold) and Nlrc4 (2-fold) was
significantly up-regulated in lungs of gp130F/F mice versus con-
trol gp130+/+ mice, while Nlrp3, Nlrp1, Naip1, Nlrp6, and
Nlrp12 remained unchanged (Fig. 1A). Aim2 was the most highly
expressed inflammasome-associated PRR gene in emphysematous
gp130F/F mouse lungs (SI Appendix, Fig. S1). Considering the
high mRNA levels of Aim2, we next evaluated AIM2 protein
expression by immunoblotting and immunohistochemistry. Indeed,
AIM2 protein expression levels, and AIM2-positive cell numbers,
were also significantly increased in the lungs of 6mo gp130F/F mice,
with immunohistochemistry revealing a staining pattern in the
parenchyma indicative of predominant expression in alveolar type
II (ATII) epithelial cells (Fig. 1 B and C). Immunofluorescence

further supported the pronounced colocalization of AIM2 with
SPC-positive ATII cells, and to a lesser extent CD45-positive
immune cells, with AIM2 detected in both nuclear and cytoplas-
mic cellular compartments (Fig. 1D and SI Appendix, Fig. S2A).

Next, we assessed the expression and/or activation status of
inflammasome components ASC (encoded by the Pycard gene)
and Caspase-1 (Casp1) in the lungs of emphysematous 6mo
gp130F/F mice. qPCR analyses indicated that both Pycard and
Casp1 mRNA levels were significantly elevated in gp130F/F

emphysematous lungs compared to lungs from emphysema-free
control WT mice (SI Appendix, Fig. S2B). Immunoblotting
also demonstrated significantly elevated protein expression of
pro (45 kDa) and mature/active (20 kDa) Caspase-1 in gp130F/F

emphysematous lungs (Fig. 1E and SI Appendix, Fig. S2C).
Immunohistochemistry also showed significant increases in
numbers of ASC-positive and active Caspase-1–positive cells,
predominantly ATII cells by their distinct morphology and
immunofluorescence colocalization (for ASC) with SPC-positive
ATII epithelial cells, in the lung parenchyma of gp130F/F mice
versus WT controls (Fig. 1F and SI Appendix, Fig. S2 D–G).
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Fig. 1. Augmented expression and activation
of AIM2 inflammasome components in lungs
of emphysematous gp130F/F mice. (A) qPCR on
lung tissue of 6mo WT and gp130F/F (F/F) mice.
Expression data normalized for 18S ribosomal
RNA (rRNA). n = 6 per genotype. *P < 0.05,
**P < 0.01; Student’s t test. (B) Representative
AIM2 immunoblots on lung lysates from
6mo WT and F/F mice. Also shown is densito-
metric quantification of the immunoblot for
AIM2 protein levels, normalized against tubu-
lin. n = 4 per genotype. *P < 0.05; Student’s
t test. (C) Representative photomicrographs
of cross-sections of lungs from 6mo WT and
F/F mice stained with an anti-AIM2 antibody.
Graph depicts quantification of AIM2-positive
cell numbers. n = 6 per genotype. **P < 0.01;
Student’s t test. (Scale bars, 20 μm.) (D) Repre-
sentative immunofluorescence photomicro-
graphs of cells positive for either CD45 (green,
Top), SPC (red, Bottom), AIM2 (red, Top; green,
Bottom), or both AIM2 and CD45 (yellow and/or
white, Top, merged) or AIM2 and SPC (yellow
and/or white, Bottom, merged), in lung cross-
sections of a 6mo F/F mouse. DAPI nuclear
staining is blue. In merged images, white block
arrows point to representative colocalized
staining of AIM2 and CD45 (Top) or AIM2 and
SPC (Bottom), and white arrowheads point at
representative AIM2 nuclear staining. (Scale
bars, 50 μm.) (E) Representative immunoblots
on lung lysates from 6mo WT and F/F mice for
pro (45 kDa) and cleaved (20 kDa) Caspase-1.
(F) Representative photomicrographs of cross-
sections of lungs from 6mo WT and F/F mice
stained with an anti-cleaved (p20) Caspase-1
antibody. Representative positively stained cells
are circled. Graph depicts quantification of
cleaved Caspase-1–positive cell numbers per
high-power field (HPF). (Scale bars, 20 μm.)
n = 6 per genotype. **P < 0.01; Student’s t test.
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These data indicate heightened expression and/or activation of
ASC-containing inflammasome components (i.e., ASC, Caspase-1,
and AIM2) mainly in the lung epithelium during emphysema in
the gp130F/F model.

Emphysema in gp130F/F Mice Is Driven by the AIM2, but Not
NLRP3, Inflammasome. We next evaluated whether elevated
AIM2 expression promotes emphysema in gp130F/F mice by
crossing gp130F/F mice with Aim2�/� mice. Histological evalu-
ation of 6mo gp130F/F:Aim2�/� mice revealed normal alveolar
lung architecture compared to enlargement of the distal air
spaces and destruction of alveoli, measured as alveolar MLI,
that are a feature of emphysematous gp130F/F mice (Fig. 2 A
and B). Consistent with these histological observations, elevated
static compliance and lung volume in gp130F/F mice, due to
destruction of elastic fibers in emphysematous lungs (8), were
reduced to normal in gp130F/F:Aim2�/� mice (Fig. 2 C and D).
Also, protein expression of pro and active Caspase-1 was
significantly reduced in 6mo gp130F/F:Aim2�/� versus gp130F/F

mice (Fig. 2 E and F). By contrast, in NLRP3-deficient gp130F/F:
Nlrp3�/� mouse lungs these emphysema features of gp130F/F

mice were similarly observed, and pro and active Caspase-1 levels
were not reduced but rather remained elevated (Fig. 2 A–D and
SI Appendix, Fig. S3 A and B).
We next evaluated whether AIM2-driven emphysema was

dependent upon inflammasome activity by generating gp130F/F

mice deficient for the key inflammasome adaptor, ASC
(gp130F/F:Asc�/�). Indeed, 6mo gp130F/F:Asc�/� mice dis-
played an alveolar lung architecture comparable to WT mice
(Fig. 2G). Similarly, compared to gp130F/F mice, MLI, static
compliance, and lung volume were significantly reduced to nor-
mal levels in gp130F/F:Asc�/� mice (Fig. 2 H–J). Consistent
with a critical role for ASC in inflammasome activity, protein
expression levels of pro and active Caspase-1 were significantly
reduced in 6mo gp130F/F:Asc�/� versus gp130F/F mice (SI
Appendix, Fig. S3 C and D). Collectively, these data suggest
that AIM2 is the predominant PRR in the lung that contrib-
utes to inflammasome activation and the development of
emphysema in gp130F/F mice.

Increased Production of IL-1β, but Not IL-18, Is Associated
with AIM2 Inflammasome-Mediated Emphysema in gp130F/F

Mice. To elucidate a role for the AIM2 inflammasome effector
cytokines IL-1β and/or IL-18 in emphysema pathogenesis, we
initially measured IL-1β and IL-18 expression levels in the
lungs of 6mo gp130F/F mice. At the mRNA (qPCR) and pro-
tein (ELISA) levels, expression of IL-1β and IL-18 were signifi-
cantly increased in lung tissues of gp130F/F mice compared to
normal lung tissue of WT mice, with ELISA indicating a 20-
to 30-fold increase in total (pro and mature) protein levels of
IL-1β compared to IL-18 in lung tissues (Fig. 3 A and B).
Interestingly, immunoblotting revealed that both pro (31 kDa)
and mature (17 kDa) IL-1β were significantly up-regulated in
gp130F/F emphysematous lungs versus WT lungs, whereas only
pro (24 kDa) IL-18 protein levels (elevated) were detected in
lung lysates of gp130F/F versus WT mice (Fig. 3 C–F). Further-
more, immunoblotting and/or ELISA showed that mature and/
or total IL-1β protein levels were reduced in lungs of both 6mo
emphysema-free gp130F/F:Aim2�/� and gp130F/F:Asc�/� mice
versus emphysematous gp130F/F mice, consistent with a disease
association for IL-1β in AIM2 inflammasome-driven emphy-
sema (Fig. 3 G–I).
Since these findings suggested an increase in the inflammasome-

mediated production of mature IL-1β, but not IL-18, during

emphysema in gp130F/F mice, we next assessed whether IL-1β
preferentially promoted emphysema pathogenesis by crossing
gp130F/F mice with mice lacking either the IL-1 receptor
(gp130F/F:Il1r�/�) or IL-18 (gp130F/F:Il18�/�). Histological
evaluation of 6mo gp130F/F:Il1r�/� mice revealed normal alve-
olar lung architecture compared to enlargement of the distal air
spaces and destruction of alveoli in the lungs of gp130F/F mice
(Fig. 3J). Also, static compliance and lung volume were signifi-
cantly reduced in 6mo gp130F/F:Il1r�/� versus gp130F/F mice
(Fig. 3 K and L). By contrast, lung histology, static compliance,
and lung volume remained comparable between 6mo gp130F/F

and gp130F/F:Il18�/� mice (Fig. 3 J–L). Taken together, these
findings suggest that AIM2 inflammasome-associated emphyse-
matous changes in the lungs of gp130F/F mice are driven via
the preferential processing of IL-1β.

Inflammasome-Driven Emphysema in gp130F/F Mice Is
Characterized by Augmented Cell Apoptosis, Independent of
Infiltrating Immune Cells in the Lung. We next investigated
whether suppressed emphysema in gp130F/F:Aim2�/�, gp130F/F:
Asc�/�, and gp130F/F:Il1r�/� mice is associated with dimin-
ished lung inflammation. Histologic assessment of H&E-stained
lung tissue sections from 6mo mice revealed that the elevated
pulmonary inflammation score (compared to WT mice) was
comparable among gp130F/F, gp130F/F:Aim2�/�, gp130F/F:
Asc�/�, and gp130F/F:Il1r�/� mice (SI Appendix, Fig. S4A).
Immunohistochemical analyses also indicated comparable num-
bers of infiltrating CD45-positive leukocytes in lungs of these
gp130F/F-based mouse strains (SI Appendix, Fig. S4B). Also,
mRNA expression of inflammatory genes Il6, Cxcl2, Ifng, and
Tnfa were comparable between genotypes, which for IL-6 pro-
tein expression was also confirmed by ELISA (SI Appendix, Fig.
S4 C and D).

The unaltered pulmonary immune cell infiltrates in gp130F/F:
Aim2�/� mice, together with the specific up-regulation of AIM2
in the lung epithelium, suggested that AIM2-expressing immune
cells do not play a major role in the pathogenesis of emphysema.
In support of this notion, bone marrow chimeras generated by
reconstitution of irradiated gp130F/F recipients with bone mar-
row from gp130F/F or gp130F/F:Aim2�/� donor mice revealed
that irrespective of the genotype of the donor bone marrow there
was no effect on the onset of pulmonary emphysema (or infiltra-
tion of immune cells) in gp130F/F recipients (SI Appendix, Fig.
S5 A–D). Collectively, these data suggest that Aim2 expression
in the nonhematopoietic compartment (i.e., epithelium) pro-
motes emphysema.

Since emphysema in gp130F/F mice is associated with a high
apoptosis index of ATII cells (8), we next investigated whether
the AIM2/ASC/IL-1β axis contributed to increased apoptosis
of the alveolar epithelium. TUNEL-positive apoptotic cell
numbers were significantly reduced in 6mo emphysema-free
gp130F/F:Aim2�/�, gp130F/F:Asc�/� and gp130F/F:Il1r�/� mice
versus emphysematous gp130F/F mice (Fig. 4 A and B). Immu-
nofluorescence for cleaved Caspase-3 (apoptosis) and SPC
(ATII cells) confirmed a significant decrease in the number of
apoptotic SPC-positive ATII cells in lungs of WT, gp130F/F:
Aim2�/�, gp130F/F:Asc�/�, and gp130F/F:Il1r�/� mice versus
gp130F/F mice (Fig. 4C and SI Appendix, Fig. S6A). These
observations were also supported by immunoblotting, which
indicated elevated protein expression levels of fully mature/
cleaved (p17) Caspase-3 in lung lysates of 6mo gp130F/F mice
compared to either WT or gp130F/F:Aim2�/� mice (SI
Appendix, Fig. S6B). We also observed that, consistent with
gasdermin D (GSDMD) not being required for Caspase-1 (i.e.,
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inflammasome)-mediated apoptosis, protein expression levels of
full-length GSDMD were comparable among lung lysates of
6mo WT, gp130F/F, and gp130F/F:Aim2�/� mice, with no
detectable levels of the mature N-terminal GSDMD p30 frag-
ment (SI Appendix, Fig. S6C). Collectively, these data suggest
that the AIM2 inflammasome promotes ATII cells to undergo
apoptosis during emphysema.

Therapeutic Blockade of AIM2 Prevents Alveolar Cell Death
and Emphysema in gp130F/F Mice. Immunosuppressive oligo-
deoxynucleotides (Sup ODN) exhibit potent antagonistic activ-
ity against AIM2 (26, 31). To determine whether AIM2 can
serve as a bona fide therapeutic target in emphysema, we
explored whether Sup ODN-mediated blockade of AIM2 acti-
vation would prevent emphysema development in gp130F/F

mice from 3 months of age onward. At the completion of
10-wk treatment with Sup ODN, static compliance and lung
volume of Sup ODN-treated gp130F/F mice were significantly
reduced compared to control ODN (Ctl)-treated gp130F/F mice
(SI Appendix, Fig. S7 A and B). Also, the number of ATII

apoptotic cells was significantly reduced in the lungs of Sup
ODN-treated gp130F/F mice (SI Appendix, Fig. S7 C–F). Collec-
tively, these data demonstrate that therapeutic targeting of AIM2
activation can prevent emphysema development in gp130F/F mice.

Targeting AIM2 in an Acute CS Exposure Model of Emphysema
Suppresses CS-Induced Alveolar Cell Apoptosis. We next
assessed whether the AIM2 inflammasome also drives ATII cel-
lular apoptosis that is a hallmark of an acute CS exposure
model of emphysema (7, 8). Upon 4-d CS exposure of 6-wk-
old WT mice, Aim2 (but not Nlrp3) and Pycard mRNA levels
were significantly increased compared to non-CS-exposed
control mice, with immunofluorescence indicating colocaliza-
tion of AIM2 (nuclear and cytoplasmic) with SPC-positive
ATII cells and CD45-positive immune cells (Fig. 4D and SI
Appendix, Fig. S8A). Acute CS exposure also significantly aug-
mented pro and active Caspase-1 and pro and mature IL-1β
levels (Fig. 4 D–G and SI Appendix, Fig. S8 B and C). Inter-
estingly, staining of AIM2 colocalized with gamma-H2AX, a
biomarker for double-stranded DNA damage, consistent with
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Fig. 2. Genetic ablation of AIM2 and ASC, but
not NLRP3, suppresses emphysema in gp130F/F

mice. (A) Representative methylene blue-
stained cross-sections of lungs from 6mo WT,
gp130F/F (F/F), gp130F/F:Aim2�/� (F/F:Aim2), and
gp130F/F:Nlrp3�/� (F/F:Nlrp3) mice. Arrows
point to representative areas of airspace
enlargement. (Scale bars, 100 μm.) (B–D)
Graphs depict (B) MLI, (C) static compliance,
and (D) lung volume/body weight (grams)
of indicated 6mo mice. n = 5 per genotype.
**P < 0.01, ***P < 0.001, ****P < 0.0001;
one-way ANOVA. (E) Representative immuno-
blots on lung lysates from 6mo F/F and
F/F:Aim2 mice for pro (45 kDa) and cleaved/
mature (20 kDa) Caspase-1. (F) Densitometric
quantification of immunoblots for pro and
mature Caspase-1, normalized against tubulin.
n = 5 per genotype. *P < 0.05; Student’s t test.
(G) Representative methylene blue-stained
cross-sections of lungs from 6mo WT, F/F, and
gp130F/F:Asc�/� (F/F:Asc) mice. Arrow points to
a representative area of airspace enlarge-
ment. (Scale bars, 100 μm.) (H–J) Graphs depict
(H) MLI, (I) static compliance, and (J) lung
volume/body weight (grams) of indicated
6mo mice. n = 5 per genotype. ***P < 0.001,
****P < 0.0001; one-way ANOVA.
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AIM2 being activated by damaged DNA that is a feature of
CS exposure (32, 33) (SI Appendix, Fig. S8D). Moreover,
while acute CS exposure of WT mice increased numbers of
TUNEL-positive apoptotic alveolar cells, no such increases
were observed in either CS-exposed Aim2�/� mice or
CS-exposed WT mice treated with Sup ODN (Fig. 4 H and I).
By contrast, in the lungs of Nlrp3�/� mice, NLRP3 deficiency
had no effect on ameliorating CS-induced alveolar cell apo-
ptosis (Fig. 4 J and K). These data therefore confirm that
AIM2 drives alveolar cell apoptosis that is a hallmark of
CS-induced emphysema.

Up-Regulation of AIM2 Inflammasome Components in Human
Emphysema. We next assessed the expression of AIM2 and
inflammasome-related genes in human lung tissues from
patients with emphysema, defined by pulmonary lung function
tests (gas exchange, FEV1) (SI Appendix, Table S1), as well as
emphysema-free individuals. Among inflammasome-associated
PRRs, only mRNA levels for AIM2 were significantly up-regulated
in lungs of emphysema patients compared with emphysema-free
individuals (Fig. 5A). In addition, PYCARD and CASP1 gene
expression was significantly higher in emphysema patients, with
expression of PYCARD significantly correlating with that of
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Fig. 3. Up-regulated production of IL-1β, but not IL-18, is associated with emphysema in gp130F/F mice. (A) qPCR on lung tissue of 6mo WT and gp130F/F

(F/F) mice. Expression data normalized for 18S rRNA. n = 5 per genotype. *P < 0.05, **P < 0.01; Student’s t test. (B) IL-1β and IL-18 ELISA on lung tissue
lysates of 6mo WT and F/F mice. n = 5 per genotype. **P < 0.01; Student’s t test. (C and E) Immunoblotting for (C) pro (31 kDa) and mature (17 kDa) IL-1β
and (E) pro (24 kDa) and mature (18 kDa) IL-18 in lung lysates from indicated 6mo genotypes. (D and F) Densitometric quantification of immunoblots for pro
and mature (D) IL-1β and (F) IL-18, normalized against tubulin. n = 5 per genotype. **P < 0.01; Student’s t test. (G) Immunoblotting for pro and mature IL-1β
in lung lysates from indicated 6mo genotypes. (H) Densitometric quantification of immunoblots (from G) for pro and mature IL-1β, normalized against tubu-
lin. n = 5 per genotype. *P < 0.05; Student’s t test. (I) IL-1β ELISA on lung tissue lysates from indicated 6mo mouse genotypes. n = 5 per genotype. *P < 0.05,
**P < 0.01; one-way ANOVA. (J) Representative methylene blue-stained cross-sections of lungs from 6mo F/F, gp130F/F:Il1r�/� (F/F:Il1r), and gp130F/F:Il18�/�

(F/F:Il18) mice. Arrow points to representative areas of airspace enlargement. (Scale bars, 100 μm.) (K and L) Graphs depict (K) static compliance and (L) lung
volume/body weight (grams) of indicated 6mo mice. n = 5 per genotype. *P < 0.05, **P < 0.01; one-way ANOVA.
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AIM2 in emphysematous patient lungs (Fig. 5 B and C).
Immunohistochemistry also demonstrated a significant increase
in the number of AIM2- and active (p20) Caspase-1–positive
cells in lung sections of emphysema patients, which was associ-
ated with a significant positive correlation in AIM2 and active
Caspase-1 cellular staining in human lungs (Fig. 5 D–H).
Notably, we also observed a significant increase in the number
of AIM2- and active Caspase-1–positive cells in the lungs of
smokers (current and former) compared to never smokers (Fig.
5 D and F). With respect to the inflammasome effector
cytokines IL-1β and IL-18, mRNA levels for IL1B were ele-
vated by ∼3-fold in emphysematous human lung tissues, with
IL-1β protein levels elevated by ∼15- and ∼7-fold in lung
and sera, respectively, of emphysema patients compared to
emphysema-free individuals (Fig. 5 I and J). By contrast, IL18
mRNA levels were comparable between emphysema patients
and emphysema-free controls, and an ELISA specific for the
mature form of human IL-18 also demonstrated comparable
tissue levels in the lungs of emphysema and emphysema-free
individuals (Fig. 5 I and K). Total IL-18 protein levels were
below the level of detection by sandwich ELISA in emphysema
patient lung tissue and sera. Overall, these clinical data are con-
sistent with our in vivo findings and provide translational evi-
dence for a pathologic role for the AIM2 inflammasome/IL-1β
axis in human emphysema.

Up-Regulation of the AIM2 Inflammasome/IL-1β Axis in
Pulmonary Emphysema Is Downstream of IL-6. Our finding
that among inflammasome-associated PRRs only AIM2 is
up-regulated in emphysematous lungs raises the question as to
the upstream mechanism(s) by which AIM2 expression is
induced during emphysema. In this respect, the capacity of
AIM2 to promote alveolar cell apoptosis is strikingly reminis-
cent of the emphysema-causing functions of the cytokine, IL-6,
which upon its up-regulation in the lung engages with the solu-
ble IL-6R to elicit its proapoptotic trans-signaling mode (7, 8).
In the lungs of emphysema-free gp130F/F:Aim2�/� mice, since
IL-6 expression levels (mRNA and protein) remain elevated
compared to gp130F/F mice (SI Appendix, Fig. S4 C and D), we
explored whether up-regulated expression of AIM2, and subse-
quent inflammasome activation, may be modulated upstream
by IL-6. Indeed, Aim2, but not Nlrp3, mRNA levels were sig-
nificantly lower in the lungs of emphysema-free gp130F/F:Il6�/�

mice (7, 8) compared to gp130F/F mice at early onset (3 mo) or
established (6 mo) stages of emphysema (Fig. 6A). We note that
pulmonary inflammation in gp130F/F mice is more pronounced
at 6 mo versus 3 mo of age (8), yet the increased Aim2 expres-
sion in the lungs of gp130F/F mice is comparable (∼3.5-fold)
between these ages, suggesting that elevated Aim2 mRNA levels
are not a consequence of chronic immune/inflammatory cell
infiltrates. These observations in gp130F/F mice were confirmed
upon blockade of IL-6 trans-signaling by crossing gp130F/F mice
with transgenic sgp130Fctg/tg mice overexpressing the specific
IL-6 trans-signaling antagonist sgp130Fc (34, 35), which
resulted in significantly lower mRNA levels for Aim2, but not
Nlrp3, in the lungs of gp130F/F:sgp130Fctg/tg versus gp130F/F

mice (Fig. 6B). Similarly, upon acute CS exposure to either
sgp130Fctg/tg mice or WT mice treated with recombinant
sgp130Fc, which in both cases suppresses augmented alveolar
cell death (7), blockade of IL-6 trans-signaling significantly sup-
pressed expression of Aim2, but not Nlrp3, compared to
CS-exposed WT mice treated with vehicle (Fig. 6C). Immuno-
histochemistry also confirmed significantly reduced numbers
of AIM2-positive cells throughout the lung parenchyma of

gp130F/F:Il6�/� versus gp130F/F mice (Fig. 6 D and E). Fur-
thermore, expression levels of mature (and pro) Caspase-1
and IL-1β were markedly lower in lungs of gp130F/F:Il6�/�

versus gp130F/F mice (Fig. 6 F–I), consistent with reduced
inflammasome activity in the absence of IL-6. In support of
these in vivo observations, in a clinical setting we observed a
significant positive correlation between IL-1β and IL-6, and
IL-1β and sIL-6R, protein levels in the sera of emphysema
patients (Fig. 6J). Collectively, these data suggest that the
AIM2 inflammasome/IL-1β axis is up-regulated downstream
of IL-6 during emphysema.

Discussion

The last decade has seen an increasing awareness of the critical
role that innate (and adaptive) immune responses play in driv-
ing chronic pulmonary inflammation, one of the hallmarks of
COPD. For instance, the constant exposure of airway and alve-
olar epithelial cells to inhaled infectious agents and/or noxious
particulate matter, especially CS, can lead to the sustained pro-
duction of a myriad of innate immune inflammatory cytokines
(e.g., IL-1β, IL-6, and tumor necrosis factor α) and chemokines
that promote the recruitment and activation of inflammatory
cells (e.g., macrophages and neutrophils) into the lungs (3, 7, 8).
In COPD, the chronic activation of these immune/inflamma-
tory cells leads to the amplified release of inflammatory media-
tors, as well as DNA-damaging reactive oxygen species and
tissue-destructive proteases, which collectively trigger excessive
alveolar epithelial cell apoptosis and the progressive destruction
of lung parenchyma (i.e., emphysema) (3). Despite these
observations, the molecular regulators of innate immunity that
orchestrate these pathological cellular processes leading to
emphysema remain ill-defined.

Here, we reveal a hitherto unknown role for the innate
immune AIM2 DNA sensor in driving emphysema that is
independent of its expression in hematopoietic-derived immune
cells and effect on infiltrating immune cells but rather involves
inflammasome-mediated apoptosis of the alveolar epithelium.
Indeed, the spontaneous onset of alveolar cell apoptosis and
emphysema in the preclinical gp130F/F model was similarly
abrogated in both gp130F/F:Asc�/� and gp130F/F:Aim2�/� mice
and characterized by a marked reduction in the activation of
Caspase-1. Among inflammasome-associated PRRs, AIM2 was
the most highly up-regulated in the lungs of emphysematous
gp130F/F mice, WT mice exposed to acute CS-induced alveolar
cell apoptosis, and emphysematous patients and smokers, sug-
gesting that AIM2 is the predominant inflammasome-
associated PRR implicated in the pathogenesis of emphysema.
Indeed, this notion is also supported by our findings that
NLRP3 deficiency in gp130F/F mice did not protect against
emphysema or reduce the activation of Caspase-1 in the lung,
and Nlrp3�/� mice were not protected against CS-induced
alveolar cell apoptosis. Importantly, our clinical data for AIM2
in emphysematous patients is supported by a recent report
showing that in an independent small COPD patient cohort
AIM2 is up-regulated in the airway epithelium and associates
with GOLD disease stage (36). Although the mechanistic basis
by which AIM2 is up-regulated in COPD was not reported,
our current study demonstrates that increased pulmonary
expression of AIM2 in emphysema was dependent on the
upstream cytokine IL-6 and its trans-signaling axis (involving
sIL-6R) which can be selectively blocked with the sgp130Fc
antagonist.

PNAS 2022 Vol. 119 No. 36 e2201494119 https://doi.org/10.1073/pnas.2201494119 7 of 12

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201494119/-/DCSupplemental


AIM2 was recently shown to be transcriptionally up-regulated
in gastric cancer via activation of the latent transcription factor
STAT3 induced by IL-11, a member of the IL-6 cytokine family
(26). While this suggests that IL-6 trans-signaling may also acti-
vate STAT3 in the lung to up-regulate AIM2 and promote
emphysema, we note that STAT3 is not employed by IL-6 to
promote alveolar cell apoptosis in emphysema (37). It will there-
fore be of most interest to further delineate the molecular path-
ways downstream of IL-6 trans-signaling that modulate AIM2
expression in the lung, such as mTOR, which is implicated in

IL-6-driven emphysema (7). In addition, our current findings also
warrant investigations on larger emphysematous COPD patient
cohorts for the coexistence of up-regulated AIM2 inflammasome
and IL-6 trans-signaling components and their clinical utility as
markers of disease activity and targets for potential therapy.

In light of our finding that the AIM2 inflammasome in the
lung augments alveolar cell apoptosis in emphysema, we note
that the AIM2 inflammasome can induce both pyroptotic and
apoptotic cell death via activation of Caspase-1 and -3, respec-
tively, with low concentrations of AIM2-activating DNA agonists
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Fig. 4. AIM2 inflammasome-driven emphysema in the gp130F/F and CS models is associated with augmented apoptosis of alveolar type II epithelial cells.
(A) Representative photomicrographs of cross-sections of lungs from 6mo WT, gp130F/F (F/F), gp130F/F:Aim2�/� (F/F:Aim2), gp130F/F:Asc�/� (F/F:Asc), and
gp130F/F:Il1r�/� (F/F:Il1r) mice subjected to TUNEL assay. Representative TUNEL-positive apoptotic lung cells are circled. (Scale bars, 25 μm.) (B and C) Graphs
depict quantification of numbers of apoptotic (B) TUNEL-positive cells and (C) dual-labeled cleaved Caspase-3/SPC–positive alveolar type II epithelial cells per
high-power field (HPF) in lungs of indicated 6mo mice. n = 6 per genotype. ***P < 0.001, ****P < 0.0001; one-way ANOVA. (D) qPCR (normalized for 18S rRNA)
on lung tissue from WT mice exposed to acute CS (+CS) or sham air (�CS). n = 5 per group. *P < 0.05, **P < 0.01; Student’s t test. (E) Immunoblots on lung
lysates from indicated groups from A for pro (31 kDa) and mature (17 kDa) IL-1β. (F) Densitometric quantification of immunoblots from E for pro and mature
IL-1β, normalized against tubulin. n = 3 per group. **P < 0.01; Student’s t test. (G) IL-1β ELISA on lung tissue lysates from indicated groups. n = 5 per group.
*P < 0.05; Student’s t test. (H and J) Representative photomicrographs of TUNEL-stained cross-sections of lungs from (H) WT mice +CS or �CS, the former also
treated with Sup ODN (15 mg/kg), or Aim2�/� mice (Aim2) +CS and (J) WT and Nlrp3�/� mice (Nlrp3) +CS, for 4 d. Representative TUNEL-positive apoptotic lung
cells are circled. (Scale bars, 25 μm.) (I and K) Quantification of apoptotic TUNEL-positive cell numbers in lungs from mouse groups in (I) H and (K) J. n = 5 per
group. *P < 0.05, **P < 0.01; one-way ANOVA.
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favoring apoptosis over pyroptosis (38, 39). Our current findings
indicate that AIM2-driven cell death in the alveolar epithelium is
associated with elevated levels of apoptotic Caspase-3–positive
cells, which is reminiscent of the role assigned to AIM2, albeit in
an inflammasome-independent manner, in the intestinal epithe-
lium to promote Caspase-3–associated apoptosis during intestinal
carcinogenesis (40). As a sensor of DNA damage, the AIM2
inflammasome has also been shown to promote cell death in
intestinal epithelial cells following radiation-induced nuclear
DNA damage (41). Together with the knowledge that CS
exposure triggers double-strand DNA damage and cell death in
lung epithelial cells (32, 42), and our current data demonstrat-
ing that AIM2 is both up-regulated by CS and colocalizes with

cellular DNA damage in the alveolar epithelium during emphy-
sema, we propose that the levels of cellular DNA damage in
the lung detected by AIM2, leading to its inflammasome acti-
vation, occur at a threshold favoring Caspase-3–related apopto-
sis over Caspase-1–mediated pyroptosis. In this respect, we also
show here that expression levels of GSDMD, which is required
for pyroptotic, but not apoptotic, cell death triggered by
Caspase-1 (i.e., inflammasomes) (43–45), were unchanged
among the lungs of mice irrespective of Caspase-1 activation
levels, as well as the absence or presence of emphysema. Inter-
estingly, Caspase-1 has been shown to promote apoptosis in a
Caspase-3–dependent manner in certain cell types harboring
low GSDMD expression levels (44), suggesting that GSDMD
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Fig. 5. Augmented expression and activation of AIM2 inflammasome components in emphysema patient lung tissues and sera. (A and B) qPCR on lungs of
emphysema patients (EMPH, n = 15) or emphysema-free control individuals (CTL, n = 5). Expression data normalized for 18S rRNA. *P < 0.05; Student’s
t test. (C) Correlation analyses of AIM2 and PYCARD gene expression in lungs of emphysema patients (n = 20). r, Pearson correlation coefficient. (D and F)
Graphs depicting quantification of (D) AIM2- and (F) cleaved Caspase-1–positive staining cell numbers per high-power field (HPF) in lungs of emphysema
patients (n = 10) or emphysema-free control individuals (n = 5), plus individuals stratified as nonsmokers (NS; n = 5) or current smokers (S; n = 5). *P < 0.05,
**P < 0.01; Student’s t test. (E and G) Representative photomicrographs of lung cross-sections from emphysema patients or emphysema-free controls
stained for human (E) AIM2 or (G) cleaved Caspase-1. Arrows depict representative positively stained cells. (Scale bars, 20 μm.) (H) Correlation analyses of
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Student’s t test. (J and K) ELISA for (J) total IL-1β and (K) mature IL-18 in emphysema patients (n = 12) or emphysema-free controls (n = 5). *P < 0.05;
Mann–Whitney U test.
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expression in the lung epithelium may be at sufficiently low lev-
els to facilitate Caspase-1–mediated apoptosis (via Caspase-3)
rather than pyroptosis. It will therefore be of most interest to
further interrogate the relative contribution and interplay of
additional cell death caspases (e.g., Caspase-7, -8, and -9) and
pathways (e.g., Bcl-2 homology [BH]3-only proteins) employed
by AIM2 to promote apoptosis in the lung during emphysema.
Our data suggesting that NLRP3 does not play a critical role

in driving the onset of pulmonary inflammation and emphy-
sema build on previous in vivo studies on COPD indicating
that the lungs of Nlrp3�/� mice are largely unprotected against
pulmonary inflammation induced by acute (3-d) or subacute
(4-wk) whole-body exposure to CS (19, 23). Interestingly,
NLRP3 deficiency led to a reduction in BALF neutrophils in
response to acute CS exposure, whereas AIM2 deficiency had
no impact on CS-up-regulation of BALF neutrophils, suggest-
ing a specific role for NLRP3 in regulating CS-induced airway
neutrophil infiltration (19). In another study in which Nlrp3�/�

mice were subjected to CS inhalation over 12 mo, NLRP3

deficiency ameliorated airway obstruction and inflammatory
responses (again only BALF was assessed) (25). However, unlike
our current study, the role of NLRP3 in alveolar cellular apo-
ptosis and airspace enlargement, which are hallmarks of emphy-
sema, was not investigated in these CS-induced experimental
COPD models. More recently, NLRP3 expression was shown
to be up-regulated in an ozone-induced model of COPD char-
acterized by pulmonary inflammation and alveolar airspace
enlargement, and in which treatment with the Caspase-1 inhibi-
tor VX-765 attenuated pulmonary inflammation and emphy-
sema in WT ozone-administered mice (22). However, a causal
role for NLRP3 in ozone-induced lung inflammation and
emphysema was not investigated. Despite the unclear role of
NLRP3 in driving CS-induced COPD-related lung pathologies,
we note that the targeted blockade of NLRP3 with the pharma-
cological inhibitor MCC950 has been shown to ameliorate lung
inflammation induced by bacterial lipopolysaccharide, suggest-
ing that NLRP3 may contribute to COPD exacerbations related
to infection (46).
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Another finding of our current study was that the emphysema-
promoting role of the AIM2 inflammasome was associated with
the preferential processing and up-regulation of IL-1β but not
IL-18. Although a role for IL-1β in contributing to the onset of
emphysema has previously been suggested by the observation that
Il1r�/� mice are markedly protected against emphysema fol-
lowing chronic (6-mo) exposure of CS (17), the identity of the
upstream inflammasome-associated PRR involved has remained
elusive; our current findings suggest AIM2 is the predominant
inflammasome-associated PRR that processes IL-1β production
during emphysema. In addition, a role for IL-18 in promoting
emphysema has been reported, with the transgenic overexpres-
sion of IL-18 in the lungs of mice triggering emphysematous
alveolar destruction and airspace enlargement, while mice lack-
ing the IL-18 receptor subunit IL-18Rα are protected against
chronic CS-induced emphysematous changes (including increased
epithelial apoptosis) in the lung (18, 47). Interestingly, the role of
both IL-1β and IL-18 in promoting CS-induced emphysema was
coincident with elevated numbers in the lung of infiltrating
immune cells, which differs from our current data that IL-1β,
but not IL-18, promotes emphysema independent of changes in
numbers of immune cell infiltrates in the lung. A likely explana-
tion for these discrepancies lies in the different emphysema mod-
els used which encapsulate different molecular and cellular aspects
of the complex pathogenesis of emphysema (e.g., apoptosis—as
per our current study, inflammation, oxidative stress, protease
activity). Indeed, future studies incorporating multicolor immu-
nofluorescence are warranted to investigate whether the preferen-
tial availability of IL-1β by AIM2 inflammasomes for processing
aligns with the cellular colocalization (e.g., ATII epithelial cells
versus immune cells) of AIM2 inflammasome components (i.e.,
AIM2, Caspase-1, ASC) with IL-1β, and not IL-18, in the
emphysematous lung. Furthermore, it is important to note that
our current data for IL-1β in emphysema is in the context of a
downstream effector for the AIM2 inflammasome, whereas in
the aforementioned studies the upstream activators of IL-1β
and IL-18 production are unknown and could involve mecha-
nisms that are independent of the AIM2/ASC/Caspase-1
inflammasome complex.
We also refer our findings to previous studies investigating

inflammasome-related components and effector cytokines in
CS-induced airway inflammation, which along with emphy-
sema is another key feature of COPD. Reduced numbers of
neutrophils in BALF of Il1b�/� (and Il18�/�) mice in response
to acute CS challenge have been reported (19), and mice treated
with an anti–IL-1β antibody are significantly protected against
CS-induced increases in total BALF inflammatory cells (23).
While these findings support a role for IL-1β in CS-induced
inflammatory responses in the lung, there was no disease associa-
tion between IL-1β and the NLRP3/Caspase-1 axis, since neither
Casp1�/� nor Nlrp3�/� mice were protected against CS-induced
increases in immune cells in BALF (23). In this respect, our cur-
rent study also questions the importance of inflammasome-
mediated processing of IL-1β for pulmonary inflammation, since
lung immune cell infiltrates were not attenuated in emphysema-
free gp130F/F mice lacking either ASC, AIM2, or IL-1R, despite
ASC or AIM2 deficiency resulting in reduced IL-1β protein lev-
els. We also note a recent study using an AIM2 gene-trap mouse

strain that curiously displayed increased airway inflammation
and alveolar diameter at baseline (i.e., air exposure) compared to
WT controls, yet upon 10-wk CS exposure increases in alveolar
diameter and tissue destruction were comparable to CS-exposed
WT mice (48). These findings that contrast with our current
study are likely explained by key differences in study design,
including genetic background of mice and duration of CS expo-
sure (i.e., 4 d versus 10 wk), the latter of which may suggest that
AIM2 plays contrasting roles in acute versus chronic CS expo-
sure. We also note that AIM2 gene-trap mice display residual
AIM2 expression and can sensitize the immune system toward
hyperinflammatory responses (49), which might confound inter-
pretation of the effect of AIM2 deficiency on lung-based param-
eters upon CS exposure (versus WT mice).

In conclusion, our study demonstrates a specific pathological
role for the AIM2 inflammasome in emphysema, in which we
delineate a function for AIM2 in modulating alveolar cell apopto-
sis that is independent of immune cell activity and inflammatory
responses. In emphysematous lungs, AIM2, but not NLRP3, acts
as the primary inflammasome-associated PRR that regulates
Caspase-1 activation and processing of IL-1β. While our current
study is based on stable COPD/emphysema, it will be of interest
for future studies to also investigate the role of AIM2 during
recurrent infection and serious exacerbations of COPD, which
accelerate lung function decline in patients. We also note that, to
date, the therapeutic targeting of IL-1β in COPD, for instance
with neutralizing monoclonal antibodies against either IL-1β
(Canakinumab) or IL-1R1 (MEDI8968) (50, 51), has not shown
clinical efficacy. Since blocking IL-1β may also interfere with
homeostatic immune responses that protect against opportunistic
infections, our study paves the way to develop novel therapeutic
approaches that block specific inflammasome components and
associated distinct pathogenic processes of emphysema/COPD
(i.e., AIM2-driven cellular apoptosis) without compromising the
immune system.

Data, Materials, and Software Availability. All study data are included in
the article and/or SI Appendix.
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