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Aim2 suppresses cigarette smoke-induced neutrophil
recruitment, neutrophil caspase-1 activation and
anti-Ly6G-mediated neutrophil depletion
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INTRODUCTION

Inflammasomes are multiprotein signaling complexes that
regulate homeostasis and are required for protection against
foreign pathogens and tissue damage. Inflammasomes
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Abstract

Increased inflammasome responses are strongly implicated in inflammatory
diseases; however, their specific roles are incompletely understood. Therefore, we
sought to examine the roles of nucleotide-binding oligomerization domain-like
receptor (NLR) family, pyrin domain—containing 3 (NLRP3) and absent in
melanoma-2 (AIM2) inflammasomes in cigarette smoke—induced inflammation
in a model of experimental chronic obstructive pulmonary disease (COPD). We
targeted NLRP3 with the inhibitor MCC950 given prophylactically or
therapeutically and examined Aim2 '~ mice in cigarette smoke—induced
experimental COPD. MCC950 treatment had minimal effects on disease
development and/or progression. Aim2~'~ mice had increased airway neutrophils
with decreased caspase-1 levels, independent of changes in lung neutrophil
chemokines. Suppressing neutrophils with anti-Ly6G in experimental COPD in
wild-type mice reduced neutrophils in bone marrow, blood and lung. By
contrast, anti-Ly6G treatment in Aim2~'~ mice with experimental COPD had no
effect on neutrophils in bone marrow, partially reduced neutrophils in the blood
and had no effect on neutrophils or neutrophil caspase-1 levels in the lungs.
These findings identify that following cigarette smoke exposure, Aim2 is
important for anti-Ly6G-mediated depletion of neutrophils, suppression of
neutrophil recruitment and mediates activation of caspase-1 in neutrophils.

assemble in response to environmental stress, such as
cigarette smoke exposure, cell damage or infections.' These
stimuli can initiate oligomerization of proteins such as
nucleotide-binding oligomerization domain-like receptor
(NLR) family, pyrin domain—containing 3 (NLRP3) and
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absent in melanoma-2 (Aim2), which are expressed in
structural and cells.”?  Activation of these
inflammasomes induces the recruitment of apoptosis-
associated speck-like protein containing a pyrin domain
containing a CARD (ASC) and pro-caspase-1, leading to
caspase-1 activation, interleukin (IL)-1f and IL-18
production and secretion. IL-1B and IL-18 are potent
proinflammatory cytokines that can recruit inflammatory
cells, such as macrophages and neutrophils, and induce cell
death, enlarge distal airspaces, increase mucus metaplasia

immune

and increase airway fibrosis, all of which are important cell
types and features of respiratory diseases.*” Strong clinical
and experimental evidence has implicated
inflammasome responses in many respiratory diseases.’
Cigarette smoke has been widely used in respiratory
models to mimic key features of chronic obstructive

excessive

pulmonary disease (COPD) as cigarette smoke exposure
is a major risk factor for the development and
progression of COPD.®” In addition to lung changes,
smoke exposure can cause systemic inflammation and
dysfunction at distal sites, such as the gastrointestinal and
reproductive tracts.® '* Several studies have used short-
term cigarette smoke exposure in mice to implicate the
role of inflammasomes and their downstream effectors in
pathogenic consequences.' '’ Early evidence
demonstrated roles for NLRP3 and ASC, but not NLRC4/
IPAF and Aim2, in cigarette smoke-induced IL-1B/IL-18
release and partial decreases in lung tissue caspase-1
activity and bronchoalveolar lavage fluid neutrophilia in a
3-day whole-body cigarette smoke exposure model.'*
Furthermore, pulmonary inflammation is dependent on
IL-1 and significantly attenuated by neutralizing IL-1o or
IL-1B. Nirp3- and caspase-1 (Caspl)-deficient (77) mice
are not protected from cigarette smoke—induced airway
inflammation following 4 weeks of whole-body smoke
exposure.'” Furthermore, Nlrp3~'~ and Caspl™'~ mice
had reduced lung IL-1B levels,'> suggesting a complex
interplay between different cell types and inflammasome
signaling following cigarette smoke exposure. In a well-
established chronic 8-week cigarette smoke—induced
model of experimental COPD that also has fibrotic and
emphysematous changes in the lungs and impaired lung
function,>*'*27 we showed increased ASC specks.'”
Targeting end effector molecules has proven ineffective
in patients with COPD. Indeed, despite IL-1B being
significantly increased in induced sputum of patients with
COPD compared with never-smokers,'” treatment with
anti-IL-1B, anti-IL-1R1 and anti-IL-18 had no beneficial
effects on lung function or disease progression in patients
with COPD (clinical trial: NCT01322594).>%?° These
studies, however, do not demonstrate the potentially
disease-causing role of aberrant inflammasome responses
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in COPD, highlighting the need to better understand
these processes in cigarette smoke—induced pathogenesis.

In this study, we used models of cigarette smoke—induced
experimental COPD in mice and showed that targeting
NLRP3 pharmacologically with MCC950 has minimal effects
on disease when given prophylactically or therapeutically,
despite cigarette smoke—induced inflammasome responses in
airways. We then show that in the absence of active Aim2
using Aim2CH CSGHIBE  ice, which have truncated and
inactive Aim2 (referred to as Aim2~'~ mice throughout the
manuscript), that inflammation is increased, particularly
airway neutrophil numbers, and that these neutrophils have
reduced caspase-1 activation. We show in Aim2~'~ mice
exposed to cigarette smoke that neutrophil production,
recruitment and caspase-1 activation were not affected by
anti-Ly6G  treatment, demonstrating that Aim2 plays
important roles in the recruitment of neutrophils to the
lungs in experimental COPD and potentially mediates Ly6G
antibody—induced neutrophil death.

RESULTS

MCC950 prophylactic and therapeutic treatment in
experimental COPD has minimal effects on the
development and progression of disease

Smoke exposure has been associated with increased NLRP3
inflammasome responses,“’15 therefore we examined
whether prophylactic or therapeutic targeting with the
specific NLRP3 inhibitor MCC950*° could inhibit the
development and/or progression of disease. Prophylactic
treatment with MCC950 for 1 week trended toward
reducing smoke-induced total leukocytes but significantly
reduced airway neutrophils (Figure la). Prophylactic
treatment over 8 weeks had no effects on smoke-induced
inflammation, emphysema or changes in lung function
(Figure 1b—d). Therapeutic treatment of MCC950 (weeks
8-12) after disease was established at 8 weeks had no effect
on airway inflammation (Figure le), emphysema
(Figure 1f) or lung compliance (Figure 1g) but did reduce
smoke-induced increases in central airways resistance
(Figure 1g). MCC950 therapeutic treatment had no effect on
smoke-induced increases in Nirp3, Asc or Caspl (Figure 1h).
Thus, prophylactic treatment for 1 week, but not 8 weeks,
or therapeutic treatment with MCC950 significantly reduced
airway neutrophils in smoke-induced experimental COPD.

Aim2~"" mice with or without smoke exposure have
increased airway inflammation

We next examined the role of Aim2, as this inflammasome
is activated independently of Nlrp3, but converges on ASC
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Figure 1. Prophylactic and therapeutic treatment with MCC950 has minimal effects on cigarette smoke (Smk)-induced disease features.
MCC950 (10 mg per kg intranasal 5 days/week) administered to C57BL/6 prior to daily cigarette Smk exposure. (a) Total and differential
leukocyte enumeration in bronchoalveolar lavage fluid (BALF) following 1 week of Air/Smk exposure. (b) Total and differential leukocyte
enumeration in BALF following 8 weeks of air/Smk exposure. (c) Alveolar diameter measured in hematoxylin and eosin sections following
8 weeks of air/Smk exposure. (d) Lung function parameters measured following 8 weeks of air/Smk exposure using the forced oscillations
technique. (e) Total and differential leukocyte enumeration in BALF following 12 weeks of air/Smk exposure. (f) Alveolar diameter measured in
hematoxylin and eosin sections following 12 weeks of air/Smk exposure. (g) Lung function perturbations (including airway resistance [Rn])
measured following 12 weeks of air/Smk exposure using the forced oscillations technique. (h) Messenger RNA (mMRNA) expression measured in
whole lungs following 12 weeks of air/Smk exposure. Data are expressed as mean =+ s.e. of the mean and each symbol represents one mouse.
n =4 to 9 independent mice per experimental group analyzed across one experiment. (a—h) Data were analyzed by one-way ANOVA and
Fisher’s least significant difference post hoc test. (d) Pressure-volume curves analyzed by two-way ANOVA with Tukey's post hoc test. *P < 0.05,
*kp < 0.01, ***P < 0.001, ****P < 0.0001 comparing groups as indicated in the figure. NS, not significant; Veh, vehicle.
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and caspase-1. Smoke exposure for 10 weeks increased total
leukocytes composed of macrophages, neutrophils and
lymphocytes in the bronchoalveolar lavage fluid of wild-type
(WT) mice (Figure 2a). Smoke-exposed Aim2™'~ mice had
further increased total leukocytes, macrophages, neutrophils
and lymphocytes compared with smoke-exposed WT and
normal air-exposed Aim2™'~ mice (Figure 2a). Smoke
exposure increased lung macrophage chemokine Ccl3
messenger RNA responses that were comparable between
WT and Aim2~'~ mice (Figure 2b). Tnfa messenger RNA
responses, as additional lung macrophage cytokine, were
increased in smoke-exposed WT mice, and were markedly
increased in air- and smoke-exposed Aim2'" mice
compared with their WT counterparts (Figure 2b). The
assessment of neutrophil chemokine responses showed that
smoke exposure increased Cxcll and Cxcl2 messenger RNA
responses in WT mice that was comparable in smoke-
exposed Aim2~'~ mice, suggesting that Aim2 is not critical
for these responses. Smoke exposure resulted in
emphysema-like increased alveolar diameter and tissue
destructive index in WT and Aim2~/~ mice (~20% increase;
Figure 2d). Furthermore, smoke exposure of both WT and
Aim2™'~ mice decreased lung function measured by
increases in compliance, total lung capacity and hysteresis
(Figure 2e). Together, these data suggest that while Aim2
plays a key role in suppressing smoke-induced
inflammation, this does not exacerbate smoke-induced
structural or function changes.

Aim2~'~ smoke-exposed mice have decreased caspase-1
activation

We next examined the effect of Aim2 deficiency on
caspase-1 responses following 10 weeks of smoke exposure
(Figure 3a). Smoke exposure for 10 weeks increased
parenchymal, but not airway, caspase-1 responses in WT
mice (Figure 3b). Smoke-exposed Aim2~'~ mice had
reduced parenchymal caspase-1 activity. To decipher which
cell types were contributing to the reduced caspase-1
activity, FAM-FLICA staining (to label active caspase-1) of
lung cells was measured (Figure 3c). Smoke induced
similar increases in caspase-1 activity in monocytes in WT
and Aim2~'~ mice. Active caspase-1" macrophages were
increased in Aim2 '~ mice irrespective of air or smoke
exposure compared with WT mice. Interestingly, active
caspase-1" neutrophils were increased with smoke
exposure in WT mice but were significantly reduced in
smoke-exposed Aim2~'~ compared with WT mice. Lung
IL-1B protein levels were increased with smoke exposure
and there were no differences between WT and Aim2~'~
(Figure 3d). These data suggest that reduced
parenchymal caspase-1 in Aim2~'~ smoke-exposed mice is
in part because of reduced caspase-1" neutrophils.

mice
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Anti-Ly6G treatment during smoke exposure reduces
hematopoietic progenitor cells in bone marrow but
not blood

Given that Aim2~'~ smoke-exposed mice had increased
airway neutrophils but reduced caspase-1" neutrophils,
we next investigated the role that neutrophils were
playing in driving disease features in Aim2~'~ mice. To
do this, WT and Aim2~'~ mice were exposed to smoke
in the absence or presence of anti-Ly6G to deplete mice
of neutrophils (Figure 4a). We assessed whether anti-
Ly6G treatment affected the production of hematopoietic
progenitor cells in bone marrow as this may impact the
replenishment of tissue-resident myeloid cells that are
recruited to the lungs (Figure 4b). Smoke exposure in
WT mice increased Lin CD117" hematopoietic
progenitors, reduced with anti-Ly6G
treatment. By contrast, Aim2 ™'~ smoke-exposed mice did
not have increased Lin CD117" cells; however, anti-Ly6G
treatment also significantly reduced their levels to similar
numbers in WT anti-Ly6G—treated smoke-exposed mice.
Smoke exposure and/or anti-Ly6G treatment had no
effect on blood hemopoietic progenitors in WT mice
(Figure 4c). However, there were increased hemopoietic
progenitors in Aim2~'~ air-exposed mice compared with

which were

both WT air-exposed mice and Aim2~'~ smoke-exposed
mice. These data suggest, under normal conditions, that
Aim2 might be an important regulator of the release of
hematopoietic progenitor cells from the bone marrow to
the blood.

Anti-Ly6G treatment has minimal effects on smoke-
induced monocytes and macrophages in WT and
Aim2~"" mice

We also assessed the effects of anti-Ly6G treatment on
circulating and  lung-resident = monocytes  and
macrophages. In the bone marrow, total myeloid-derived
suppressor cells numbers were increased in anti-Ly6G-
treated smoke-exposed WT mice compared with smoke-
exposed isotype-treated WT controls (Supplementary
figure 1a) and it was notable that anti-Ly6G treatment in
WT mice reduced monocytes. Anti-Ly6G treatment in
smoke-exposed Aim2~'~ mice had no effect on total
myeloid-derived suppressor cells or monocytes compared
with isotype-treated Aim2~'~ smoke- or air-exposed
controls. There was no effect of smoke and/or anti-Ly6G
treatment in the blood (Supplementary figure 1b). In the
lung, there was no effect of smoke or anti-Ly6G
treatment on proinflammatory, Ly6C intermediate or
patrolling monocytes in WT or Aim2'~ mice
(Supplementary figure 1c). However, there was a
significant increase in patrolling monocytes in air-
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Figure 2. Aim2~'~ mice with or without smoke (Smk) exposure have increased airway inflammation. Wild-type C57BL/6 and Aim2~/~ mice were

exposed to cigarette Smk for 10 weeks. (a) Total and differential leukocyte enumeration in bronchoalveolar lavage fluid (BALF) following
10 weeks of air/Smk exposure. (b) Macrophage chemokine messenger RNA (mRNA) expression in whole lungs following 10 weeks of air/Smk
exposure. (c) Neutrophil chemokine mRNA expression measured in whole lungs following 10 weeks of air/Smk exposure. (d) Alveolar diameter
and destructive index measured in hematoxylin and eosin sections following 10 weeks of air/Smk exposure. (e) Lung function parameters
(including airway resistance, [Rn] and total lung capacity [TLC]), measured following 8 weeks of air/Smk exposure using the forced oscillations
technique. Data are expressed as mean + s.e. of the mean and each symbol represents one mouse, n =5 to 8 independent mice per
experimental group analyzed across one experiment. Data were analyzed by one-way ANOVA and Fisher’s least significant difference post hoc
test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 comparing groups as indicated in the figure.
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Figure 3. Aim2~'~ mice exposed to smoke (Smk) have reduced caspase-1 activation in lung parenchyma and neutrophils. (a) Wild-type (WT)
C57BL/6 and Aim2~'~ mice were exposed to cigarette Smk for 10 weeks. (b) Caspase-1 staining (brown) and DAB counterstain (blue) measured
in lung sections analyzed with Image). (c) Percentage of fluorochrome-labeled inhibitor of caspases (FLICA)+ monocytes, macrophages and
neutrophils in the lung measured by flow cytometry. (d) IL-1B protein measured in homogenized whole lung samples by ELISA. Data are
expressed as mean =+ s.e. of the mean and each symbol represents one mouse, n =5 or 8 independent mice per group analyzed cumulatively
across two independent experiments. Data were analyzed by one-way ANOVA and Fisher's least significant difference post hoc test. *P < 0.05,
**p < 0.01, ***P < 0.001, ****P < 0.0001 comparing groups as indicated in the figure. DAB, 3,3’-Diaminobenzidine.

exposed Aim2~'~ mice compared with air-exposed WT
controls.  Smoke  exposure increased interstitial
macrophages in WT mice compared with air-exposed
controls; however, there was no effect of anti-Ly6G
treatment  (Supplementary  figure 1d).  Air-exposed
Aim2™'~ mice had increased interstitial macrophages
compared with air-exposed WT controls, and there was
no effect of smoke and/or anti-Ly6G treatment. There
was also no effect of smoke or anti-Ly6G treatment on
alveolar macrophages in WT mice; however, in smoke-
exposed Aim2~'~ mice there was a significant reduction
in alveolar macrophages that was restored and increased
with anti-Ly6G treatment compared with isotype-treated
smoke-exposed Aim2~'~ and anti-Ly6G smoke-exposed
WT mice. Collectively, these data show that anti-Ly6G
treatment and Aim2~'~ have minimal effects on smoke-
monocytes and  interstitial

induced changes in
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macrophages, but that alveolar macrophages are altered
by anti-Ly6G treatment in Aim2~'~ mice.

Anti-Ly6G treatment reduces neutrophils in bone
marrow, blood and lungs in smoke-exposed WT,
but not Aim2~'~ mice

We next assessed neutrophil responses in bone marrow,
blood and lungs. In bone marrow, there was no effect of
smoke exposure on neutrophil numbers in WT or
Aim2~'~ mice compared with their air-exposed controls
(Figure 5a). Anti-Ly6G treatment resulted in a reduction
in neutrophil numbers in WT mice (P = 0.056); however,
treatment in Aim2~'~ smoke-exposed mice had no effect
on neutrophil numbers. In the blood, there was an
increase in neutrophils in smoke-exposed WT mice
controls (P = 0.055,

compared  with  air-exposed
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Figure 4. Anti-Ly6G treatment reduces hematopoietic progenitor cells in bone marrow but not blood during cigarette smoke (Smk) exposure. (a)
Wild-type (WT) C57BL/6 and Aim2~'~ mice were exposed to cigarette Smk for 12 weeks and treated with isotype (ISO) or anti-Ly6G antibody up
to 3 days/week for 12 weeks. (b) Lin"CD117" hematopoietic progenitor cells in bone marrow measured using flow cytometry. () CD45°CD117"
hematopoietic progenitor cells in blood measured using flow cytometry. Data are expressed as mean + s.e. of the mean and each symbol
represents one mouse, n =7 or 8 independent mice per experimental group analyzed across one experiment. Data were analyzed by one-way
ANOVA and Fisher’s least significant difference post hoc test. *P < 0.05, **P < 0.01, ***#P < 0.0001 comparing groups as indicated in the figure.
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Figure 5. Anti-Ly6G treatment during cigarette smoke (Smk) exposure reduces neutrophils in the bone marrow and blood in wild-type (WT)
mice, but not in the bone marrow of Aim2~~ mice and only partially reduces neutrophils in the blood. WT C57BL/6 and Aim2~/~ mice were
exposed to cigarette Smk for 12 weeks and treated with isotype (ISO) or anti-Ly6G antibody up to 3 days/week for 12 weeks. (a)
Lin"CD11b*Ly6G" neutrophils in bone marrow measured using flow cytometry. (b) CD45"CD11b"Ly6G" neutrophils in blood measured using
flow cytometry. Data are expressed as mean =+ s.e. of the mean and each symbol represents one mouse, n = 7 or 8 independent mice per
experimental group analyzed across one experiment. Data were analyzed by one-way ANOVA and Fisher’s least significant difference post hoc
test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 comparing groups indicated.
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Figure 5b), which were almost completely abolished with
anti-Ly6G treatment. By contrast, smoke exposure in
Aim2~'~ mice had no effect on neutrophils compared
with air-exposed Aim2~/~ mice; however, there was a
50% reduction with anti-Ly6G treatment. In the lungs,
smoke exposure increased neutrophils in both WT and
Aim2~'~ mice (Figure 6a). Anti-Ly6G treatment reduced
neutrophil numbers back to air-exposed controls in WT
mice. Surprisingly, treatment had no effect on neutrophil
numbers in smoke-exposed Aim2 '~ mice. Interestingly,
similar trends were observed with caspase-1 activation
(Figure 6b), suggesting that in the absence of active
Aim?2, neutrophils can still have activated caspase-1 even
following anti-Ly6G treatment and this caspase-1
activation may be a result of Nlrp3 activation. There was
no effect of smoke and/or anti-Ly6G treatment in WT or
Aim2~'"~ mice on eosinophils, T cells, endothelial or
epithelial cells in the lungs (Supplementary figure 2a—c).
Collectively, these data demonstrate that anti-Ly6G
treatment reduces neutrophils in smoke-exposed WT
mice and that Aim2™~'~ neutrophils are not amenable to
anti-Ly6G depletion, suggesting that Aim2 plays an
important role in antibody-mediated depletion of
neutrophils.

DISCUSSION

In this study, we describe a role for Aim2 in neutrophil
recruitment and caspase-1 activation and anti-Ly6G—
mediated neutrophil depletion following cigarette smoke
exposure. We show that cigarette smoke increases
hematopoietic progenitor responses in bone marrow, but
not blood, and increases caspase-1 activation and
neutrophil numbers in the lung in WT mice. Importantly,
Aim2 deletion in mice results in increased numbers of
airway neutrophils, but decreased caspase-1 activation in
the parenchyma and lung neutrophils. Treatment with
anti-Ly6G depletes neutrophils in bone marrow, blood and
lungs in WT mice and we show that anti-Ly6G treatment
has no effect on neutrophil responses in Aim2~'~ mice,
suggesting that Aim2 plays a critical role in neutrophil
recruitment and activation and anti-Ly6G-mediated
neutrophil death (Figure 7). These data add to the
increasing body of evidence that strongly implicates
increased inflammasome responses and the cell types
involved in pathogenic inflammatory processes including
in COPD. The identification of the specific inflammasome
pathways involved, and the development of novel
therapeutic strategies for targeting the important aspects of
these pathways, will advance this field because inhibition of
the major downstream effector molecules (i.e. IL-1f and
IL-18) has not proven to be beneficial in COPD (clinical
trial: NCT01322594).%%%°  Furthermore, there is an
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identified risk that this approach may result in severe
infections.”’ Importantly, the data from these clinical trials
indicated that targeting end effectors of inflammasome
pathways after disease is established has limited efficacy;
however, this does not discount the disease-causing
contribution that inflaimmasomes responses, including
their effects on pyroptosis,”’ may play during disease
development. Therefore, there is a need to examine the
inflammasome/s responses that are activated during
pathogenesis and assess their specific contributions. Given
that inflammasomes also play important roles in
controlling  infections, increasing knowledge of
inflammasome-mediated disease-causing processes in
COPD will refine any inflammasome-targeting therapies
for this disease.

We show that prophylactic and therapeutic inhibition of
NLRP3  with MCC950 has limited
pathophysiological features of cigarette
experimental COPD. Our findings with 1 week of smoke
exposure with MCC950 treatment are similar to those from
an acute (3 day) cigarette smoke model, which demonstrated

effects on
smoke—-induced

decreased mneutrophils in Nlrp3™/~ mice compared with
controls."* Our 8-week prophylactic MCC950 treatment data
are similar to a different 4-week whole-body smoke exposure
model that used NIrp3~'~ mice that were not protected
against cigarette smoke-induced airway inflammation."?
Interestingly, and similar to our findings, there were also
limited effects of Nilrp3 deletion on caspase-1 responses,
whereby 3-day smoke exposure increased caspase 1 activity
and Nlrp3 deletion had no effects on these responses.'*
Together, these data demonstrate that NLRP3 is not critical in
driving the development or progression of COPD; however,
because the responses of this inflammasome are important in
protecting against infection, it is feasible that it may play a
role in exacerbations of COPD with viral and/or bacterial
agents. Nevertheless, these data implicate the involvement of
an NLRP3-independent, upstream driver of caspase-1
activation in response to cigarette smoke exposure. Thus,
because NLRP3 and Aim2 pathways converge at caspase-1
activation, we examined the role of the Aim2 inflammasome.

Surprisingly, smoke-exposed ~Aim2~'~
increased airway macrophage responses. Aim2 is required
for detection of double-stranded DNA.** In the absence
of active Aim2, macrophages may not be able to detect
extracellular double-stranded DNA derived from cell
death that through cigarette
necroptosis or apoptosis.’' This could lead to defective
macrophage  activation/efferocytosis  responses  and

mice had

occurs smoke—-induced

subsequent clearance of dying cells, which may lead to
the accumulation of airway inflammatory cells in these
mice. Another possibility is that Aim2 is exerting
inflammasome-independent effects in this context and
may alter macrophage responses as observed in other
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Figure 6. Anti-Ly6G treatment during cigarette smoke (Smk) exposure reduces neutrophils and their caspase-1 activation in the lungs in wild-
type (WT) but not Aim2~~ mice. WT C57BL/6 and Aim2~'~ mice were exposed to cigarette Smk for 12 weeks and treated with isotype (ISO) or
anti-Ly6G antibody up to 3 days/week for 12 weeks. (a) CD45"CD11b"Ly6G" neutrophils in lungs measured using flow cytometry. (b) Caspase-
1" fluorochrome-labeled inhibitor of caspases (FLICA) neutrophils measured in lungs measured using flow cytometry. Data are expressed as
mean =+ s.e. of the mean and each symbol represents one mouse, n = 7 or 8 independent mice per experimental group analyzed across one
experiment. Data were analyzed by one-way ANOVA and Fisher's least significant difference post hoc test. **P < 0.01, ***P < 0.001,
*kikp < 0.0001 comparing groups indicated.

244



C Donovan et al.

The role of Aim2 in neutrophils in the lung

Wild type

Emphysema

Bone marrow

C%

‘ Cigarette smoke

Emphysema

Bone marrow

Figure 7. Aim2 plays important roles in lung neutrophil recruitment and caspase-1 activation following cigarette smoke exposure. Cigarette
smoke increases hematopoietic progenitor responses in bone marrow, but not blood, and increases caspase-1 activation and neutrophil numbers
in the lung in wild-type mice. Treatment with anti-Ly6G-depleted neutrophils in bone marrow, blood and lungs in wild-type mice did not reduce
neutrophils in the bone marrow or lungs, and only partially depleted neutrophils in the blood of smoke-exposed Aim2~~ mice. Thus, Aim2
mediates lung neutrophil recruitment and caspase-1 activation following smoke exposure.

mucosal sites.”> These potential relationships in
macrophages warrant further investigation.

Notably, lung expression of macrophage inflammatory
protein-10/Ccl3 was similar in WT and Aim2~'~ mice
and circulating monocyte numbers were unaltered,
suggesting that the recruitment of monocytes to the lung
in response to smoke exposure is not dependent on
Aim2. However, Aim2 may play a role in permitting the
movement of recruited monocytes/macrophages from the
lung tissue into the airway lumen during smoke exposure
and this warrants further investigation.

Smoke-exposed Aim2~'~ mice also had increased airway
neutrophil responses despite having similar lung neutrophil
chemoattractant (Cxcll and Cxcl2) responses to WT mice.
We also show that lung neutrophilic inflammation is similar
in WT and Aim2~'~ mice; however, Aim2~'~ neutrophils
have reduced caspase-1 activity. This suggests that Aim2,
unlike NLRP3, plays an important role in regulating lung
neutrophilic inflammation and caspase-1 activation in these
cells following recruitment in smoke-induced experimental
COPD. Our findings agree with previous human studies
that identified an association between Aim2 and
neutrophilic inflammation®*; however, no studies have
demonstrated the direct involvement of Aim2 in the
recruitment of neutrophils and their activation of caspase-1.

It is important to examine the role of Aim2 in
neutrophil responses in the hematopoietic and circulatory
compartments following smoke exposure to obtain a

holistic understanding of the systemic effects of Aim2
depletion on lung recruitment and subsequent caspase
activation of these cells. Thus, we also assessed the
potentially disease-causing role of neutrophil responses in
the absence of active Aim2 by administering anti-Ly6G
neutrophil-depleting antibody in vivo and examined the
effects on the lung and major
compartments. Anti-Ly6G  robustly
induced hematopoietic progenitor responses in the bone
marrow in WT and Aim2~'~ mice but had no effect on
these cells in the blood, showing that long-term
treatment with anti-Ly6G may suppresses neutrophil
responses during the early stages of production and/or
that systemic neutrophil depletion results in negative
feedback signals that suppress de novo production in the

extrapulmonary
reduced smoke-

bone marrow. Interestingly, this effect occurred in
conjunction with a reduction in monocytes in the bone
marrow in WT but not Aim2~ '~ mice, suggesting that
systemic neutrophil responses may
coordinate with monocyte production and that Aim?2 is a
key  regulator of this  process. Interestingly,
proinflammatory, Ly6C" intermediate and patrolling
monocytes were not affected by smoke or anti-Ly6G
treatment in the lung in WT or Aim2~'~ mice. However, we
did observe an increase in smoke-induced interstitial

smoke-induced

macrophages in WT mice compared with air-exposed
controls. It is important to note that Aim2~'~ mice had
elevated lung interstitial macrophages irrespective of smoke
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exposure or anti-Ly6G treatment, suggesting that Aim2
may exert effects as an endogenous suppressor of interstitial
macrophages in the lung. Thus, it is important to consider
the differences in local lung versus systemic effects of Aim2
responses following cigarette smoke exposure.

Significantly, in smoke-exposed WT mice, anti-Ly6G
treatment robustly depleted neutrophils in the lung and the
blood, and strongly trended toward neutrophil depletion in
the bone marrow. However, these effects of treatment were
not present in Aim2 ™'~ mice with the exception of a partial
reduction of blood neutrophils. This suggests that Aim2~'~
neutrophils exhibit deficits in death and/or clearance
compared with WT neutrophils and/or may be replenished
at an increased rate by systemic progenitors that overcomes
the depletive effects of anti-Ly6G treatment rather than by
depletion escapes. Our observations align with previous
studies that demonstrate the critical role of Aim2 in
promoting cell death decisions®>® that together suggest
that Aim2~'~ neutrophils are not dying appropriately,
leading to their accumulation in the lung. The examination
of the contribution of caspase-8 activation and other cell
death pathways®' in this context would be of value.
Furthermore, these data support our proposal that
depleting mature neutrophils may have a suppressive effect
on progenitor responses in the bone marrow. Importantly,
Aim2~"~ neutrophils that remain in the lung following
anti-Ly6G-mediated depletion have sustained increases in
caspase-1 activation that are similar to levels observed in
smoke exposure alone, which further supports the concept
that Aim2 is an endogenous suppressor of inflammasome-
mediated, caspase-1 responses in smoke
recruited lung neutrophils.

exposure—

Furthermore, increased tumor necrosis factor alpha
(TNFa) can recruit neutrophils into sites of injury.
However, our data show that increased TNFa in Aim2 ™/~
air-exposed mice is not associated with increases in airway
neutrophilic inflammation. Moreover, we show that
Aim2~'~ smoke-exposed mice have further increases in
TNFa and airway neutrophils compared with WT smoke-
exposed controls. This suggests that smoke-induced TNFa
may recruit additional neutrophils into the lungs in the
absence of Aim?2 or it is feasible that there are more TNFa-
expressing neutrophils present in the lungs. While we did
not assess the levels of TNFo following anti-Ly6G
treatment in Aim2 '/~ smoke-exposed mice, it would be
informative to assess the contribution of TNFa in anti-
Ly6G—mediated neutrophil depletion.

In our study, Aim2 expression or protein levels were not
assessed in experimental or human COPD. A recent study,
however, showed that Aim2 levels are not altered in whole-lung
samples from experimental COPD and patients with COPD.
However, levels were increased in lung dendritic cells and
macrophages following 4 and 16 weeks of experimental smoke
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exposure, respectively,”’ and in alveolar macrophages after
24 weeks of exposure.*® Furthermore, increased AIM2 protein
levels in alveolar macrophages and bronchiolar epithelium
positively correlated with GOLD (Global Initiative for
Obstructive Lung Disease) stage in patients.”® Thus, it will be
important to measure Aim2 in specific cell types in future
studies. Moreover, gasdermin D, which is also downstream of
NLRP3 and Aim2, may be playing a role in smoke-induced
experimental COPD but this has not been examined and
warrants further exploration. It is also important to consider
the potential contribution that passenger mutations can have
on the phenotypes of mice; however, we do not consider that
such mutations would have had any significant impact on the
outcomes we have reported because the experiments were
performed over 5 years and in two different sites and yielded
the same outcomes each time. Furthermore, some experiments
were performed once with the relevant controls and the
outcomes observed could be further validated in future studies.

Our study is the first to show that Aim2 plays a critical role
in the recruitment and activation of neutrophils following
cigarette smoke exposure and contributes to caspase-1
activation. Our data also suggest the potential for crosstalk
between monocytes and neutrophils in extrapulmonary
compartments that may play an important role in cigarette
smoke—induced disease and future studies that examine the
potential mechanistic interplay are warranted.

METHODS

Mice

C57BL/6 mice were purchased from Australian Bioresources
(ABR; Moss Vale, NSW, Australia). Aim2~'"  mice
[Aim2CH(CSGH)B)3 o 3 C57BL/6  background  were
purchased from The Jackson Laboratory (USA) and bred at
ABR or Centenary Institute (Camperdown, Sydney, NSW,
Australia). The WT C57BL/6 controls used in this study were
not littermate controls as our colony is homozygous. All
experiments were appropriately controlled for age, sex,
breeding and experimental conditions throughout, as outlined
below. All studies were performed under protocols approved
by the Animal Care and Ethics Committee at the University of
Newcastle and Sydney Local Health District.

Induction of cigarette smoke—induced inflammation
and experimental COPD

Mice were exposed to cigarette smoke via a purpose-designed
custom-built nose-only exposure system (CH Technologies,
Westwood, NJ, USA) up to 12 weeks as previously
described.®'>1%1822 [n some experiments, mice were treated
with MCC950 (10 mg/kg, intranasal, 5 days per week) for up
to 8 weeks as previously described.** In some other
experiments, mice were treated with anti-mouse Ly6G (Clone
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1A8; InVivoMAb; catalog number BE0075-1; BioXcell,
Lebanon, NH, USA) or isotype control (catalog number
BP0089; BioXcell, Lebanon, NH, USA)* intraperitoneally up
to three times per week for 12 weeks.

Bronchoalveolar lavage

Bronchoalveolar lavage fluid was collected as previously
described.®!>1%18-22 [n brief, mice were cannulated via the
trachea and left lobe of the lung flushed with 2x 0.5 mL of
Hanks buffered salt solution (Life Technologies, Australia).
Red blood cells were lysed, and remaining cells counted by
trypan blue exclusion and cells were spun onto slides stained
with May—Grunwald—Giemsa and differentially enumerated. A
minimum of 200 cells were counted per sample.

Measurement of emphysematous changes

Formalin-fixed paraffin-embedded lungs were sectioned
(4 pm) and stained with hemoxylin and eosin. A minimum of
10 random parenchymal images (no airways or blood vessels
present) were overlayed with 11 lines and mean linear
intercept  counts  were  conducted as  previously
described.'>!®1820

Lung function

Lung function was assessed using the forced oscillation technique
as previously described.''®'®° Data presented in Figure 1 were
analyzed on a SCIREQ flexiVent FX1 machine (Montreal, QC,
Canada). Data presented in Figure 2 onward were analyzed on a
SCIREQ flexiVent FX2 machine with FEV extension.

Quantification of messenger RNA expression by real-
time quantitative PCR

Total RNA was isolated from homogenized lung tissue with
TRIzol Reagent (Invitrogen/Thermo Fisher Scientific, Adelaide,
SA, Australia). Random-primed reverse transcriptions were
performed followed by real-time quantitative PCRs. Gene
expression was normalized to the expression of the transcript
of the  housekeeping  gene  hypoxanthine  guanine
phosphoribosyltransferase ~ (Hprt). Primer sequences are
provided in Supplementary table 1. All reactions were performed
using BioScript reverse transcriptase in 1x first-strand buffer
according to the manufacturer’s instructions (Bioline, Eveleigh,
NSW, Australia). Real-time quantitative PCR assays were
performed with SYBR Green Supermix (KAPA Biosystems,
Merck, Sydney, NSW, Australia) and a Mastercycler ep RealPlex2
system (Eppendorf South Pacific, Macquarie Park, NSW,
Australia).

ELISA

Mouse lung IL-1B protein levels were measured in lung tissue
homogenates using anti-mouse ELISA kits (R&D Systems,
Minneapolis,  Minnesota,  USA) according to  the
manufacturer’s instructions.

The role of Aim2 in neutrophils in the lung

Caspase-1 immunohistochemistry

Formalin-fixed paraffin-embedded lungs were sectioned
(4 pm) and stained with a caspase-1 pl0 subunit antibody
(1:500 dilution, GTX123675; Sapphire Biosciences, Redfern,
NSW, Australia) as per the manufacturer’s instructions.

Single-cell suspension and flow cytometric analysis

Lung single-cell suspensions were prepared as previously
described'>'® and resuspended in 250 pL of 2% fetal bovine
serum/phosphate-buffered saline. For blood single-cell
suspensions, 500 pL of blood was collected by cardiac
puncture per mouse, red cell lysis buffer added (20 mL, 1:40
dilution, 10 min), centrifuged (300g, 10 min) and resuspended
in 200 pL of 2% fetal bovine serum/phosphate-buffered saline.
For bone marrow, one tibia and one femur were flushed, and
cell pellets treated with red cell lysis buffer (200 pL, 5 min),
centrifuged (300g, 10 min) and resuspended in 500 pL of 2%
fetal bovine serum/phosphate-buffered saline. All cells were
then stained with antibodies (Supplementary table 2) and a
FAM-FLICA caspase-1 assay kit (Sapphire Biosciences,
Redfern, NSW, Australia) as per the manufacturer’s
instructions. Cells were then fixed in 4% paraformaldehyde
(PFA) and analyzed the following day using a BD Fortessa.
Full gating strategies are presented in Supplementary figure 3.

Statistical analysis

Comparisons between multiple groups were made using a one-
way ANOVA and Fisher’s least significant difference post hoc test
where appropriate. Comparisons between pressure—volume curves
were made using two-way ANOVA and Tukey’s post hoc test
where appropriate. Analyses were performed using GraphPad
Prism software (version 9.1.2). All data shown are representative
of individual mice. No data have been pooled.
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