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Abstract

Background Longitudinal studies have identified childhood asthma as a risk factor for obstructive pulmonary
disease (COPD) and asthma-COPD overlap (ACO) where persistent airflow limitation can develop more aggressively.
However, a causal link between childhood asthma and COPD/ACO remains to be established. Our study aimed to
model the natural history of childhood asthma and COPD and to investigate the cellular/molecular mechanisms that
drive disease progression.

Methods Allergic airways disease was established in three-week-old young C57BL/6 mice using house dust mite
(HDM) extract. Mice were subsequently exposed to cigarette smoke (CS) and HDM for 8 weeks. Airspace enlargement
(emphysema) was measured by the mean linear intercept method. Flow cytometry was utilised to phenotype

lung immune cells. Bulk RNA-sequencing was performed on lung tissue. Volatile organic compounds (VOCs) in
bronchoalveolar lavage-fluid were analysed to screen for disease-specific biomarkers.

Results Chronic CS exposure induced emphysema that was significantly augmented by HDM challenge.
Increased emphysematous changes were associated with more abundant immune cell lung infiltration consisting
of neutrophils, interstitial macrophages, eosinophils and lymphocytes. Transcriptomic analyses identified a gene
signature where disease-specific changes induced by HDM or CS alone were conserved in the HDM-CS group, and
further revealed an enrichment of Mmp12, 1133 and //13, and gene expression consistent with greater expansion of
alternatively activated macrophages. VOC analysis also identified four compounds increased by CS exposure that
were paradoxically reduced in the HDM-CS group.

Conclusions Early-life allergic airways disease worsened emphysematous lung pathology in CS-exposed mice and
markedly alters the lung transcriptome.
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Introduction

Asthma and chronic obstructive pulmonary disease
(COPD) are chronic lung diseases characterised by air-
flow obstruction that can exhibit distinct pathological
and immunological features. COPD is generally charac-
terised by fixed airflow obstruction caused by emphy-
sema, chronic bronchitis and/or fibrotic remodelling of
the distal airways [1], whereas asthma is characterised by
reversible airways hyper-reactivity that is highly respon-
sive to inhaled corticosteroids and bronchodilators [2].
These clinical features may overlap in patients, termed as
asthma-COPD overlap (ACO), which complicates diag-
nosis and treatment. It is now evident that certain COPD
patients can present with high sputum or blood eosino-
phils, and COPD can develop more rapidly in patients
with a history of asthma or atopy [3].The co-existence
of asthma and COPD features is associated with higher
rates of exacerbations and hospitalisations and worse
health-related quality of life (HRQoL) compared to
asthma or COPD alone [4-6].

It is unclear how ACO originates, but current research
is supportive of the widely recognized ‘Dutch hypoth-
esis’ that asthma and COPD may share a common origin.
Longitudinal studies have identified childhood asthma
as an important risk factor for developing COPD later in
life [7-9], where early-life impairment of lung function
and male sex have been identified to be the most signifi-
cant predictors of abnormal lung growth and lung func-
tion decline into early adulthood [9]. In the Tasmanian
cohort, it was found that individuals in the lowest FEV1/
FVC quartile at age 7 were much more likely to develop
COPD (odds ratio=5.76) and ACO (odds ratio=16.3) at
age 45 [7]. In the Childhood Asthma Management Pro-
gram (CAMP) cohort, the age at which a heightened risk
of COPD became apparent was as early as 26 [9]. Hence,
adverse events such as childhood asthma or prematurity
can predispose individuals to an accelerated and persis-
tent decline in lung function into adulthood resulting in
a more aggressive form of COPD [10]. Nonetheless, since
the clinical development of COPD is multifactorial, a
direct causal relationship is yet to be established. Several
pre-clinical studies have combined established animal
models of COPD, such as exposure to CS, and allergic
asthma, such as ovalbumin or HDM sensitisation/chal-
lenge to model ACO, as summarized by Tu et al [11]. Yet,
the consequence of chronic cigarette smoke exposure in
the presence of atopic disease established during early life
has not been explored. Furthermore, while these stud-
ies capture important pathophysiological aspects of both
asthma and COPD, they typically focused on asthma

severity and airway hyper-reactivity rather than emphy-
sema development [11-17].

In this study, the primary aim was to investigate the
impact of childhood asthma on COPD development fol-
lowing cigarette smoking through adolescence into adult-
hood and to uncover the underlying pathophysiological
mechanisms via transcriptomic analysis. Metabolomic
screening was further performed on BAL-fluid for bio-
marker identification as exhaled breath condensate
(EBC) markers of chronic lung diseases are emerging
[18]. Our study found that mice challenged with HDM
aeroallergen early in life developed worse emphysema
upon CS exposure in adulthood. RNA sequencing (RNA-
Seq) analysis further revealed a gene signature consistent
with a pathogenic MMP-12 enriched macrophage popu-
lation that expanded in response to the combination of
increased type 2 mediators (IL-4, IL-13 and IL-33) and
CS exposure.

Materials and methods

Animal experimentation

All animal experiments were approved at RMIT Univer-
sity (AEC#24454) in accordance with the National Health
and Medical Research Council of Australia (NHMRC)
and ARRIVE guidelines. Male mice were used in this
study as longitudinal clinical studies have shown that
male sex and childhood asthma were the most signifi-
cant predictors of abnormal lung function decline later
in life [9]. Age matched 3-week-old male C57BL/6 mice
were purchased from Animal Resource Centre (Perth,
Australia). Mice were first sensitised to house dust mite
extract (HDM [D. Pteronyssinus], Stellergenes Greer, US;
100 pg/35 uL) or instilled with saline (SAL) intranasally,
which was followed by 4 consecutive daily challenge of
HDM (25 pg/35 pL). After the sensitisation period, HDM
(25 pg/35uL) was administered once weekly for 8 weeks
to maintain chronic allergic airway disease. During this
period, mice were also exposed to the smoke of 9 ciga-
rettes/day (CS) or room air as described previously [19].

Tissue collection

Mice were separated into two cohorts for tissue collec-
tion (n=8 per group in both cohorts) and were culled at
the end of the protocol via pentobarbital overdose (i.p.,
240 mg/kg). For the first cohort of mice, bronchoalveolar
lavage (BAL) was performed by flushing the lungs with
ice-cold PBS using a 21G canula inserted in the trachea
and whole lungs were then collected by carefully remov-
ing the trachea and connective tissues. The right superior
lobe was prepared for flow cytometry immediately, and
the remaining lobes were snap-frozen in liquid nitrogen
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and subsequently stored at -80 °C. For the second cohort
of mice, lungs were inflated with 10% neutral buffered
formalin (NBF) at a constant hydrostatic pressure of
25 c¢cm for a minimum of 20 mins. The inflated lungs were
excised and further fixed for another 24 h by immersion
in NBF with trachea tied.

BAL differential cell count

Total viable cells collected from BAL were calculated
using a haemocytometer. Cytospin was then performed,
and the slides were stained using the Hemacolor® Rapid
Staining Kit (Sigma-Aldrich, US) for differential cell
counting [20, 21]. The remaining fluid was centrifuged,
and the supernatant (cell-free BAL fluid) was collected
and stored at -80 °C for volatile organic compound
(VOC) analysis.

Histological assessment of emphysema

Cross sections of the lungs were prepared and stained
with haematoxylin and eosin (H&E). Mean linear inter-
cept (L,,) analysis was performed on H&E-stained lung
sections that were imaged on an Olympus slide scanner
VS120-SS (Olympus, Japan) to determine and quantify
emphysema. Five randomly selected fields, at 20X mag-
nification, in the distal regions of each lung section were
analysed. One 10x 10 square grid, with each small square
measuring 100 pmx100 pm, was created and overlaid
on an area in each field that avoids the vasculature and
airways. The number of alveolar walls intersecting each
horizontal grid line was then counted. The L, was calcu-
lated by first subtracting the distance on each horizontal
line occupied by any blood vessels and airways from the
total length of all horizontal grid lines, then dividing the
remaining distance by the total number of alveolar sur-
face intersections counted. The average L, across all 5
grids was used as the final L, of each lung sample.

RNA extraction, cDNA conversion and RT-qPCR

Total RNA was extracted from crushed fresh frozen
lung tissue using a RNeasy kit according to manufac-
turer’s instructions (Qiagen, Germany). RNA was then
converted to ¢cDNA using a High-Capacity RNA-to-
c¢DNA™ kit (Life Technologies, US). Real time quantita-
tive polymerase chain reaction was then carried out on
the Quantstudio™ 7 PCR system (Life Technologies, US)
on cDNA samples using the TagMan™ Fast Advanced
Master Mix (Life Technologies, US) with the appropriate
primers. Genes were normalised against Gaphd via the
delta-delta Ct method as described previously [22, 23].

Flow cytometry

The right superior lung lobes were excised and digested
in Liberase TM (Sigma-Aldrich, US) at 37°C for 45 mins
on a shaking incubator. Digested tissue was then passed
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5 times through a 21G needle and cells were pelleted by
centrifugation at 4 ‘C for 5 mins. Red blood cells were
lysed by incubating samples in ACK lysis buffer for
1 min at room temperature, followed by dilution with
10 mL HBSS. Single cell suspension was then obtained
by filtering the samples through a pre-wetted 70 um cell
strainer into a 50 mL tube. Spleen samples were isolated
by mechanically disrupting the tissue using a syringe
plunger on a 70 puM filter and washing with HBSS. Red
blood cells were lysed by incubating samples in ACK lysis
buffer for 1 min at room temperature, followed by dilu-
tion with 10 mL HBSS.

For the myeloid cells, single cell suspensions of lung
cells were first blocked with a rat anti-mouse CD16/
CD32 antibody (Life Technologies, US) to inhibit non-
antigen binding of immunoglobulins to Fc receptors
before stained in Fixable Viability Dye (Life Technolo-
gies, US) and specific antibodies consisting of PE/Dazzle
594 — CD11b, BV650 — CD11c, AlexaFluor700 — CD45,
PE/Cy7 — CD64, AlexFluor488 — Ly6C, BV785 — Ly6G,
APC — MerTk, PerCp/Cy5.5 — MHCII (BioLegend, US),
PE - Siglec F and BV711 - CD49b (BD Biosciences, US)
to analyse leukocyte subsets. Stained cells were fixed
using an eBioscience™ IC Fixation kit (Life Technologies,
US) and analysed on a BD LSRFortessa™ Flow Cytometer
(BD Biosciences, US). A strict gating strategy was used
to determine different immune cell populations in single
viable cells.

For the lymphoid cells, single cell suspensions of lung
and spleen cells were first blocked with a rat anti-mouse
CD16/CD32 antibody (Life Technologies, US) before
staining in Fixable Viability Dye Near InfraRed (Life
Technologies, US) and specific antibodies consisting of
PerCP-Cy5.5 —CD3, V450 — CD8, FITC — CD4, PE-Cy7
— CD44 and SB600 — CD62L, to analyse T cell subsets.
Stained cells were analysed on a BD LSRFortessa™ Flow
Cytometer (BD Biosciences, US).

Volatile organic compound analysis
Snap frozen BALF was thawed on ice. A 450 pL aliquot
was transferred into a 20 mL vial and 4 pL of acenaph-
thene-d10 (concentration 2 pg/ mL) was added as an
internal standard. The samples were first agitated at
250 rpm and 80 °C for 10 min and then transferred into
a heatex stirrer (set at 1000 rpm and 80 °C) where a solid
phase microextraction (SPME) fiber, constituted of Divi-
nylbenzene/ Carbon-Wide Range /Polydimethylsiloxane
(DVB/C-WR/PDMS), was introduced into the headspace
to adsorb the volatile and semi volatile compounds for
20 min. The SPME fiber was then placed in the gas chro-
matography’s inlet and allowed to desorb for 1 min.

The gas chromatography mass spectrometer (GC-MS)
system used comprised of an AOC6000 autosampler, a
2030 Shimadzu gas chromatograph and a TQ8050NX
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triple quadrupole mass spectrometer (Shimadzu, Japan).
The mass spectrometer was tuned according to the man-
ufacturer’s recommendations using tris-(perfluorobutyl)-
amine (CF43). GC-MS was performed on a 30 m GLC
Sciences InertCap Pure-WAX column with 0.25 mm
internal diameter column and 025 pm film thick-
ness. The inlet was set at 250 °C, the mass spectrometer
(MS) transfer line at 250 °C and the ion source adjusted
to 200 °C. Helium was used as the carrier gas at a flow
rate of 1 mL/min. The analysis was performed under the
following oven temperature program; 50 °C start tem-
perature, hold for 5 min, followed by a 10 °C/min oven
temperature ramp to 250 °C with a following final hold
for 10 min. The MS was operated in electron ionisa-
tion and MRM (Multiple reaction monitoring) mode.
Targeted GC-MS analysis was completed using the Shi-
madzu Smart Metabolite Database (vl; which covers
496 volatiles, where each target is comprised of a quan-
tifier and qualifier MRM transition. The Resultant data
was processed using the Shimadzu LabSolutions Insight
software (v4.0), where peak integrations were visually
validated and manually corrected where required. 98
annotated metabolites were identified across all groups.
All data were analysed in MetaboAnalyst 5.0.

RNA-sequencing

Total RNA was extracted from crushed fresh frozen lung
tissue using a RNeasy Plus kit (Qiagen, Germany) accord-
ing to manufacturer’s instructions, which was then used
for bulk RNA sequencing by the Australian Genome
Research Facility (AGRE, Melbourne, Australia). Briefly,
the purity and integrity of the RNA was first assessed,
followed by library construction with a TruSeq Stranded
Total RNA kit (Illumina, San Diego, California, US).
Twenty million 150-bp paired end reads were performed
on the Illumina NovaSeq 6000 platform, and primary
sequence data was then generated with the Illumina
DRAGEN BCL Convert 07.021.645.4.0.3 pipeline. The
raw sequencing data was trimmed to remove low-qual-
ity reads using Trim Galore. The cleaned sequence reads
were then aligned against the Mus musculus genome
(Build version mm39). The STAR aligner (v2.3.5a) was
used to map reads to the genomic sequences to generate
the raw gene counts.

Differentially expressed genes

EdgeR version 3.38.4 was used to identify differentially
expressed genes (DEGs) between different groups of
comparison. The default trimmed mean of M-values
(TMM) normalisation method from EdgeR was used
to normalise the counts between samples. A gener-
alised linear model was then used to quantify the dif-
ferential expression between the groups. DEGs were
defined as genes with |logFC| > 1 and false discovery rate

Page 4 of 14

(FDR) <0.05. Visualisation of DEGs on Venn diagram and
heatmap was carried out using the R packages ‘ggplot2;
‘eulerr’ and ‘ComplexHeatmap! A full list of DEGs is
attached in the online file.

Pathway analysis of DEGs

Gene Ontology (GO), Reactome and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway
analysis of DEGs were conducted using R package ‘clus-
terProfiler! Reactome pathways and KEGG pathways
with p-value<0.05 and false discovery rate (FDR)<0.05
were considered significantly enriched. The results were
visualized in dot plots using R package ‘ggplot2!

Statistical analysis

Statistical analyses were performed with GraphPad Prism
9.0 and graphical data are presented as mean+SEM. Kol-
mogorov-Smirnov tests were performed to confirm the
normal distribution of the data and parametric tests were
subsequently used for all analysis. 2-way ANOVA was
performed with Tukey’s or Dunnett’s multiple compari-
sons post-hoc test where appropriate. Statistical signifi-
cance is declared where p<0.05 and is indicated with an
asterisk (*). (**), (***), (****) are used to indicate p values
that are less than 0.01, 0.001, and 0.0001 respectively. All
RNAgseq data analyses and visualisation were conducted
using R version 4.3.0.

Results

CS and HDM co-exposure augmented pulmonary
inflammation in C57BL/6 mice

Young C57BL/6 mice at 3-week of age were first sen-
sitised and challenged with HDM to establish allergic
asthma, followed by 8 weeks of exposure to CS and HDM
into adulthood, as summarised in Fig. 1A. Over the
course of the experiment, mice exposed to CS gained sig-
nificantly less body weight than control mice with shorter
tibia length (Fig. 1B), indicating that mice exposed to CS
were physically smaller. These data are consistent with
the clinical observation that CS can decrease body mass
index and height in males [24]. Next, airway inflamma-
tion was measured in the BAL compartment. A 5-fold
increase in macrophages, as well as significant infiltra-
tion of neutrophils and lymphocytes was observed in CS
exposed mice (Fig. 2B, C, E). HDM treatment caused a
comparable increase in total BAL cells with evident infil-
tration of eosinophils (Fig. 2A &D). CS and HDM co-
exposure resulted in almost 2-fold increase in total BAL
cells compared to CS or HDM alone (Fig. 2A), driven by
expansion of multiple leukocytes including macrophages,
neutrophils, eosinophils and lymphocytes (Fig. 2B-E).
Flow cytometry was then employed to analyse myeloid
cell populations in lung tissue using the gating strat-
egy illustrated in Figure S1 as previously described [25].
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Fig. 1 (A) 3-week-old C57BL/6 mice were exposed to house dust mite extract (HDM) sensitisation and challenge over 2 weeks, followed by 8-weeks of
cigarette smoke (CS) and HDM exposure. Control mice received saline (SAL) and exposed to room air (Sham). The growth of mice, as measured by (B)
body weight gain and (C) tibia length was determined. For each biological group, n=8. *p <0.05; **p<0.01; ***p <0.001, 2-way ANOVA with multiple

comparisons across all groups and Tukey’s post-hoc test

HDM and CS treatment alone induced approximately
a 2-fold increase in neutrophils (Fig. 2F and G) and
CD11b* interstitial macrophages (Fig. 2H) in lung tissue,
which were further exacerbated in the HDM-CS group.
HDM but not CS markedly increased lung eosinophils
and this increase was retained in mice with HDM-CS
exposure (Fig. 2J). CS but not HDM caused a reduction
of alveolar macrophages, which was also observed in
mice treated with CS and HDM (Fig. 2I). Flow cytometry
was employed to analyse lymphoid cell populations in the
local lung tissue and the systemic spleen compartment,
and the gating strategy is illustrated in Figure S2A. Lung
lymphocytes were enriched for CD4 rather than CD8 T
cells in HDM exposed mice, although CD4 T cell enrich-
ment was attenuated with HDM and CS co-exposure

(Figure S2B,C). Lung CD4 T cells exhibited a terminally
differentiated effector memory (T¢,,) cell phenotype in
all treated groups compared to sham, although HDM-
exposed mice had the highest levels (Figure S2D). An
increase in non-naive CD4 T cells is consistent with the
dominant T helper 2 response seen in response to an
allergen that would be expected with HDM treatment.
Spleen samples revealed a marked reduction in the num-
ber of CD4 and CD8 T cells with CS exposure, regardless
of HDM treatment (Figure S2E,F), which indicates that
CS exposure may influence lymphopoiesis, apoptosis or
trafficking into the spleen.
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Fig. 2 Chronic house dust mite (HDM) and cigarette smoke (CS) exposure induced airway inflammation as determined by (A) total bronchoalveolar
lavage fluid (BALF) cells. Total (B) BAL macrophages, (C) neutrophils, (D) eosinophils and (E) lymphocytes were also increased, as measured by differential
counts. Flow cytometry was performed on lung tissue to track myeloid cell populations with representative plots shown in (F). Lung neutrophils (G),
interstitial macrophages (IM) (H), alveolar macrophages (AM) (1) and eosinophils (J) were analysed and presented as percentages over CD45 positive cells.

For each biological group, n=6. *p <0.05; **p<0.01; ***p<0.001,
post-hoc test

CS-induced emphysema was exacerbated in mice exposed
to HDM aeroallergen

To assess whether 2-month CS exposure induced emphy-
sema and whether this was altered by early life exposure
to HDM allergen, mean linear intercept (L) was per-
formed on H&E-stained whole lung sections to quantify
the airspace enlargement or emphysema. Representative
images of lung parenchyma are shown in Fig. 3A. Lung
sections of mice not exposed to CS (Sham-SAL and
Sham-HDM) showed well-structured and intact alveoli,

***%p <0.0001 2-way ANOVA with multiple comparisons across all groups and Tukey's

while CS exposure resulted in moderate disruption of
alveolar septum. This observation was more evident in
HDM and CS exposed mice with extensive loss of alveo-
lar structures. As shown in Fig. 3B, the baseline L was
measured to be 41.4 um. CS significantly increased L,
to 45.4 pm, while HDM treatment did not result in any
changes to L, (42.6 pm). Importantly, CS and HDM co-
exposure resulted in a marked increase in L (48.8 pum)
which was significantly higher than the control, CS-only,
and HDM-only groups. This demonstrates that chronic
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Fig. 3 (A) Representative images of haematoxylin and eosin (H&E) stained lung sections illustrating emphysematous changes in the lung parenchyma.

Chronic CS exposure induced air space enlargement that was enhanced in HDM-CS exposed mice, as measured by (B) the mean linear intercept (Lm). For
each biological group, n=8. *p <0.05; ****p <0.0001 2-way ANOVA with multiple comparisons across all groups and Tukey's post-hoc test
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CS resulted in airspace enlargement, a defining feature
of emphysema, and the extent of emphysema was further
increased in mice exposed to allergen and CS.

Transcriptomic analysis revealed common and distinct
gene clusters in mice exposed to HDM and CS

To investigate the molecular mechanisms underpin-
ning the inflammatory response and lung remodelling,
bulk RNAseq analysis was performed on mouse lungs.
As demonstrated in the volcano plots in Fig. 4A, rela-
tive to the control group, 1087 genes were differentially
expressed (DEGs) in HDM treated mice, with 833 upreg-
ulated and 254 downregulated. The most upregulated
genes include eosinophil marker Rnase2a, lipid metabo-
lism enzymes Awatl and Apoldl, type 2 inflammation and
macrophage alternative activation (M2) associated gene
Chil4 (Ym2), endogenous thrombin inhibitor Serpindl,
and immune cell receptor It/n1. In addition, classic type 2
inflammatory markers 7/33 and /13, mucin gene MucSac,
fibrosis-related gene Col6a5, and mast cell marker Mcpt2
were upregulated. Top downregulated genes include
vascular gene Apoldl, neurotransmitter GAL, and inte-
gerin gene Itgad. In CS-exposed mice, 490 DEGs were
upregulated, including COPD susceptible gene Mmp12,
smoking related gene Npy, apolipoprotein Apol7c, and
complement component C3a C3arl. Extracellular matrix
gene Ecm2, and stress related heat shock proteins genes
(Hspala, Hspalb), and growth hormone receptor Ghr
were amongst the top down-regulated genes. The HDM-
CS group exhibited a significant increase in the number
of DEGs (1642 genes), indicating that more substantial
biological changes occur under combined exposure. The
DEGs from the HDM and CS individual groups were also
detected in the HDM-CS group, suggesting conservation
of these transcriptomic responses. Of interest, Cxcl17,
a monocyte/macrophage chemoattractant was highly
upregulated in HDM-CS treated mice.

The Venn diagram further illustrates DEGs unique to
the HDM-CS group (627 DEGs) and DEGs common to
all three experimental groups (443 DEGs) (Fig. 4B). Heat-
map in Fig. 4C shows the group differences for the top
30 unique DEGs unique to HDM-CS, with upregulated
genes indicating involvement in angiogenesis (Vash2),
cell adhesion (Ceacam10, Ceacam16), and cell cycle reg-
ulation (Cdkn2a). Downregulated genes suggest roles in
bone development (Sost), lipid metabolism (Pnpla5), and
ion channel activity (Kcnal). Heatmap in Fig. 4D details
the top 30 most pronounced DEGs in HDM-CS, with
upregulated genes including COPD marker Mmp12, type
2 marker /13, eosinophil gene Car6, acute reactant Saa4,
and Npy. Downregulated genes include those in ECM
formation (Fbn2), protease inhibition (Cst8), and vascu-
lar regulation (Apoldl). RTqPCR analysis confirmed the
gene expression of M2 macrophage markers and Th2/
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Th17 cytokines, revealing the highest expression levels
in the HDM-CS group (Figure S3). Next, GO, Reactome
and KEGG database enrichment analysis and functional
annotation were performed on the DEGs. As seen in the
Venn diagrams in Fig. 5A, both overlapping pathways and
distinct pathways were identified in the HDM-CS group.
Common pathways driven by CS or HDM alone are con-
served in the HDM-CS group, which include immune
activation, reactive oxygen/nitrogen specifies (ROS/RNS)
production and lung remodelling (Fig. 5B). Distinct path-
ways that were only detected in HDM-CS treated mice
were identified to be involved in immune regulation, lung
remodelling, pulmonary hypertension and Notch/Wnt
signaling that has been implicated in COPD and other
respiratory diseases (Fig. 5C).

CS and HDM exposure altered the volatile organic
compound composition in BALF

Trace volatile organic compounds (VOCs) in EBC and
BAL fluid can be altered in respiratory diseases, which
hold promise for disease phenotype and biomarker iden-
tification. To determine whether the composition of
VOCs was altered in our disease models, BAL fluid was
analysed by gas chromatography and mass spectrometry
(GC-MS), which detected a total of 92 metabolites from
500 compounds screened. As demonstrated in the Par-
tial Least Squares Discriminant Analysis (PLS-DA) plot
(Fig. 5A), whilst HDM group largely overlapped with SAL
group, CS and HDM-CS groups clustered away from the
SAL and HDM groups, suggesting CS had a profound
effect on volatile metabolite composition. HDM-CS was
also distinct from the CS group, suggesting an interac-
tion between CS and HDM. The variable importance in
projection (VIP) was used as a determinant measure in
the PLS-DA, and the VIP scores of the top 15 VOCs were
presented in Fig. 6B and also visualised in the heatmap in
Fig. 6C. In all 92 VOCs annotated, 7 VOCs were further
identified to be altered with statistical difference across
the experimental groups (Fig. 6D-]). 5 out the 7 VOCs
were increased by CS and 4 remained elevated in HDM-
CS group, namely 6-Methyl-5-hepten-2-one, trans-Gera-
nylacetone, Neryl butyrate, and beta-lonone, all of which
were previously detected in human bodily fluids [26].
Interestingly, the levels 4 CS-induced VOCs were signifi-
cantly lower in the HDM-CS group in comparison to CS
alone.

Discussion

Epidemiological studies indicate that childhood asthma
increases the risk of COPD later in life, especially in
smokers [8, 27]. Our current study investigated this
relationship in an experimental setting by interrogat-
ing whether early life allergic airway disease triggered by
HDM exposure accelerates emphysema induced by CS
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in mice. This study shows that mice with a pre-existing
mild asthma phenotype, developed worse emphysema
and lung remodelling after chronic and concurrent expo-
sure to CS and HDM compared to mice that were only
exposed to CS. This notion was supported by the increase
in Lm values, downregulation of ECM gene Ecm2 and
cell adhesion molecule 2 (Cadm?2), and upregulation of
mucin gene MucSac. Our findings imply that children
with persistent asthma who start smoking at a young
age are at an increased risk of developing fixed airflow
obstruction and COPD in adulthood, consistent with
clinical observations [9].

Mechanistically, our RNAseq and qPCR analysis
revealed emphysema in CS exposed mice was accom-
panied with an upregulation of COPD susceptible gene
Mmp-12, a well-recognised genetic factor for COPD both
in humans and in pre-clinical models [28]. Of greater
interest, dual exposure to CS and HDM resulted in more
extensive airspace enlargement and lung remodelling,
where Mmp12 expression was further increased, identi-
fying MMP-12 as a candidate mediator responsible for
the aggravated lung pathology. In line with this finding,
Mmp12 single-nucleotide polymorphisms (SNPs) corre-
lation analysis conducted on the CAMP clinical cohort
and other COPD cohorts also identified that a minor
SNP allele in Mmpl2 was associated with lung func-
tion in children with asthma and in adults who smoke
[28]. In our study, the heightened Mmpl2 expression
in HDM-CS mice was detected alongside the activa-
tion of canonical type 2 immune response consisting of
elevated transcript levels of [I-13, 1I-33 and /-4, as well
as a gene signature suggestive of M2/alternatively acti-
vated macrophages. IL-13 is capable of promoting M2
polarisation and MMP-12 production in macrophages
and in mice, where over-expression of IL-13 was found
to induce emphysema that was dependent on MMPs,
with eosinophils identified to be a rich source of IL-13
[29, 30]. Likewise, IL-33 and IL-4 can also facilitate the
emergence of M2 macrophages and MMP-12 induction
[31, 32]. Furthermore, IL-33 levels were reported to be
elevated in ACO patients, and intratracheal treatment
with recombinant IL-33 resulted in expansion of intersti-
tial macrophages in the lungs of mice [33]. It should be
noted that while type 2 inflammation may be important
in accelerating expansion of pathogenic macrophages, it
alone is insufficient to cause emphysema in our model
and this process is still dependent on chronic exposure
to CS. Increased expression of MMP-12 is known to
degrade elastin fibres in the lungs, producing chemotac-
tic elastin fragments that create a positive feedback loop,
further recruiting macrophages that are derived from the
peripheral blood monocytes. Consistent with expansion
of interstitial lung macrophages and MMP-12 expression,
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was the hyper-activation of the ‘mononuclear cell migra-
tion’ pathway in HDM-CS mice as determined in our
RNAseq analysis.

The analysis of volatiles in the BAL fluid shows that
CS drove a significant shift in the composition of VOCs,
while HDM alone had limited effect. Interestingly, when
CS was combined with HDM, the VOC profile became
distinct from CS. In particular, a group of volatiles,
including 6-Methyl-5-hepten-2-one, trans-Geranylac-
etone, Neryl butyrate, Methyl stearate, beta-lonone and
Benzaldehyde were found to be significantly increased
with CS, among which Benzaldehyde in exhaled breath
condensate (EBC) has already been proposed as bio-
marker of COPD [34]. Four of the VOCs were markedly
reduced with HDM co-treatment relative to CS alone
and are known to be additive/flavouring constituents
within cigarette-related products [35, 36]. The reason for
reduced levels is unknown but may indicate that mice
exposed to both CS and HDM acutely inhale less CS than
mice exposed to CS alone. Indeed, it has been found that
acute bronchoconstriction occurs during cigarette smok-
ing in asthmatics [37], which may limit the amount of
smoke entering the distal airways and alveoli.

In summary, our study identified early-life exposure to
aeroallergen accelerated the development of CS-induced
emphysema later in life. It was further shown that the
pre-existing type 2 immune signature upon the com-
mencement of CS exposure likely contributed to the
onset of emphysema with increased production of MMP-
12 and recruited pathogenic lung macrophage popula-
tions such as interstitial macrophages. This novel model
of can be used to further investigate the pathophysiology
of COPD to develop endotype-specific treatments.

Abbreviations

AAM Alternatively activated macrophages

ACK Ammonium-chloride-potassium

ACO Asthma-COPD overlap

ANOVA  Analysis of Variance

BAL Bronchoalveolar lavage

BALF Bronchoalveolar lavage fluid

CAMP Childhood Asthma Management Program

cD Cluter of Differentiation

cDNA Complementary deoxyribose nucleic acid
COPD Chronic obstructive pulmonary disease

cs Cigarette smoke

DEGs Differentially expressed genes

EBC Exhaled breath condensate

FDR False discovery rate

FEV1 Forced expiratory volume (in 1 s)

Fizz1 Resistin-like alpha

FVC Forced vital capacity

GAPDH  Glyceraldehyde-3-phosphate dehydrogenase
GC-MS Gas chromatography and mass spectrometry
GO Gene Ontology

H&E Haematoxylin and eosin

HBSS Hank's buffered salt solution

HDM House dust mite extract

HRQoL Health-related quality of life

I Interleukin-
KEGG Kyoto Encyclopedia of Genes and Genomes



Fung et al. Respiratory Research (2024) 25:161

Lm Mean linear intercept

MMP Matrix metalloproteinase

NBF Neutral buffered formalin

PCR Polymerase chain reaction

PLS-DA Partial Least Squares Determinant Analysis

RNA Ribonucleic acid

RNAseq  RNA sequencing

RNS Reactive nitrogen species

ROS Reactive oxygen species

RTgPCR  Reverse transcription qualitative real-time PCR
SAL Saline

Tem Effector memory T cell

Th2 T helper 2

T™MM Trimmed mean of M-values

VIP Variable importance in projection
VOC Volatile organic compound

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512931-024-02774-6.

Supplementary Material 1
Supplementary Material 2

Supplementary Material 3

Author contributions

NF, QN, NE, DS, KQ, HW and SB performed the experiments. NF, QN, NE, DS, KQ,
HW, SB, CO, NW, SS, JM, RV analysed the data. NF, HW, SB concetualised the
study and wrote the manuscript. SB, NW, CO, RV, SS contirbuted to securing
funding for the work. The final version was critically reviewed by all authors
and all authors approved the final manuscript.

Funding
This work was funded by CSL Limited and supported by a PhD scholarship
from RMIT University.

Data availability
A full list of DEGs generated from the RNAseq analysis is attached in the online
file.

Declarations

Ethics approval and consent to participate

All animal experiments were approved at RMIT University (AEC#24454)
in accordance with the National Health and Medical Research Council of
Australia (NHMRC) and ARRIVE guidelines.

Consent for publication
Not applicable.

Competing interests
C.O.and N.W. are employed by CSL Limited, who funded this work. The other
authors have no conflicts of interest to declare.

Author details

!Centre for Respiratory Science & Health, School of Health & Biomedical
Sciences, RMIT University, Melbourne, Australia

“Research and Development, CSL Limited, Bio21 Institute, Melbourne,
Australia

*Metabolomics Australia, Bio21 Institute, University of Melbourne,
Melbourne, Australia

Received: 29 November 2023 / Accepted: 14 March 2024
Published online: 13 April 2024

Page 13 of 14

References

1.

2.

20.

21.

22.

23.

Hogg JC, Timens W. The pathology of chronic obstructive pulmonary disease.
Annu Rev Pathol. 2009;4:435-59.

Lemanske RF Jr, Busse WW. Asthma: clinical expression and molecular
mechanisms. J Allergy Clin Immunol. 2010;125(2):595-102.

Leung C, Sin DD, Asthma -COPD, Overlap. What Are Important Questions?
Chest. 2022;161(2):330-44.

Alshabanat A, Zafari Z, Albanyan O, Dairi M, FitzGerald JM. Asthma and COPD
overlap syndrome (ACOS): a systematic review and meta analysis. PLoS ONE.
2015;10(9):e0136065.

Lazar Z, Horvath A, Tomisa G, Tamasi L, Muller V. Impact of clinical factors

on generic and disease-specific quality of life in COPD and Asthma-COPD
overlap with exacerbations. Pulm Med. 2020;,2020:6164343.

Zhou X, Zhao L. Comparison of clinical features and outcomes for asthma-
COPD overlap syndrome vs. COPD patients: a systematic review and meta-
analysis. Eur Rev Med Pharmacol Sci. 2021;25(3):1495-510.

Bui DS, Burgess JA, Lowe AJ, Perret JL, Lodge CJ, Bui M, et al. Childhood lung
function predicts adult Chronic Obstructive Pulmonary Disease and Asthma-
Chronic Obstructive Pulmonary Disease Overlap Syndrome. Am J Respir Crit
Care Med. 2017;196(1):39-46.

Tai A, Tran H, Roberts M, Clarke N, Wilson J, Robertson CF. The association
between childhood asthma and adult chronic obstructive pulmonary
disease. Thorax. 2014,69(9):805-10.

McGeachie MJ, Yates KP, Zhou X, Guo F, Sternberg AL, Van Natta ML, et al. Pat-
terns of growth and decline in lung function in Persistent Childhood Asthma.
N EnglJ Med. 2016;374(19):1842-52.

Martinez FD. Early-Life origins of Chronic Obstructive Pulmonary Disease. N
EnglJ Med. 2016;375(9):871-8.

Tu X, Donovan C, Kim RY, Wark PAB, Horvat JC, Hansbro PM. Asthma-COPD
overlap: current understanding and the utility of experimental models. Eur
Respir Rev. 2021;30(159).

Moerloose KB, Robays LJ, Maes T, Brusselle GG, Tournoy KG, Joos GF. Ciga-
rette smoke exposure facilitates allergic sensitization in mice. Respir Res.
2006;7(1):49.

Botelho FM, Llop-Guevara A, Trimble NJ, Nikota JK, Bauer CM, Lambert

KN, et al. Cigarette smoke differentially affects eosinophilia and remodel-

ing in a model of house dust mite asthma. Am J Respir Cell Mol Biol.
2011,45(4):753-60.

Kumar S, Lanckacker E, Dentener M, Bracke K, Provoost S, De Grove K, et al.
Aggravation of allergic airway inflammation by cigarette smoke in mice is
CD44-dependent. PLoS ONE. 2016;11(3):e0151113.

Tilp C, Bucher H, Haas H, Duechs M, Wex E, Erb K. Effects of conventional
tobacco smoke and nicotine-free cigarette smoke on airway inflammation,
airway remodelling and lung function in a triple allergen model of severe
asthma. Clin Experimental Allergy. 2016;46(7):957-72.

Shu J, Li B, Ouyang H, Huang J, Long Z, Liang Z, et al. Comparison and evalu-
ation of two different methods to establish the cigarette smoke exposure
mouse model of COPD. Sci Rep. 2017;7(1):15454.

Xia M, Xu H, Dai W, Zhu C,Wu L, Yan S, et al. The role of HDAC2 in cigarette
smoke-induced airway inflammation in a murine model of asthma and the
effect of intervention with roxithromycin. J Asthma. 2018;55(4):337-44.

Ratiu IA, Ligor T, Bocos-Bintintan V, Mayhew CA, Buszewski B. Volatile organic
compounds in exhaled breath as fingerprints of Lung Cancer, Asthma and
COPD. J Clin Med. 2020;10(1).

Vlahos R, Bozinovski S, Chan SP, Ivanov S, Linden A, Hamilton JA, Anderson
GP. Neutralizing granulocyte/macrophage colony-stimulating factor inhibits
cigarette smoke-induced lung inflammation. Am J Respir Crit Care Med.
2010;182(1):34-40.

Anthony D, McQualter JL, Bishara M, Lim EX, Yatmaz S, Seow HJ, et al. SAA
drives proinflammatory heterotypic macrophage differentiation in the lung
via CSF-1R-dependent signaling. FASEB J. 2014,28(9):3867-77.

Wang H, Anthony D, Yatmaz S, Wijburg O, Satzke C, Levy B, et al. Aspirin-
triggered resolvin D1 reduces pneumococcal lung infection and inflam-
mation in a viral and bacterial coinfection pneumonia model. Clin Sci.
2017;131(18):2347-62.

Wang H, Aloe C, McQualter J, Papanicolaou A, Vlahos R, Wilson N, Bozinovski
S. G-CSFR antagonism reduces mucosal injury and airways fibrosis in a virus-
dependent model of severe asthma. Br J Pharmacol. 2021;178(8):1869-85.
Anthony D, Papanicolaou A, Wang H, Seow HJ, To EE, Yatmaz S, et al.
Excessive reactive oxygen species inhibit IL-17A+y5 T cells and innate
cellular responses to bacterial lung infection. Antioxid Redox Signal.
2020;32(13):943-56.


https://doi.org/10.1186/s12931-024-02774-6
https://doi.org/10.1186/s12931-024-02774-6

Fung et al. Respiratory Research

24,

25.

26.

27.

28.

29.

30.

(2024) 25:161

O'Loughlin J, Karp |, Henderson M, Gray-Donald K. Does cigarette use influ-

ence adiposity or height in adolescence? Ann Epidemiol. 2008;18(5):395-402.

Vlahos R, Wang H, Bozinovski S. Assessing lung inflammation and Pathology
in Preclinical models of Chronic Obstructive Pulmonary Disease. Methods
Mol Biol. 2023;2691:97-109.

de Lacy Costello B, Amann A, Al-Kateb H, Flynn C, Filipiak W, Khalid T, et

al. A review of the volatiles from the healthy human body. J Breath Res.
2014;8(1):014001.

Bui DS, Walters HE, Burgess JA, Perret JL, Bui MQ, Bowatte G, et al. Childhood
respiratory risk factor profiles and middle-age lung function: a prospec-

tive cohort study from the First to Sixth Decade. Ann Am Thorac Soc.
2018;15(9):1057-66.

Hunninghake GM, Cho MH, Tesfaigzi Y, Soto-Quiros ME, Avila L, Lasky-Su J, et
al. MMP12, lung function, and COPD in high-risk populations. N Engl J Med.
2009;361(27):2599-608.

Zheng T, Zhu Z, Wang Z, Homer RJ, Ma B, Riese RJ Jr, et al. Inducible targeting
of IL-13 to the adult lung causes matrix metalloproteinase- and cathepsin-
dependent emphysema. J Clin Invest. 2000;106(9):1081-93.

Doyle AD, Mukherjee M, LeSuer WE, Bittner TB, Pasha SM, Frere JJ et al.
Eosinophil-derived IL-13 promotes emphysema. Eur Respir J. 2019;53(5).
Shibata S, Miyake K, Tateishi T, Yoshikawa S, Yamanishi Y, Miyazaki Y, et al.
Basophils trigger emphysema development in a murine model of COPD
through IL-4-mediated generation of MMP-12-producing macrophages. Proc
Natl Acad Sci U S A.2018;115(51):13057-62.

32

33.

34.

35.

36.

Page 14 of 14

Kurowska-Stolarska M, Stolarski B, Kewin P, Murphy G, Corrigan CJ,Ying S, et
al. IL-33 amplifies the polarization of alternatively activated macrophages that
contribute to airway inflammation. J Immunol. 2009;183(10):6469-77.
Watanabe M, Nakamoto K, Inui T, Sada M, Chibana K, Miyaoka C, et al. Soluble
ST2 enhances IL-33-induced neutrophilic and pro-type 2 inflammation in the
lungs. Allergy. 2022;77(10):3137-41.

Christiansen A, Davidsen JR, Titlestad |, Vestbo J, Baumbach J. A systematic
review of breath analysis and detection of volatile organic compounds in
COPD. J Breath Res. 2016;10(3):034002.

Pauwels C, Klerx WNM, Pennings JLA, Boots AW, van Schooten FJ, Opperhui-
zen A, Talhout R. Cigarette Filter Ventilation and Smoking Protocol Influence
Aldehyde smoke yields. Chem Res Toxicol. 2018;31(6):462-71.

LiY, Pang T, Guo Z, Li Y, Wang X, Deng J, et al. Accelerated solvent extraction
for GC-based tobacco fingerprinting and its comparison with simultaneous
distillation and extraction. Talanta. 2010,81(1-2):650-6.

Higenbottam T, Feyeraband C, Clark T. Cigarette smoking in asthma. Br J Dis
Chest. 1980;74:279-84.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Early-life house dust mite aeroallergen exposure augments cigarette smoke-induced myeloid inflammation and emphysema in mice
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Animal experimentation
	﻿Tissue collection
	﻿BAL differential cell count
	﻿Histological assessment of emphysema
	﻿RNA extraction, cDNA conversion and RT-qPCR
	﻿Flow cytometry
	﻿Volatile organic compound analysis
	﻿RNA-sequencing
	﻿Differentially expressed genes
	﻿Pathway analysis of DEGs
	﻿Statistical analysis

	﻿Results
	﻿CS and HDM co-exposure augmented pulmonary inflammation in C57BL/6 mice
	﻿CS-induced emphysema was exacerbated in mice exposed to HDM aeroallergen
	﻿Transcriptomic analysis revealed common and distinct gene clusters in mice exposed to HDM and CS
	﻿CS and HDM exposure altered the volatile organic compound composition in BALF

	﻿Discussion
	﻿References


