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Background: Millions of people are exposed to landscape fire
smoke (LFS) globally, and inhalation of LFS particulate matter
(PM) is associated with poor respiratory and cardiovascular
outcomes. However, how LFS affects respiratory and
cardiovascular function is less well understood.

Objective: We aimed to characterize the pathophysiologic
effects of representative LFS airway exposure on respiratory
and cardiac function and on asthma outcomes.

Methods: LFS was generated using a customized combustion
chamber. In 8-week-old female BALB/c mice, low (25 pg/m’,
24-hour equivalent) or moderate (100 wg/m®, 24-hour
equivalent) concentrations of LFS PM (10 pm and below
[PMy4]) were administered daily for 3 (short-term) and 14 (long-
term) days in the presence and absence of experimental asthma.
Lung inflammation, gene expression, structural changes, and
lung function were assessed. In 8-week-old male C57BL/6 mice,
low concentrations of LFS PM,, were administered for 3 days.
Cardiac function and gene expression were assessed.

Results: Short- and long-term LFS PM,, airway exposure
increased airway hyperresponsiveness and induced steroid
insensitivity in experimental asthma, independent of significant
changes in airway inflammation. Long-term LFS PM,, airway
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exposure also decreased gas diffusion. Short-term LFS PM,,
airway exposure decreased cardiac function and expression of
gene changes relating to oxidative stress and cardiovascular
pathologies.

Conclusions: We characterized significant detrimental effects of
physiologically relevant concentrations and durations of LFS
PM,, airway exposure on lung and heart function. Our study
provides a platform for assessment of mechanisms that
underpin LFS PM,, airway exposure on respiratory and
cardiovascular disease outcomes. (J Allergy Clin Immunol
2024;154:209-21.)

Key words: Landscape fire smoke, particulate matter exposure, air
pollution, lung disease, cardiovascular disease, asthma

Landscape fires are becoming more frequent and intense
globally, exposing millions of people to hazardous levels of
landscape fire smoke (LFS) particulate matter (PM)." The 2019-
2020 Australian landscape fire season resulted in more than 12.6
million hectares of land being burned and released millions of
tons of smoke and gases into the atmosphere.” Pollution from land-
scape fires is associated with increased respiratory- and cardiac-
associated emergency department presentations and admissions,”’
and patients with asthma are disproportionately affected by LFS
exposure compared with individuals without asthma,”*”

The pathophysiologic mechanisms that underpin the respiratory
and cardiovascular manifestations of LFS airway exposure are not
well understood, and the development of effective therapies is
predicated on improving our understanding of LFS airway
exposure—induced responses. To our knowledge, no studies to
date have used naturally occurring sources of geography-specific
vegetation to account for the heterogeneity of real-world LFS.
Real-world exposure to LFS may vary in terms of duration and
concentration, with longer-term lower exposures and shorter-term
moderate to high exposures experienced during the 2019-2020
Australian landscape fire season and worldwide. Moreover, LFS
PM is heterogeneous in terms of particulate size distribution and
chemical and elemental composition®’ and can be influenced by
fuel source, loads, and burn conditions (oxygen availability, mois-
ture content, and prevailing winds). LFS PM with a diameter of 10
pm and below (PM; ) induces responses in the upper airway and
includes the subfractions of PM, s and PMy ; that travel deeper
into the lungs and are absorbed systemically.
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Abbreviations used
AHR: Airway hyperresponsiveness
BAL: Bronchoalveolar lavage
DEX: Dexamethasone
DFco: Diffusing factor of the lung for carbon monoxide
GC-MS: Gas chromatography mass spectrometry
ICP-MS: Inductively coupled mass spectrometry
LFS: Landscape fire smoke
LV: Left ventricular
OVA: Ovalbumin
PAH: Polycyclic aromatic hydrocarbon
PCLS: Precision cut lung slices
PM: Particulate matter
sHBSS: Sterile Hanks’ Balanced Salt Solution

In this study, we developed a novel and safe method to generate
and capture vegetation-specific LFS PM;q and deliver physiolog-
ically representative concentrations to mice. We aimed to charac-
terize the effects of LFS PM,, airway exposure on airway
hyperresponsiveness (AHR) in healthy mice and in steroid insen-
sitivity in experimental asthma, proinflammatory cytokine re-
sponses in lung and heart tissues, and cardiac function.

METHODS
Generation and characterization of LFS PM,, for
in vivo delivery at representative levels

Vegetation from 2 native Australian trees, Corymbia maculata
(spotted gum) and Callistemon citrinus (red bottlebrush), was
collected from the University of Newcastle, Australia, dried
(45°C, 72 hours), and placed into a combustion chamber (20 mi-
nutes under positive pressure [30 L/minute]) (fuel source 1). LFS
particulates and gases were fed into a bottle of dry ice supercooled
pure water. Effluent gases were ducted into an extraction hood
(capture velocity > 0.5 m/second as per Australian/New Zealand
Standard AS/NZS 2243.8-2006). Particulates in solution were
drip fed through a Whatman Grade 1 filter paper (Cytiva, Buck-
inghamshire, United Kingdom) to isolate the PM; fraction. Ali-
quots of the resultant particulate solution (LFS PM,y) were
evaporated in glass tubes using the Genevac miVac Duo Concen-
trator (10 mbar, 16 hours; Genevac, Ipswich, United Kingdom)
and dried (100°C, 12 hours), and total particulate mass per unit
volume was calculated. A second sample of bushfire smoke par-
ticulates (fuel source 2) was generated from equal proportions
of leaves, twigs, and bark from 2 species of tree, Eucalyptus punc-
tata (grey gum) and Eucalyptus fibrosa (broad-leaved ironbark); a
shrub, Persoonia linearis (narrow-leaved geebung); and a grass,
Entolasia stricta (wiry panic). These 4 species were collected
from localities within greater Newcastle and represent flora
commonly found within the Wollomi National Park, which was
significantly burned during the 2019-2020 fire season and contrib-
uted to the smoke air pollution experienced by Newcastle,
Australia during this time.

Metal(loid) concentration was assessed using inductively
coupled plasma mass spectroscopy (ICP-MS), and polycyclic
aromatic hydrocarbons (PAHs) were assessed using gas chroma-
tography mass spectrometry (GC-MS) (detailed in this article’s
Methods section in the Online Repository at www.jacionline.org).
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LFS PM,, airway exposure in the absence and
presence of experimental asthma

All mice (Central Animal House, University of Newcastle,
Newcastle, Australia) were housed in specific pathogen-free,
Physical Containment Level 2 conditions in individually ventilated
cages (bioresources facility, Hunter Medical Research Institute,
Newcastle, Australia) and provided with food and water ad libitum.
All experiments were performed on mice 8 to 12 weeks of age, with
age-matched controls included within each experimental run. All
studies were performed with approval from the Animal Care and
Ethics Committee of the University of Newcastle.

To assess human-relevant LFS PM, airway exposure, female
BALB/c mice (n = 6-11) received the equivalent of low (25 g/
m>/0.1152 wg) or moderate (100 wg/m>/0.4608 wg) LFS PM;,
over a 24-hour period in 50 wL PBS, each day for 3 days (short-
term) or 14 days (long-term) by intranasal administration (Fig
El, A and B, in the Online Repository at www.jacionline.org).
Determination of representative concentrations and calculations
of human-relevant, mouse-normalized exposures of LFS PM,,
are outlined in the Methods section in the Online Repository.

To assess the effects of LES PM;, airway exposure on asthma
severity, female BALB/c mice were treated with ovalbumin
(OVA) in the absence or presence of corticosteroid (dexamethasone
[DEX]) as previously described.”"" Briefly, mice were sensitized to
OVA (50 pg; Sigma-Aldrich, Castle Hill, New South Wales,
Australia), with the adjuvant alum (1 mg Rehydrogel [Reheis, Ber-
keley Heights, NJ] in 200 L 0.9% saline, intraperitoneal injection)
on day 0. Mice were then intranasally challenged with OVA on days
12 and 13 and days 33 and 34 (10 pg and 50 L saline) (Fig E1, C).
Controls were sham sensitized with alum alone and intranasally
treated with OVA on days 12 and 13 and days 33 and 34. To model
the effects of LFS PM, o airway exposure on asthma, some groups of
mice were intranasally administered 25 wg/m> LES PM,, on days 20
to 34 or 100 wg/m> LFS PM; o on days 32 to 34 (Fig E1, C). To model
the effects of inhaled corticosteroids, some groups of mice were
intranasally administered DEX (2 mg/kg in PBS, #D1756; Sigma-
Aldrich) on days 32 to 34. Controls for LFS and DEX interventions
were intranasally administered PBS (50 pL). Lung function and
airway inflammation were assessed on day 35 (Fig E1, C).

Assessment of lung function

A single breath hold maneuver to assess the effect of LFS PM,
airway exposure on gas exchange (diffusing factor of the lung for
carbon monoxide [DFcc]) was performed on short- and long-term
models (Fig E1, A and B) as previously described.'*'* AHR to meth-
acholine was also measured in all models using the flexiVent FX1
system (SCIREQ, Montreal, Quebec, Canada) as previously
described.®'*!°

Airway inflammation, alveolar diameter, and
collagen deposition

Airway inflammation was measured in bronchoalveolar lavage
(BAL) fluid as previously described.'*'” Alveolar diameter and
collagen deposition around the small airway were measured in
histologic sections of paraffin-embedded tissues as previously
described.'*"”
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FIG 1. Characterization of vegetation-specific LFS PM;o. (A) Customized combustion chamber used to
generate LFS PM,,. (B) Temperature burn profile as measured by a thermocouple situated inside the com-
bustion chamber. (C) Heavy metal composition of fuel source 1 and fuel source 2 as measured by ICP-MS
represented as total mass in 50 pL administered intranasally at 100 pug/m3 concentration. (D) Polycyclic ar-
omatic hydrocarbon abundance of fuel source 1 and fuel source 2 as measured by GC-MS represented as
total mass in 50 wL administered intranasally at 100 wg/m? concentration.

Cardiac function assessments

Echocardiograph analysis was also performed on a separate
group of male C57BL/6 mice (n = 7-8) before and after 3 days of
short-term/moderate LFS PM,, airway exposure as previously
described in BALB/c mice (Fig El, D)."® C57BL/6 mice were
used for ethical reasons, as this technique has been established
only in this strain in our laboratory. Left ventricular (LV) dimen-
sions, systolic function, and diastolic function (E/A ratio, LV frac-
tional shortening, and LV ejection fraction) were assessed with
transmitral and tissue Doppler echocardiography with the use of
a VisualSonics Vevo 1100 (FUJIFILM VisualSonics, Inc., Toronto,
Ontario, Canada) high-resolution imaging system as previously
described.'®

Airway contractility and cilia beat frequency

Airway contractility and cilia beat frequency were assessed in
precision cut lung slices generated from a subset of mice after
short-term/moderate LES PM airway exposure with and without
DEX treatment (Fig El, C), as previously described' 192!
detailed in the Methods section in the Online Repository.

RNA extraction, reverse transcription, and gene
expression analyses

Whole lung and/or heart tissues from subsets of mice (n = 6-8)
were collected in Invitrogen RNAlater Stabilization Solution
(AM7021; Thermo Fisher Scientific, Waltham, Mass), stored
overnight at 4°C, and stored long-term at —20°C. For RNA extrac-
tion, samples were transferred to 1 mL TRI Reagent (T9424;
Sigma Aldrich) and homogenized using 5-mm stainless steel
beads (#69989; QIAGEN, Hilden, Germany) and a TissueLyser
I (QIAGEN). Total RNA was reverse transcribed as previously
described.'"'“*” Gene expression was measured using SYBR
Green Assay (Bio-Rad Laboratories, Hercules, Calif), prede-
signed primers (Table El in the Online Repository at www.
jacionline.org) using the BioRad CFX384 system as previously
described.'"'**? Relative mMRNA expression of genes of interest
were normalized to the reference gene Hprt (for lung) or Ppia (for
heart) using the following calculation:

Relative expression = 2 * — (housekeeper Ct — gene of interest
Ct)

where Ct is the cycle threshold.
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FIG 2. Short-term LFS PM,, airway exposure alters lung function, independent of airway inflammation, and
suppresses inflammatory gene expression. Following short-term (3 days) airway exposure to PBS (control),
25 wg/m® LFS PM,q (low; daily equivalent), or 100 wg/m® LFS PM,, (moderate; daily equivalent), AHR was
measured in response to increasing concentrations of nebulized methacholine in terms of (A) transpulmo-
nary resistance, (B) central airway resistance, and (C) DF¢o. Inflammation of the airway was measured in
BAL (D) total leukocytes, (E) macrophages, (F) neutrophils, and (G) lymphocytes. mRNA expression of (H)
116, (I) Cxcl1/KC, (J) Tnfa, (K) /118, and (L) Ahr was measured in whole lung homogenate, and (M) IL-6, (N)
CXCL1/KC, (0O) TNF-q, and (P) IL-1B protein expression was measured in BAL fluid. (Q) Mean alveolar diam-
eter was assessed with (R) representative photomicrographs (scale bar, 200 p.m) showing inflammatory
cells near airway and surrounding parenchyma. Two-way ANOVA was performed for (A and B). Unpaired

t tests were performed on LFS PM, groups compared with controls for (C-Q). n

5-11/group. Data pre-

sented as mean = SEM. *P < .05, **P < .01, ¥***P < .001, ****P < .0001.
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FIG 3. Long-term LFS PM,, airway exposure increases AHR, impairs gas exchange, and suppresses mRNA
expression of proinflammatory mediators in the lung. Following long-term (14 days) airway exposure to
PBS (control), 25 pg/m® LFS PM,q (low; daily equivalent), or 100 pg/m® LFS PM,, (moderate; daily equiva-
lent), AHR was measured in response to increasing concentrations of nebulized methacholine in terms of
(A) transpulmonary resistance, (B) central airway resistance, and (C) diffusing capacity of carbon monoxide.
Inflammation of the airway was measured in BAL (D) total leukocytes, (E) macrophages, (F) neutrophils, and
(G) lymphocytes. mRNA expression of (H) /16, (1) Cxcl1/KC, (J) Tnfe, (K) /118, and (L) Ahr was measured in
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Statistical analysis

All data are representative of at least 2 experimental repeats.
Normally distributed data were determined using the Kolmogrov-
Smirnov normality test with Dallal-Wilkinson-Lillie for P value.
Comparisons between 2 groups were performed using unpaired
Student ¢ tests or a nonparametric Mann-Whitney test as appro-
priate. Comparisons between multiple groups were performed us-
ing 1-way ANOVA with Fisher least significant difference post
hoc test. AHR data were assessed using 2-way ANOVA with Tu-
key post hoc test. Echocardiography data were analyzed using a
paired 7 test. Analyses were performed using GraphPad Prism
Version 10 software (GraphPad Software, Boston, Mass).

RESULTS
Characterization of vegetation-specific LFS PM,,
To model LFS exposures experienced during real-world
Australian landscape fire events, we generated representative
vegetation-specific LES PM, samples from 2 separate fuel sour-
ces (fuel source 1 and fuel source 2) and characterized their
respective heavy metal and PAH composition. We designed a
custom-built enclosed combustion chamber whereby specific
vegetations were burned and resultant LFS collected into dry
ice supercooled pure water (Fig 1, A). Burn temperatures were
monitored and adjusted by modulating air flow throughout the
burn time (Fig 1, B), and PM fraction was collected. Heavy metal
analysis of samples from both fuel source 1 and fuel source 2
demonstrated a rich and diverse range of heavy metals including
those typically associated with anthropogenic sources (Fig 1, C).
To assess PAHs in LFS PM, 16 priority PAHs as identified by the
US Environmental Protection Agency were measured in both
samples. All PAHs except for benzo[a]pyrene, benzo[g,h,i]pery-
lene, and indeno[1,2,3-cd]pyrene were represented in both sam-
ples of LES PM,, solution (Fig 1, D). Taken together, we show
that both samples of LFS PM;, have differing and unique
elemental and chemical profiles. Importantly, we demonstrate a
novel method for generating vegetation-specific LFS PM, with
heavy metal and PAH composition that can be used in models
of exposure to produce reproducible outcomes.

LFS PM,, airway exposure alters lung function,
independent of airway inflammation, and
suppresses inflammatory gene expression

To assess the effects of LFS PM,, airway exposure on lung
physiology and immune responses, mice were treated with
short-term (3 days) and long-term (14 days) LFS PM;q (fuel
source 1) at 2 different daily equivalent concentrations (low
[25 p,g/mS] or moderate [IOOp,g/mS]) (Fig E1, A and B) or PBS
control, and lung function, airway inflammation, and proinflam-
matory gene expression were measured.”

Short-term LFS PM,;, airway exposure increased
methacholine-induced AHR regardless of concentration (control
vs 25 pg/m’ vs 100 wg/m?; 1.41 + 0.25 vs 1.80 + 0.49 vs 1.68 +
0.41) (Fig 2, A and B), did not affect diffusing capacity of the

o
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lungs (Fig 2, C), and had minimal effect on airway inflammation
with a small but significant increase in macrophages in the short-
term low concentration (control vs 25 pg/m3; 0.77 £ 0.08 vs
1.28 £ 0.18) (Fig 2, D-G). There were no changes to lung struc-
ture or function at baseline, as measured by alveolar diameter,
collagen deposition around the small airway, or lung function
(Fig E2, A-D and G). However, proinflammatory genes 116,
Cxcll/KC, Tnfa, and Ahr were reduced with short-term LFS
PM, airway exposure (Fig 2, H-J and L), and /l6 and Cxcll/
KC were reduced with long-term LFS PM,, airway exposure
(Fig 3, G-H), whereas 11183, Muc5ac, and Tgff3 were unaltered
with both regimens (Fig 2, K; Fig E2, E and F, in the Online Re-
pository at www.jacionline.org). These reductions were concom-
itant with no changes in CXCL1/KC, TNF-q, and IL-1§3 and an
increase in IL-6 protein with short-term LFS PM;, airway
exposure in BAL (Fig 2, M-P). We observed similar effects
with long-term LFS PM,, airway exposure (Fig 3; Fig E3, A-G,
in the Online Repository at www.jacionline.org) at both concen-
trations with the exception of a decrease in DFcg (control vs
25 wg/m® vs 100 wg/m®; 1.667 X 107° + 0.36 vs —2.84 =+
0.90 vs —2.86 = 0.33) (Fig 3, C) and an increase in neutrophils
with moderate LFS PM, airway exposure (Fig 3, F). While we
show that LFS PM generated from fuel source 1 and fuel source
2 has differing elemental and chemical compositions (Fig 1, B
and C), LFS PM,q airway exposure from fuel source 2 results
in comparable increases in AHR as fuel source 1 (Fig 2; Fig
E3). Importantly, LFS PM, generated from fuel source 2, similar
to LFS PM( from fuel source 1, did not have any effect on inflam-
matory cell numbers in BAL. Taken together, these data indicate
that LFS PM, airway exposure impairs lung function indepen-
dent of an overt proinflammatory response or structural changes
in the lung. Furthermore, we show that LFS PM,, with differing
physicochemical profiles have very similar effects on AHR
without inducing airway inflammatory cell infiltration. Given
the similar effects of LFS PM,, from fuel source 1 and fuel source
2 on airway physiology without affecting inflammatory pro-
cesses, all data presented hereon has been generated using expo-
sure to LFS PM;, from fuel source 1 only.

LFS PM,, airway exposure induces AHR in small
airways and is inhibited when calcium oscillations
are abolished

To explore the mechanisms of AHR following LFS PM,,
airway exposure, mice were treated with short-term/moderate
LFS PM,, with and without DEX (Fig El, C), and
methacholine-induced AHR was assessed in precision cut lung
slices (PCLS). Separate PCLS were treated with caffeine/ryano-
dine to abolish calcium oscillations (Fig 4, B and o). Grouped
analysis of the methacholine concentration response curves
demonstrated that the increased AHR observed with LFS PM;,
airway exposure (sham vs 100 pdg/m3 LFS; 39.54 = 9.13 vs
75.84 * 8.68) was reduced with caffeine/ryanodine treatment
to levels of contraction seen in control PCLS (100 ug/m3 LFS

<

whole lung homogenate, and (M) IL-6, (N) CXCL1/KC, (0O) TNF-«, and (P) IL-18 protein expression was
measured in BAL fluid. (Q) Mean alveolar diameter was assessed with (R) representative photomicrographs
(scale bar, 200 wm) showing inflammatory cells near airway and surrounding parenchyma. Two-way
ANOVA was performed for (A and B). Unpaired t tests were performed on LFS PM;, groups compared
with controls for (C-Q). n = 5-13/group. Data presented as mean = SEM. *P < .05, **P < .01, ***P < .001,

**¥**¥P <.0001.
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FIG 4. LFS PM,, airway exposure induces AHR in small airway and is inhibited when calcium oscillations
are abolished. PCLS were prepared from PBS control or short-term/moderate LFS PM;o mice with or without
DEX and airway visualized by phase-contrast microscopy. (A and B) Representative frame-by-frame anal-
ysis (0.5 Hz) of changes in lumen area with time in the presence of methacholine and/or caffeine
(20 mM)/ryanodine (50 uM). (C) Grouped analysis determined by averaging the last 30 frames of each con-
centration of methacholine. (D) Maximum contraction to methacholine. (E) Cilia beat frequency. n = 3-4/
group. ¥*P < .05. **P < .01. ***P < .001. Caff, Caffeine; MCh, methacholine; Ry, ryanodine.

vs 100 wg/m® LFS + caffeine/ryanodine; 75.84 *+ 8.68 vs 48.25 +
8.22) (Fig 4, D and E). Furthermore, DEX treatment did not have
an effect on airway contraction. Cilia beat frequency was signif-
icantly increased following LFS PM,( airway exposure compared
with controls (Fig 4, F). Together, these data demonstrate that
increased AHR following LFS PM,, airway exposure is in part
caused by changes in calcium oscillations within airway smooth
muscle and may explain the inflammation- and structural-
independent effects observed in vivo.

LFS PM,, airway exposure promotes severe,
steroid-insensitive disease in a model of mild
experimental asthma

AHR is a hallmark feature of asthma, and patients with
asthma are disproportionately affected by exposure to LFS.***
Therefore, we next assessed 2 different LFS PM,, airway
exposure regimens, short-term/moderate (3 days at 100 wg/m’
daily equivalent) and long-term/low (14 days at 25 ;Lg/m3
daily equivalent), in experimental asthma (Fig E1, D). LFS
PM, airway exposure induced AHR in the absence of asthma
and increased AHR in the presence of asthma (Fig 5, A and
B). Importantly, DEX treatment reduced OVA-induced AHR
of the central airway (OVA vs OVA/DEX; 64.9 = 30.8 vs
17.2 = 10.6) and long-term, low LFS PM,, OVA-induced
AHR (OVA 25 pg/m® vs OVA/DEX 25 ug/m’; 80.8 *+ 47.0
vs 25.9 * 9.3); however, it did not fully reverse short-term/
moderate LFS PMg—induced AHR in the presence of asthma

(OVA 100 pg/m* vs OVA/DEX 100 wg/m*; 84.1 * 49.3 vs
55.7 £ 31.5) (Fig 5, A and B).

Experimental asthma increased total leukocytes, macrophages,
eosinophils, and neutrophils (Fig 5, C-F), and short-term/
moderate LFS PM,, airway exposure increased macrophages
(OVA vs OVA 100 pg/m*; 0.49 + 0.140 vs 0.84 + 0.191) (Fig
5, D). Long-term low, but not short-term moderate, LES PM;,
airway exposure decreased eosinophils (OVA vs OVA 25 wg/m’
vs OVA 100 pg/m*; 0.09 = 0.008 vs 0.05 * 0.010 vs 0.07 *+
0.011) (Fig 5, F) in experimental asthma. DEX treatment in the
absence or presence of asthma and/or LFS PM, reduced inflam-
mation (total leukocytes, macrophages, eosinophils, and neutro-
phils) to saline control levels (Fig 5, C-H), indicating that these
models have steroid-sensitive airway inflammation and suggest-
ing an inflammation-independent, steroid-insensitive mechanism
contributing to AHR in vivo.

LES PM,, airway exposure with both regimens suppressed
expression of the type 2 cytokines //4 and /113 in lungs, and their
expression was affected by DEX treatment in control, but not LFS
PM, groups (Fig 5, G and H).

LFS PM,, airway exposure impairs cardiac function
and alters cardiac gene changes involved in
remodeling and oxidative stress

LFS exposure is associated with increased adverse cardiovas-
cular events””*°; however, the physiologic manifestations of LFS
airway exposure on the cardiovascular system are not well
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FIG5. LFS PM;, airway exposure increases AHR in experimental asthma independently of an inflammatory
profile and causes partial steroid insensitivity. AHR was assessed in terms of (A) transpulmonary resistance
and (B) central airway resistance in response to increasing doses of nebulized methacholine and repre-
sented at the maximal dose (10 mg/mL) as a histogram. BAL was assessed in terms of (C) total leukocytes,
(D) macrophages, (E) eosinophils, (F) neutrophils. mRNA expression was assessed in whole lung homog-
enate (G) //4 and (H) //13. n = 3-6/group. Data presented as mean + SEM. *P < .05, **P < .01, ***P < .001,
**¥**¥P < .0001. *Significant compared with OVA in same exposure cluster. #P < .05, ##P < .01,
###P < .001, ####P < .0001. #Significant compared with saline in same exposure cluster. ns, Not significant.

understood. Therefore, we assessed cardiac function before and
after short-term/moderate LES PM, airway exposure (Fig El,
E). Short-term/moderate LFS PM,  airway exposure reduced sys-
tolic function as measured by LV ejection fraction (Fig 6, A).
There was also a trend toward a reduction in fractional shortening
following LFS PM, airway exposure (Fig 6, B) and reduced LV
total wall thickness (Fig 6, C). Furthermore, Nppa expression was
increased, and Myh7 was decreased, following short-term/low
and short-term/moderate LES PM, airway exposure (Fig 6, D
and E). Furthermore, antioxidant genes Cat, Sodl, and Sod2
were reduced following short-term/moderate LES PM,, airway
exposure (Fig 6, F-H), and proinflammatory markers 116, Tnfa,
and /13 were unchanged in whole heart tissues (Fig 6, I-K). In
submerged culture of human cardiomyocytes, LFS PM,q sus-
pended in culture medium resulted in decreased cell viability in
a dose-dependent manner (Fig 6, L). Taken together, these results
show that LFS PM,, airway exposure can reduce LV systolic
function and demonstrate a direct effect of LFS PM,, airway
exposure on cardiac function.

DISCUSSION

Here, we have developed a platform for the generation of
physiologically relevant vegetation-specific LFS PM and as-
sessed its effects on respiratory and cardiovascular outcomes. We
demonstrate that short- or long-term, low- or moderate-airway
exposure to LFS PM,, in the absence or presence of asthma, can

have detrimental effects on lung function, altering inflammatory
profiles in the heart and lung and impairing cardiovascular
functions.

Our approach to collecting highly representative LFS PM
was to burn vegetation from plant and tree species endemic to
the southeastern region of Australia to provide a vegetation-
and/or geography-specific sample for analysis. Our novel plat-
form for the generation of vegetation-specific LFS PM into liquid
solution allowed safe, and consistent LFS PM generation, with
composition relevant to a real-world landscape fire event,
including the presence of heavy metals and PAHs.””"*’ Impor-
tantly, heavy metals are negatively associated with lung func-
tion,’m’3 ! and the variation in the abundance of these elements
in real-world LFS is likely due to the proximity of vegetation to
anthropogenic sources of pollution.”’*’ Furthermore, the pres-
ence of PAHs is consistent with the incomplete combustion of
organic material such as fossil fuels, coal, plastics, and landscape
biomatter.”* While there is limited real-world air quality PAH
data generated during landscape fire events, it will be important
in future studies to monitor these, as PAHs are known to
have detrimental effects on respiratory and cardiovascular
outcomes.”***

Models are required to understand the mechanisms that
underpin the physiologic effects of LFS PM, airway exposure
on lungs and heart. During landscape fire events, the durations
and concentrations of exposure vary significantly””; therefore,
we focused on modeling exposures in the Hunter Valley and
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FIG 6. Short-term LFS PM;, airway exposure impairs cardiac function and alters cardiac-associated and
oxidative stress—associated gene expression. Mouse echocardiography was used to assess (A) LV ejection
fraction, (B) fractional shortening, and (C) total wall thickness in mice following short-term (3 days) airway
exposure to PBS (control) or 100 wg/m® LFS PM, daily equivalent. mRNA expression of (D) Nppa, (E) Myh?7,
(F) Cat, (G) Sod1, (H) Sodz, (I) 116, (J) Tnfa, and (K) //18 in cardiac homogenates from mice administered
intranasally with PBS (control), 25 pg/m® LFS PM,, daily equivalent, or 100 wg/m? LFS PM;, daily equivalent
for 3 days. (L) Human cardiomyocyte cell viability in response to increasing concentrations of LFS PM,, after
72 hours. Paired ttests were performed for (A-C) (before vs after LFS PM,q airway exposure). For (D-K), un-
paired t tests were performed (PBS vs 25 ng/m® or 100 wg/m® LFS PM1). n = 8/group. Data presented as
mean = SEM. *P < .05, ***P < .001. ns, Not significant.
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Newcastle region, which experienced low to moderate LFS PM,
levels compared with other parts of the state during the 2019-2020
period. We show that exposure of the airway to LFS PM; (low or
moderate, short-term or long-term, and/or 2 different types of LES
PM,p) induces increased AHR to a similar magnitude. Impor-
tantly, while we show that LFS PM from fuel source 1 and fuel
source 2 have differing elemental and chemical composition,
inhalation of LFS PM,, from both fuel sources produces nearly
identical pathophysiologic outcomes. Therefore, our data suggest
that while the physicochemical properties of LES PM may vary
for different fires and locations, the pathophysiologic effects pro-
duced in the lungs may be similar.

Interestingly, we show that that LFS PM,¢—induced increased
AHR is independent of overt inflammatory processes in the lungs
or airway or structural changes in the lungs. We show decreased
116 and Cxcl1/KC gene expression in lung homogenates concom-
itant with no changes in protein levels in the BAL fluid, high-
lighting a potential disconnect between gene and protein
expression and inflammatory cell recruitment following airway
exposure to LFS PM . PM derived from different sources varies
in terms of chemical and elemental composition, which likely ex-
plains the disconnect between inflammation profiles in our
models compared with previous studies.”’ Nevertheless, and in
support of our findings, AHR can exist in the absence of a proin-
flammatory profile and has been attributed to epithelial dysfunc-
tion, altered expression of contractile proteins (increased ratio of
F-actin to G-actin), and changes in myosin isoforms and/or
myosin light chain kinases.'®*>* Whether these are altered in
our models and contribute to AHR is yet to be determined, but
may provide important avenues for future therapeutic targets.

Calcium signaling pathways associated with smooth muscle
contraction have been shown to be affected by respiratory stimuli,
such as OVA and cigarette smoke.'”***! In the absence of a
robust inflammatory profile and structural changes that are typi-
cally associated with AHR, we next assessed the role of calcium
signaling pathways in PCLS from LFS PM;, mice. Interestingly,
we show that the effects of increased contractility to methacholine
in vivo are maintained in PCLS obtained from LFS PM,, mice,
suggesting that LFS PM,, airway exposure induces changes to
airway smooth muscle and not changes in lung structure. In un-
treated PCLS, methacholine contraction has been shown to be
associated with increases in calcium oscillations and sensitivity.”'
To assess the contribution of calcium sensitivity to altered
contraction following LFS PM, airway exposure, we measured
reactivity to methacholine in PCLS treated with caffeine and rya-
nodine to empty the intracellular calcium stores and lock ryano-
dine receptors in an open state.*' Similar to previous studies,
caffeine/ryanodine treatment had no effect on the potency or
maximum contraction to methacholine in PCLS from control
mice.*! However, in PCLS from LFS PM,, mice, contraction to
methacholine was reduced following caffeine/ryanodine treat-
ment, suggesting that the increased contraction to methacholine
following LFS PM,, airway exposure is, in part, driven by cal-
cium oscillations. Calcium oscillations in airway smooth muscle
are primarily medlated through inositol trisphosphate and ryano-
dine receptors * however, whether levels of these receptors in
the airway are altered following LFS exposure remains to be
determined and may also provide additional avenues for future
therapeutic targets. While the direct mechanisms of how LFS
PM, alters calcium oscillations remain to be fully elucidated,
it is possible that LFS PM |, could be binding to calcium channels
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(eg, IP3R, RyR, SERCA) on the sarcoplasmic reticulum and
altering opening time/calcium release in the presence of a stim-
ulus such as methacholine. Cigarette smoke extract—treated hu-
man airway smooth muscle cells can enhance store-operated
Ca** entry and increased expression of Orail and STIMI,*
which may be another possible mechanism of LFS-induced
AHR. Together, our PCLS and in vivo data show that LFS alone
can increase AHR due to changes in calcium oscillation pathways
and independent of inflammation. Furthermore, in LFS+DEX-
treated mice, AHR is likely due to changes in both calcium
oscillation and calcium sensitivity signaling pathways. To our
knowledge, no studies to date have assessed DEX treatment on
calcium sensitivity pathways in airway smooth muscle; however,
DEX has been shown to increase RhoA/Rho-associated kinase
pathways in Schlemm canal endothelial cells and protein kinase
C in brain tissue, highlighting the possibility that DEX increases
calcium sensitivity pathways.*®*’ Further studies using specific
airway smooth muscle—targeted knockdown of components of
the calcium oscillation and signaling pathways to decipher the
roles of LFS in the absence and presence of DEX are warranted.

Our data also uncovered a decrease in gas exchange following
long-term (14 days) low- and moderate-concentration LFS PM,
airway exposure, which has important health ramifications, espe-
cially for individuals with preexisting conditions and may explain
the increase in emergency department presentations and hospital-
ization admissions for respiratory conditions such as asthma® and
cardiovascular conditions such as myocardial infarctions, heart
failure, and arrhythmias during the landscape fire season.*®*
We observed this impaired lung function independent of changes
in alveolar size, suggesting that long-term airway exposure to
LFS PM, (regardless of concentration) can impair gas exchange
at the functional level preceding the onset of emphysema-like
alveolar destruction.'”

AHR is an important hallmark feature of asthma, and patients
with asthma are disproportionately affected by LFS compared
with individuals without asthma.”* We show that LFS PM;,
airway exposure in experimental asthma changes the phenotype
and severity of asthma and results in a non—type 2 dominant,
steroid-insensitive model of asthma with increased AHR. This
has important ramifications for patients with asthma, as it sug-
gests that prescribed corticosteroid medication may be inefficient
at controlling underlying inflammation and disease symptoms
and may need to be increased, or new therapies, management stra-
tegies, and avoidance strategies may need to be identified and
applied during landscape fire events.

Pollution from landscape fires is associated with increased
cardiac-associated emergency department presentations and ad-
missions’; however, the direct effects and mechanisms underlying
this association are less well understood. In our study, mice with
short-term/moderate LFS PM;, airway exposure exhibited
impaired cardiac function, as seen by a decrease in LV ejection frac-
tion (approximately 10% from baseline), fractional shortening (P =
.064), and concomitant thinning of cardiac walls. These findings are
consistent with previous human studies™’ >~ and animal models of
air pollution—induced cardiovascular diseases.”*>® While we
show decreased cell viability in HCMs exposed to LFS PM,, the
underlying mechanism is not fully understood, and the activation
of aryl hydrocarbon receptor by PAHs and other organic com-
pounds inherent to real-world PM is a likely cause. PAHs induce
reactive oxygen species production, increased matrix metallopro-
teinase activity, and actin reorganization in rat aortic vascular
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smooth muscle cells.”’” Furthermore, a short-term exposure (48
hours) to PM, 5 caused an increase in oxidative stress, dysregulated
conduction activity, and beat period irregularity in cardiomyocytes
derived from human inducible pluripotent stem cells.” Interest-
ingly, diesel-derived PM, 5 exposure increased reactive oxygen
species production and led to suppression of Ca?* homeostasis
and disintegration of mitochondrial cristae in HL-1 mouse cardio-
myocyte cell lines.””

Our findings agree with those of others who have shown that
LES causes lung function decline in adult nonhuman primates
exposed in early life and that LFS PM may result in a suppression
in inflammatory processes.®”®' Specifically, in the study by Black
et al.%' rhesus macaque monkeys were exposed to wildfire smoke
in early life. At 3 years of age, wildfire smoke—exposed monkeys
displayed significantly reduced lung function per unit of body
weight relative to control animals, and PBMCs collected from
wildfire-exposed animals had a reduced ability to respond to
LPS-induced inflammatory events.”' Furthermore, in the study
by Hamon et al,®” THP-1 monocytic cells were exposed to LFS
particulates (submerged) resulting in decreased IP-10, MCP-1,
MIP-1ae and MIP-1f3 protein along with decreased phagocytic
and efferocytic function.

Our observed LFS PM p—induced cardiomyopathy-like pheno-
type was also associated with increased Nppa and reduced Myh?7.
NPPA is released by cardiomyocytes in response to cardiac stress
events and is an important biomarker for congenital heart de-
fects,” and myocardial chamber differentiation and mutations
in Myh7 are associated with structural abnormalities of cardiac
muscle that can lead to cardiomyopathy.(’3 In addition, we show
a significant reduction of the critical endogenous antioxidants
Sodl, Sod2, and Cat in response to LFS PM,, airway exposure,
suggesting that oxidative stress may be contributing to features
of cardiomyopathy.®*

Our study is the first to show a causal link between LFS PM,,
airway exposure and cardiac dysfunction, and, importantly, our
findings were observed after only 3 days of daily LFS PM,,
airway exposure. Future studies assessing the effects of long-
term LFS PM;q airway exposure on cardiac function and in the
presence of existing cardiovascular and metabolic diseases are
warranted.

Our pipeline provides for vegetation-specific LFS PM;, gener-
ation and allows for assessing the effects that LFS PM;, has on
mouse models of short- and long-term, low- and moderate-
concentration airway exposure in a reproducible manner. Given
the reproducibility of results following exposures, this model
can be used as a platform for assessing mechanisms following
exposure to LFS PM from different fuel sources and geographical
locations and testing novel therapies. Importantly, our platform
can be adapted to model different fuel loads and sources, types
of vegetation, and burn conditions in a geography-specific
manner and inform how different levels of LFS airway exposure
affect the lung and heart. We have focused on LFS PM effects on
respiratory and cardiovascular outcomes in this study; however,
based on our findings, we anticipate additional systemic effects
in the gastrointestinal tract and brain following LFS PM, airway
exposure, which provide additional future avenues of research
beyond the scope of our study. Our data also suggest that targeting
airway smooth muscle and/or oxidative stress pathways may pro-
vide novel strategies for the prevention and/or treatment of respi-
ratory and/or cardiovascular disease following inhalation of LFS
PM,,, following landscape fire events.
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Key messages

o The authors developed a highly representative platform
for investigating the mechanisms that underpin landscape
fire PM inhalation on respiratory and cardiovascular dis-
ease outcomes.

Inhalation results in AHR and steroid insensitivity in

experimental asthma that are independent of significant
changes in airway inflammation as well as decreased car-
diac function.

These data suggest that targeting airway smooth muscle
and/or oxidative stress pathways may provide novel stra-
tegies for the prevention and/or treatment of respiratory
and/or cardiovascular disease landscape fire PM.
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METHODS
Assessing heavy metal content in LFS PM,,

The metal(loid) concentration of LFS PM;, concentrate was
assessed using ICP-MS as previous described.”"""> Roughly
0.5 g of the sample was weighed in triplicates and digested using
a microwave-assisted digestion system (MARS 6; CEM Corp,
Matthews, NC) in 5 mL of Aqua Regia (HNOj3 and HCI, 1:3) until
a clear solution was formed. The resultant mixture was then
diluted to 50 mL using deionized water and passed through a
0.25-pm syringe filter. The filtrate was then used to analyze the
metal(loid) concentration using ICP-MS (Agilent 7500ce; Agi-
lent Technologies, Inc, Santa Clara, Calif) coupled with an Octo-
pole Reaction System for multielemental analysis. Commercially
available standard metal solutions were used as internal standards
to calculate the %recovery.

Assessing abundance of polycyclic aromatic
hydrocarbons in LFS PM,,

The qualitative and quantitative analysis of PAHs in LES PM,,
concentrate was performed using GC-MS. First, the extraction of
PAHs from LFS solution was conducted using standard liquid-
liquid extraction, where 1 mL of the extract was mixed with
10 mL of analytical grade hexane in closed glass vials and al-
lowed to incubate on a rotary shaker for 20 minutes, the upper sol-
vent layer was carefully removed, and the aqueous layer was
further washed with 10 mL of hexane in 3 consecutive steps
(10 mL each). Then, the combined extracts (30 mL) were further
concentrated to 1 mL in a temperature-controlled water bath oper-
ated at 40°C under N,. The concentrated samples were analyzed
twice (separate aliquots) in triplicate using an Agilent 7010A
(Agilent Technologies, Inc) triple quadrupole system fitted with
a HP-5ms column, under specific operating conditions.

Calculation of human relevant LFS PM,, inhalation
levels

Air quality measuring data were obtained from the New South
Wales Department of Planning and Environment"™” for several lo-
cations along the southeastern coast of Australia. For a period in
December 2019, the average daily PM;, exposure concentrations
were determined to be 25 pg/m’® averaged over 14 days and
100 p,g/m3 averaged over 3 days. We consider these concentra-
tions and durations of exposure to be representative of those expe-
rienced at various locations throughout the state.

Daily human PM;, exposure was determined for an average
Australian woman by multiplying the aforementioned daily
PM,, inhalation concentrations of either 25 wg/m® (0.025 wg/
L) or 100 p,g/m3 (0.1 pg/L) and total tidal volume (L/day). Total
tidal volume (L/day) was calculated by multiplying the average
tidal volume value of 8 mL/kg/breath (0.008 L/kg/breath),”" the
average weight of an Australian woman of 71.1 kg,™ average
breathing rate (20 breaths/minute), and 1440 minutes/day. Daily
human (71.1 kg) PM,( inhalation concentrations were normalized
to mouse (0.02 kg) equivalent doses based on weight to determine
representative human-relevant, mouse-normalized concentra-
tions for LFS PM,, exposure models.

Alveolar enlargement
Formalin-fixed paraffin-embedded lungs were sectioned
(5 pm) and stained with hemoxylin and eosin. A minimum of
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10 random parenchymal images (no airway or blood vessels pre-
sent) were overlayed with 11 lines, and mean linear intercept
counts or point counts for destructive index were conducted as
previously described.

Collagen deposition around small airway

Collagen surrounding small airway was assessed using Sirius
Red/Fast Green counterstained lung sections, whereby 6 light
micrographs of small airway taken at 40X magnification were
randomly selected per mouse, and total collagen area was manu-
ally outlined and calculated per pwm of basement membrane
length using ImagelJ software version 1.52a (National Institutes
of Health, Bethesda, Md).

Airway contractility

Following 3 days of inhalation of LFS PM,q or PBS (control),
mice were euthanized on day 4. PCLS were prepared as previ-
ously described."*"'” Briefly, trachea were cannulated and lungs
inflated with 2% low melting point agarose (Invitrogen, Life
Technologies, Scoresby, Victoria, Australia) in sterile Hanks’
Balanced Salt Solution (sHBSS; Life Technologies) supple-
mented with 40 mM HEPES. Lungs were cooled (20 minutes,
4°C) to solidify the agarose, and sections were cut (150 pm) using
a Compresstome vibrating microtome (Precisionary Instruments,
Greenville, NC) and incubated overnight in Dulbecco modified
Eagle medium supplemented with 1% penicillin-streptomycin
(37°C, 5% CO,). Each PCLS was mounted in a custom-built
perfusion chamber and perfused with sHBSS and with increasing
concentrations of methacholine (0.1-100 uM in sHBSS). Sepa-
rate PCLS were exposed to caffeine (20 mM; Sigma-Aldrich)
and ryanodine (50 mM; Sigma-Aldrich) to clamp intracellular
calcium ([Ca21]i) at a sustained high level as previously descri-
bed."'! Before treatment with increasing concentrations of
methacholine (0.1-100 pM in sHBSS), digital images of airway
(180-300 wm in diameter) were recorded in time lapse (0.5 Hz)
using a phase contrast inverted microscope (Eclipse Ti-U; Nikon
Instruments, Melville, NY) with a charge-coupled device camera
(TM-62EX Pulnix; Adept Turnkey, Brookvale, New South Wales,
Australia). Images were then analyzed using image acquisition
software (Video Savant; IO Industries, Inc, London, Ontario,
Canada). Airway lumen area in each image was calculated by
pixel summation by defining a grayscale threshold. Data are pre-
sented as mean = SEM and normalized to the initial airway lumen
area. Cilia beat frequencies were measured using 600 images re-
corded at 300 frames per second as previously described.”'”
Changes in the gray intensity of the image that result from cilia
movement were analyzed by selecting a line scan of 3 pixels
and counting the number of oscillations over the 2-second
recording. Cilia beat frequencies (Hz) were calculated by dividing
the number of oscillations/second. Data are presented as mean =
SEM.

Primary human cardiomyocyte cultures

Primary Human Cardiac Myocytes (HCM) were purchased
from PromoCell (Heidelberg, Germany) and cultured according
to manufacturer’s instructions using PromoCell Myocyte growth
media (5% [vol/vol] fetal calf serum, 0.5 ng/mL recombinant
human epidermal growth factor, 2 ng/mL recombinant human
basic fibroblast growth factor, 5 pg/mL recombinant human
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insulin) supplemented with 1% (vol/vol) Penicillin-
Streptomycin [Sigma-Aldrich]). Briefly, 1 X 10° HCM were
seeded and grown in Corning T75 flasks (Sigma-Aldrich) in an
incubator at 37°C under 5% CO, conditions. At 80% to 90% con-
fluency, HCM were gently detached using the DetachKit (Pro-
moCell), collected into Corning 50-mL centrifuge tubes
(Sigma-Aldrich), and centrifuged at 300g for 10 minutes at
room temperature. The resulting supernatant were discarded,
and the HCM pellet was resuspended with 5 to 10 mL of pre-
warmed Myocyte Growth Medium (PromoCell, Heidelberg,
Germany). Total viable cells were enumerated with Invitrogen
Countess Automated Cell Counter (Thermo Fisher Scientific,
New South Wales, Australia) and 1 X 10° live HCM were seeded
in triplicate into Corning 96-well white polystyrene microplate
(Sigma-Aldrich). Seeded HCM were incubated in an incubator
at 37°C under 5% CO, conditions overnight before LFS PM;,
exposure (day —1).

Neat LFS PM,, was serially diluted (%vol/vol) in serum-
starved myocyte growth medium (0.5% fetal calf serum) (#C-
22170; PromoCell) to the following concentrations: 10%, 5%,
3%, 2.5%, 2%, 1.5%, 1.25%, 1%, 0.75%, 0.5%, and 0% (PBS;
vehicle). Serially diluted LFS PM,, was then added to wells (trip-
licates per concentrations) and incubated in an incubator at 37°C
under 5% CO, conditions for up to 72 hours. For each day, the cul-
ture media were replaced with fresh serially diluted LES PM .
After 72 hours (3 days), HCM were assessed for viability using
the CellTiter-Glo Luminescent Cell Viability Assay (#G7571;
Promega Corp, Madison, Wis) according to manufacturer’s rec-
ommendations. Luminescence was measured using the BioTek
Cytation 3 Cell Imaging Multimode Reader (Agilent Technolo-
gies, Inc).
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FIG E1. Experimental protocols for investigation of LFS PM,, airway exposure. (A) Model of short-term/low
and moderate LFS PM,, airway exposure. Mice were intranasally administered PBS (control), 25 pg/m® LFS
PM,, (daily equivalent), or 100 ug/m? LFS PM,, (daily equivalent) daily for 3 days. (B) Model of long-term/
low and moderate LFS PM,, airway exposure. Mice were administered intranasally with PBS (control),
25 ug/m® LFS PM, (daily equivalent), or 100 ng/m® LFS PMy, (daily equivalent) for 14 days. (C) Model of
short-term and moderate LFS PM, airway exposure with DEX treatment. Mice were intranasally adminis-
tered PBS (control) or 100 wg/m?® LFS PM,, (daily equivalent) with or without DEX treatment daily for 3 days.
(D) Model of short-term/moderate and long-term/low LFS PM,, airway exposure on OVA-induced allergic
airway disease. Mice were intraperitoneally sensitized to OVA (day 0), and allergic airway disease was
induced by intranasal OVA challenge (days 12, 13) followed by re-challenge (days 33, 34). Nonallergic con-
trols were sham-sensitized with saline. Steroid responses were assessed by intranasal treatment with DEX
(days 32-34). Some groups were administered with 100 wg/m? (daily equivalent) short-term/moderate LFS
PM, (days 32-34), 25 wg/m? (daily equivalent) long-term/low concentration LFS PM,, (days 21-34), or PBS
(control). (E) Model of short-term/moderate LFS PM;, airway exposure (A). Echocardiography measures
were obtained before mice were administered intranasally with PBS (control) or 100 ug/m® LFS PM,, (daily
equivalent) for 3 days. A second echocardiography measure was obtained before end point. i.n., Intranasal;
i.p., intraperitoneal.
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FIG E2. Lung structure, baseline lung function, and gene expression were measured in short- and long-term
models of LFS exposure. In a model of short-term LFS PM,, airway exposure, AHR was measured in terms
of (A) central airway resistance (percentage change from baseline) and (B) transpulmonary resistance (per-
centage change from baseline). Baseline lung function was measured in terms of (C) transpulmonary resis-
tance, (D) central airway resistance, (E) compliance, and (F) inspiratory capacity. mRNA expression of (G)
Mucbac and (H) Tgf3 was measured in whole lung homogenate. Changes in lung structure were measured
in terms of (l) collagen deposition around the small airway. Cells were isolated from BAL of short-term,
moderate LFS PM,, airway exposure mice, and mRNA expression of (J) //6, (K) Cxcl1/KC, (L) 1118, and (M)
Tnfa was assessed. In a model of long-term LFS PM,, airway exposure, AHR was measured in terms of
(N) central airway resistance (percentage change from baseline) and (O) transpulmonary resistance (per-
centage change from baseline). Baseline lung function was measured in terms of (P) transpulmonary resis-
tance, (Q) central airway resistance, (R) compliance, and (S) inspiratory capacity. mRNA expression of (T)
Mucbac and (U) TgfB was measured in whole lung homogenate. Changes in lung structure were measured
in terms of (V) collagen deposition around the small airway. Unpaired t test was performed on LFS PM,
groups compared with controls. AHR data were assessed using 2-way ANOVA with Tukey post hoc test.
n = 5-6/group. Data presented as mean = SEM. *P < .05, **P < .01, ***P < .001, ****P < .0001.
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FIG E3. AHR, baseline lung function, and inflammation were measured in short- and long-term models of
LFS exposure from a second sample (fuel source 2) LFS PM;,. In a model of short-term LFS PM;, airways
exposure, AHR was measured in terms of (A) transpulmonary resistance and transpulmonary resistance
(percentage change from baseline) and (B) central airway resistance and central airway resistance (percent-
age change from baseline). Baseline lung function was measured in terms of (C) inspiratory capacity, (D)
transpulmonary resistance, and (E) central airway resistance. Inflammatory cells were measured in BAL
in terms of (F) total leukocytes, (G) macrophages, (H) neutrophils, and (I) lymphocytes. In a model of
long-term LFS PM,, airways exposure, AHR was measured in terms of (J) transpulmonary resistance and
transpulmonary resistance (percentage change from baseline) and (K) central airway resistance and central
airway resistance (percentage change from baseline). Baseline lung function was measured in terms of (L)
inspiratory capacity, (M) transpulmonary resistance, and (N) central airway resistance. Inflammatory cells
were measured in BAL in terms of (O) total leukocytes, (P) macrophages, (Q) neutrophils, and (R) lympho-
cytes. Unpaired ttest was performed on LFS PM;o groups compared with controls. AHR data were assessed
using 2-way ANOVA with Tukey post hoc test. n = 5-6/group. Data presented as mean = SEM. **P < .01,
**%P < .001, ¥****P < .0001.
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TABLE E1. SYBR Green primer sequences for gene expression studies

GOMEZ ET AL 221.e6

Gene

Forward (5’ — 3’)

Reverse (5' — 3')

Hprt
Ppia
Ahr

Cat
1B

14

1i6
Cxcll/KC
113
MucSac
Myh7
Nppa
Sodl
Sod2
TefB
Tnfa

GCAGTTGTGTCACCATCATCTGTG
GGCAAATGCTGGACCAAAC
CACATCCGCATGATTAAGAC
CTCCATCAGGTTTCTITTCTTG
TGGGATCCTCTCCAGCCAAGC
CTGGATTCATCGATAAGCTG

AGAAAACAATCTGAAACTTCCAGAGAT

AAGGAAGTGATAGCAGTCCCAAA
AGACTCCCCTGTGCAACGGCA
GCAGTTGTGTCACCATCATCTGTG
GATGATCTATACCTACTCGGG
GAGAGAAAGAAACCAGAGTG
CACTCTAAGAAACATGGTGG
CCATTTTCTGGACAAACCTG
CCCGAAGCGGACTACTATGCTA
TCTGTCTACTGAACTTCGGGGTGA

GGGGCAGTCTTGACTAACCCTCTT
CATTCCTGGACCCAAAACG
TACTTCGCTTCTGTAAATGC
CAACAGGCAAGTTTTTGATG
AGCCCTTCATCTTTTGGGGTCCG
TTTGCATGATGCTCTTTAGG
GAAGACCAGAGGAAATTTTCAATAGG
GCCAACAGTAGCCTTCACCC
GGAGACCGTAGTGGGGGCCTT
GGGGCAGTCTTGACTAACCCTCTT
TGATGAGGATGGACTGATTC
GTCTAGCAGGTTCTTGAAATC
GATCACACGATCTTCAATGG
GACCTTGCTCCTTATTGAAG
GGTAACGCCAGGAATTGTTGCTAT
TTGTCTTTGAGATCCATGCCGTT
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