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TgF344-AD rats that overexpress human AD risk genes were
exposed for 3 months to TRAP drawn directly from a major
freeway tunnel in Northern California, USA and delivered in real-
time to animals housed in an exposure facility adjacent to the tunnel. Animals were exposed to filtered air, unfractionated TRAP
(PM + Gas), or TRAP fractionated into PM-only or gas-only in the emissions of either a combination of light- and heavy-duty
vehicles (LDV + HDV) or LDV-only. Our assessment of inflammatory mediators in the plasma and lung revealed sex- and
component-specific TRAP effects. Overall, TgF344-AD females developed type 1 systemic inflammation in response to PM(LDV +
HDV), while TgF344-AD males developed pulmonary type 1 inflammation and exhibited stronger type 2 adaptations, largely driven
by exposure to Gas(LDV + HDV). Transgenic males had substantial increases in circulating HMGB1, but unchanged pulmonary
HMGBI, across all TRAP exposures, whereas transgenic females had no changes in circulating HMGB1 but elevated pulmonary
HMGBI in the PM + Gas(LDV + HDV) group. While we expected synergistic or additive effects of PM and gas components on
biological outcomes, we observed distinct inflammatory profiles for each component. Exposure to PM or gas fractions of TRAP
induced more robust biological responses than the combined exposure to PM + Gas. These findings highlight the importance of
studying the interactions of emission source-, pollutant type-effects of TRAP by sex on inflammation to understand multi-organ
responses.

Severe pulmonary inflammation

Mild pulmonary inflammation (Type 182)

KEYWORDS: traffic-related air pollution, PM, gas vapor, pulmonary inflammation, systemic inflammation, cytokines,
chronic inhalation exposure

B INTRODUCTION

Many experimental animal studies support these associations,

Epidemiologic and experimental studies have linked air
pollution to negative health outcomes in the respiratory and

;2

cardiovascular systems."”” More recently, epidemiologic
evidence has reported associations between air pollution and
other organ systems, including the brain, kidney, and gut
microbiome.’ ™ In particular, increased risk of Alzheimer’s
disease (AD) and related dementias has been strongly
associated with higher levels of air pollution in multiple

R . . 3,67
epidemiologic studies across large and diverse cohorts.™
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demonstrating that TRAP exacerbated Alzheimer’s pheno-
types, such as amyloid deposition, blood—brain barrier (BBB)
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Table 1. Exposure Groups”

exposure group TRAP component
1 FA N/A
2 PM + Gas(LDV + HDV) PM + Gas
3 Gas(LDV + HDV) gas
4 PM(LDV + HDV) PM
S PM + Gas(LDV) PM + Gas
6 PM(LDV) PM

air source sex exposure # analysis n
air around the facility F, M 9 per sex 4—9 per sex
bore 1 (LDV + HDV) F,M 9 per sex 4—9 per sex
bore 1 (LDV + HDV) F,M 9 per sex 4—9 per sex
bore 1 (LDV + HDV) F,M 9 per sex 4-9 per sex
bore 2 (LDV-only) F, M 9 per sex 4—9 per sex
bore 2 (LDV-only) F, M 9 per sex 4—9 per sex

“Analysis n after exclusion of statistical outliers, the sample size used for analyses ranged from n = 4—9 per group per sex, depending on the

outcome.

impairment, and glial activation in rodents following acute and
chronic exposures to resuspended, laboratory generated, or
real-world PM extracts or air pollutants.”*~"' However, the
question of whether chronic human-relevant exposures to air
pollution promote AD-relevant neurological outcomes and the
mechanisms underlying these associations have not yet been
elucidated. The lung—brain axis hypothesis'> has prompted
animal studies to investigate mediating factors connecting air
pollution effects on the lung to adverse brain outcomes.
However, the complex inflammatory crosstalk between the
lung, circulatory system, and brain, which may be strongly sex-
dependent, remains poorly understood.

Air pollution is a complex mixture of particulate matter
(PM) and gases. PM exists in various size fractions ranging
from ultrafine (particle diameter D, < 100 nmy; PM,;) to fine
(D, < 2.5 ym; PM, 5) and coarse mode (2.5 ym < D, < 10 ym;
PM,), and it is composed of myriad chemical constituents like
metals, inorganic salts, black carbon, and organic compounds.
Traffic-related air pollution (TRAP) is one of the most well-
characterized and frequently encountered types of air pollution
in urban areas, especially by those who live or work near
roadways and experience daily commuter or drayage traffic."”
TRAP is a mixture of PM and gases emitted from gasoline-
powered light-duty vehicles (LDV), diesel-powered heavy-duty
vehicles (HDV), non-combustion derived tire, brake and
engine wear, and resuspended road dust, which all vary widely
in physiochemical composition. TRAP-derived gases include
nitrogen oxides (NO,), sulfur dioxide (SO,), volatile and semi-
volatile organic compounds (VOCs/SVOCs) like benzene and
polycyclic aromatic hydrocarbons (PAHs), and carbon
monoxide (CO). Due to the heterogenous nature of TRAP,
the contributions of specific TRAP components to biological
outcomes remain unclear. Many paradigms tested in
experimental studies exposed animals to variations of
concentrated PM generated in the laboratory or by
concentrated ambient particle (CAP)” systems, which collect
and concentrate real-world PM and may exclude or change
gaseous vapor compositions. While these paradigms allow
investigation of exposures to high concentrations of single
sources or components, the importance of using more real-
world-representative mixtures of air pollutants'®'"'* has
grown as air pollution dynamics rapidly shift due to changing
weather and climate patterns, altered vehicle fleet mixtures,
traffic patterns and fuel formulations, and new emission control
technologies and regulatory policies, as well as the presence of
co-stressors like noise and vibration. Moreover, studies have
shown that chronic exposures to ambient levels of air pollution
can trigger biological responses that differ from acute
exposures (reviewed in3).

To address these data gaps, we exposed TgF344-AD rats, a
model that expresses human risk genes for early onset AD, to

realistic temporal dynamics, duration, concentrations, and
compositions of TRAP that humans experience in near-
roadway environments and during commutes.'> Building on a
previous study that showed the strongest phenotypes of TRAP
effects on the time-to-onset and overall burden of amyloid
plaques and neuronal cell loss in TgF344-AD rats'’ but not in
wild-type rats, we aimed to examine the contributions of
different TRAP components to pulmonary and systemic
inflammatory responses, which may promote neuroinflamma-
tion and AD pathogenesis via the lung—brain axis. Because
wild-type rats do not develop amyloid pathologies, a
distinguishing clinical hallmark of AD, even in response to
TRAP, we focused on the TgF344-AD rats in this study.
Specifically, we compared the combined and separate impacts
of PM and gases from LDV or a mix of LDV + HDV exhausts
by leveraging the Caldecott Tunnel Exposure Facility (CTEF),
which allows real-world exposure to traffic emissions directly
drawn from a major highway tunnel. In addition, we
investigated the sensitivity of peripheral inflammatory
responses to different TRAP components by sex. We
hypothesized that the combined exposure to a broad mixture
of all the TRAP components (PM + gas from LDV + HDV)
induces the most severe and synchronous inflammation across
the respiratory and circulatory systems, demonstrating
synergistic or additive effects of PM and gas constituents
derived from mixed traffic including gasoline and diesel
emissions. Identifying how different TRAP components
distinctly drive specific peripheral inflammation can aid in
the implementation of more targeted health interventions and
community-level prevention to reduce both neurological and
respiratory health burdens in susceptible populations.

B METHODS

Animal Breeding

All animal procedures followed the Animal Research: Reporting of In
Vivo Experiments (ARRIVE) guidelines and were approved by the
University of California, Davis (UC Davis) Institutional Animal Care
and Use Committee (IACUC, protocol #23921). Transgenic
TgF344-AD rats that express human mutant amyloid precursor
protein (APPSW) and mutant presenilin 1 (PSIAE9) on a Fischer-
344 strain background were bred at UC Davis as previously
described.'” Briefly, hemizygous TgF344-AD males were bred with
Fischer-344 wild-type females. Newborn pups were marked with
unique tattoos on their paws using an animal tattoo ink (329AA,
Ketchum Manufacturing Inc.) between postnatal day (PND) 2-4, tail-
clipped between PND 7-10 for genotyping, and weaned on PND 21.
A total of 976 wild-type and transgenic animals were generated for the
original study, encompassing exposure durations of 3, 8, 11, and 14
months, of which 432 TgF344-AD rats with confirmed transgenic
genotypes were selected for the study. At each timepoint, a subset of
108 TgF344-AD rats (54 females and 54 males) was collected and
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Figure 1. Experimental timeline, exposure paradigm, and lung sample processing workflow. (A,B) Male and female TgF344-AD rats were bred and
genotyped at UC Davis between postnatal days (PND) 7-10, then transported to the Caldecott Tunnel Exposure Facility (CTEF) at 1 month of
age. At the exposure facility, animals were randomly divided into one of the 6 exposure groups: filtered air (FA) control, gas only, particulate matter
(PM) only, or both gas and PM. These emissions were collected from tunnel bore 1 that allowed both light- and heavy-duty vehicles (LDV +
HDV) or tunnel bore 2 that allowed LDV only and animals received continuous exposure while in the exposure facility. After 3 months of exposure,
animals were brought back to UC Davis where lungs and blood were collected at 1-, 2-, 3-, or 4 days (d) post-exposure. (C) During necropsy, right
and left lung lobes were ligated and separated for different end points, including bronchoalveolar lavage (BAL) fluid collection, gene and protein
extractions, and histopathology. Paraformaldehyde-fixed left lung lobes were further dissected into 3 portions to expose the airway for H&E
histopathology assessment.

analyzed. This report describes data generated from the subset of
animals exposed for 3 months of duration.

Animal Exposure

On PND 28, female and male TgF344-AD rats were transported to
the CTEF, an IACUC-approved vivarium and exposure facility
immediately adjacent to a major freeway tunnel in Oakland,
California, USA. As previously described,'”'® TRAP emissions were
directly drawn from the tunnel bores and delivered in real-time to the
rats housed in whole-body exposure chambers. Emissions from tunnel
bore 1, which allows both LDV + HDV, or bore 2, which is open to
only LDV, were delivered to rats unfractionated (PM + Gas) or
fractionated into PM only or gas only prior to being delivered to
exposure chambers. Control animals were also housed at the CTEF,
and thus experienced the same levels of traffic noise and vibration, but
these animals were exposed to filtered air (FA) delivered to the
exposure chamber after removal of VOCs and PM using activated
carbon and ultrahigh-efficiency particle filtration, respectively.'®

Animals were randomly assigned to one of the 6 different exposure
groups (Table 1) using a Microsoft Excel (Microsoft Corporation;
Redmond, WA, USA) random number generator. The exposure
chambers in the CTEF were controlled to maintain temperature at
20—26 °C, and animals were exposed to a 12:12 (h/h) light—dark
cycle. Same sex animals within the same exposure group were housed
3 per cage with food (2018 Teklad Global 18% Protein Rodent Diets,
Envigo Global Services, Inc.; Denver, PA, USA) and filtered water
provided ad libitum. Daily animal monitoring and weekly cage
changes were performed, and daily levels of humidity, temperature,
traffic volume, PM concentration, and noise in the exposure vivarium
were monitored and recorded. The initial sample size for exposure
was n = 9 per exposure group per sex, and n = 4—9 after sample
processing and exclusion of statistical outliers. The N is indicated in
each figure legend.
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Characterization of PM in TRAP

PM in bore 1 (LDV + HDV) and bore 2 (LDV) of the tunnel was
measured as previously described.'® Briefly, real-time particle mass
concentrations and size distributions of PM,;, PM,, PM,;, PM,,
PM,,, and total suspended particle (TSP) were continuously
measured every 1 s (s) using an optical particle counter (DustTrak
model 8533 DRX; TSI Inc.; Shoreview, MN, USA) and every 3 min
(min) using a scanning mobility particle sizer (model 3938; TSI Inc,;
Shoreview, MN, USA), respectively. While data for each metric were
pooled across the final 11 months of the original 14 month study
period, the data are representative of the study period within the
reported variances based on historical trends from data collected at
the CTEF over the last eight years.'”' "'

Endotoxin levels in extracts of PM filter samples were measured
using a Pierce Chromogenic Endotoxin Quant Kit (A39552, Thermo
Fisher Scientific; Carlsbad, CA, USA) following the manufacturer’s
instructions (see the Supporting Information Methods for assay
details). All procedures were performed using sterile materials and
standard aseptic techniques. Measured endotoxin concentrations
(EU/mL) were normalized to the total volume of air sampled through
the filters and then corrected for the extraction efficiency, defined as
the mass of PM extracted for analysis relative to the total mass of PM
sampled, to calculate the final airborne endotoxin concentration
reported in the unit of EU/m>.

Animal Necropsy. After 3 months of exposure, animals (n = 108)
were transported back to UC Davis and habituated in an animal
holding room overnight prior to necropsy. Due to logistical challenges
of euthanizing all the animals at one time, animal necropsy was spread
across 4 days (d) post-exposure. Females were euthanized over 1 and
2 d post-exposure; males, over 3 and 4 d post-exposure (Figure 1).
Same-sex animals from different exposure groups were distributed
across the two different collection days. Animals were anesthetized
with aerosolized 5% isoflurane (Isospire, Dechra; Northwich, United
angdom) in oxygen delivered at a rate of 1.5 L/min. Whole blood
was collected via cardiac puncture into EDTA-plasma tubes (366643,
BD Vacutainer; Broken Bow, NE, USA) and SST-serum tubes
(367989, BD Vacutainer; Broken Bow, NE, USA). For plasma, whole
blood in EDTA-plasma tubes was centrifuged at 2000g for 15 min at 4
°C, and for serum, whole blood in SST-serum tubes was centrifuged
at the same setting after 30 min incubation at room temperature. Rats
were transcardially perfused with 200 mL of cold 0.1 mol/L
phosphate-buffered saline (PBS; pH 7.2) at a rate of 15 mL/min
using a Masterflex peristaltic pump (Cole Parmer; Vernon Hills, IL,
USA) to clear the vasculature in the brain. After perfusion, the trachea
was cannulated, and all the lung lobes were harvested from the body.
Bronchoalveolar lavage (BAL) was collected from the right lobes after
ligating the left lobe by instilling S mL of PBS (97062-818, VWR;
Radnor, PA, USA) 4 times to fully inflate the right lobes (Figure 1C).
Recovered BAL fluid was centrifuged at 800g for 15 min at 4 °C for
cytospin preparation. Then, cranial and cardiac lung lobes were
instilled with 20 mL of RNAlater (AM8021, Thermo Fisher-
Invitrogen; Carlsbad, CA, USA) and stored at —20 °C until RNA
extraction. Lastly, caudal and accessory lobes were flash frozen in
liquid nitrogen and stored at —80 °C wuntil tissue homogenization
(Figure 1C). The ligated left lobe was separated, cannulated, and
inflated with 1% (w/v) paraformaldehyde (Thermo Fisher Scientific;
Carlsbad, CA, USA) fixative dissolved in 0.1 mol/L PBS (pH 7.2) at a
constant pressure using a manometer at a 30 cm height for either 1 h
or until 100 mL of fixative had flowed through. Left lobes were further
immersed in 1% paraformaldehyde for 24 h until dehydration and
paraffin-embedding.

Lung Tissue Homogenization. Using a sonicator (Virtis
Virsonic, SP Industries Inc; Stone Ridge, NY, USA), flash-frozen
caudal lung lobes were homogenized in T-PER tissue protein
extraction buffer (78510, Thermo Fisher Scientific; Carlsbad, CA,
USA) with Halt protease and phosphatase inhibitor cocktail (78446,
Thermo Fisher Scientific; Carlsbad, CA, USA) at a ratio of 0.1 g/mL.
Tissue homogenates were centrifuged twice at 10,000g for 10 min at 4
°C to collect clear supernatant. The total protein concentration of the

homogenate supernatant was measured using a Pierce bicinchoninic
acid assay (23225, Thermo Fisher Scientific; Carlsbad, CA, USA).

Cytokine and Chemokine Multiplex Assay. Plasma samples
and caudal lung homogenates were analyzed using a cytokine
multiplex assay. Caudal lung homogenates were normalized to 2
mg/mL total protein concentration, and plasma samples were diluted
2-fold with PBS (97062-818, VWR; Radnor, PA, USA). All samples
were shipped on dry ice to Eve Technologies Corp. (Calgary, AB,
Canada) to measure 27 cytokines simultaneously in their Rat
Cytokine 27-Plex Discovery Assay® (MilliporeSigma; Burlington,
MA, USA) on a Luminex 200 system (Luminex; Austin, TX, USA).
Observed and final concentrations were extrapolated from point-to-
point semi-log regression standard curves for each cytokine. All
samples were analyzed in two technical replicates, which were
averaged for the final statistical analysis. Gene ontology pathway
analyses were performed using the STRING database'” for cytokines
and chemokines that were elevated in the plasma or lung in each
TRAP group relative to sex-matched FA controls using a relaxed
threshold of p. adj < 0.1 for exploratory analysis. STRING functional
enrichment results (Tables S3—S6 and S8) were then filtered to terms
with FDR < 0.05 and ranked by log,, fold enrichment, FDR, and
observed gene count to prioritize more targeted pathways. The top 15
enriched pathways were visualized using RStudio software (R version
4.4.1, Posit; Boston, MA, USA).

Lung RNA Extraction and qRT-PCR

Whole cardiac lobes preserved in RNAlater were homogenized with
steel beads (SSB14B, Next Advance; Troy, NY, USA) on a bullet
blender (Next Advance; Troy, NY, USA) to extract RNA. RNA was
extracted using the RNeasy Plus Mini Kit (74136, Qiagen; Venlo,
Netherlands), and a total of 2.1 pg of RNA was reverse-transcribed to
cDNA using a High-Capacity cDNA Reverse Transcription kit
(4368814, Thermo Fisher-Applied Biosystems; Carlsbad, CA, USA).
Reverse-transcribed cDNA was diluted, and a final concentration of 3
ng/uL was loaded on the qRT-PCR plate with the Tagman Fast
Universal Master Mix reagent (4364103, Thermo Fisher-Applied
Biosystems; Carlsbad, CA, USA) and Taqman primers for each gene
of interest (see the Supporting Information Methods for primer
details). Three reference genes were selected based on published
studies that identified airway housekeeping genes with stable
expression in rodent models of pulmonary inflammation'® and
fibrosis."” Each sample’s genes of interest and reference genes were
run on the same qRT-PCR plate on QuantStudio6 Flex Real-Time
PCR Systems (Thermo Fisher-Applied Biosystems; Carlsbad, CA,
USA).

For gRT-PCR analyses of different airway regions, RNAlater-
preserved trachea and cranial lobe was microdissected into proximal
airway, distal airway, and parenchyma following the same extraction
and cDNA synthesis steps described above. Relative log, fold-change
expressions of normalized genes of interest were calculated using
Livak’s method.”

High Mobility Group Box 1 ELISA

High mobility group box 1 (HMGB1) concentrations were measured
in the serum and caudal lung lobe homogenates using a commercial
ELISA (NPB3-06661, Novus Biologicals; Centennial, CO, USA)
following the manufacturer’s instructions (see the Supporting
Information Methods for assay details).

Bronchoalveolar Lavage Cytospin Differential Staining. On
the day of necropsy, BAL was centrifuged for separation into the
supernatant and cell pellets. The separated cell pellets were
resuspended in 1.5-3.0 mL (to dilute contaminating red blood
cells) of Dulbecco PBS (D8537-S00ML, Sigma-Aldrich; St. Louis,
MO, USA). The resuspension volumes for each animal were noted.
Total viable and nonviable cells in the pellet resuspension were
counted using a hemacytometer and trypan blue (T8153-100ML,
Sigma-Aldrich; St. Louis, MO, USA). Normalized concentrations of
cells were loaded on a microscope slide using cytospin centrifugation
(Shandon/Fisher Scientific; Waltham, MA, USA). BAL cytospins
were further fixed and differentially stained with Hema-Diff
(STL1198516, STL1197516, STL1198016, StatLab; McKinney, TX,
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Figure 2. Characterization of PM in tunnel bores. (A) Average PM,;, PM;, PM,;, PM,, and PM,, and total suspended particle (TSP) mass
concentrations = SD, (B) average TSP number concentrations + SD, and (C) geometric mean particle diameter + SD for bore 1 (LDV + HDV)
and bore 2 (LDV). Real-time particle mass and number concentrations were continuously measured every 1 s, while size distributions were
measured every 3 min. Data for each metric were pooled across the final 11 months of the original 14 month study period and analyzed with
Welch’s t-test and Tukey—Kramer HSD to identify significant differences between bore 1 (LDV + HDV) and bore 2 (LDV); *p. adj < 0.0S, fp. adj

< 0.1.

USA). For differential cell counting, a single experimenter blinded to
group counted cells based on standard morphological criteria used to
identify macrophages, neutrophils, lymphocytes, and eosinophils. The
final number of each immune cell type in BAL was calculated on the
basis of the percentage of cell type, total cell concentration, recovered
BAL volume, and BAL pellet resuspension volume.

Left Lung Lobe Histopathology. Paraformaldehyde-fixed left
lung lobes were cut for embedment as 3 portions (Figure 1C) to
expose the branching of the airway for pathology and transferred to
70% (v/v) ethanol after 24 h immersion in 1% paraformaldehyde.
Serial dehydration in 70%, 80%, 95%, 100% ethanol, 50% toluene and
50% ethanol solution, and 100% toluene was performed using an
autotechnicon (Technicon Corp; Greensboro, NC, USA). All ethanol
working solutions were made with 190 and 200 proof KOPTEC
ethanol (89125-188, 89125-166, VWR; Radnor, PA, USA) diluted in
ultrapure water. After dehydration, lung tissue was embedded in
paraffin (39603002, Leica Biosystems; Nussloch, Germany) for
microtome (Leica Microsystems; Wetzlar, Germany) sectioning at
3—4 um thickness. The paraffin sections were stained with
hematoxylin (GHS316-SOOML, Sigma-Aldrich; St. Louis, MO,
USA) and eosin (ES11-25, Fisher Scientific; Waltham, MA, USA)
(H&E). For histopathologic assessment, H&E staining was semi-
quantitatively scored by a board-certified veterinary pathologist for
two end points based on the observations of: (1) abundance of
bronchus-associated lymphoid tissue (BALT) formed by aggregates of
leukocytes and (2) thickening or expansion of airway walls as an
indication of inflammation. BALT formation was scored on a 0—4
scale based on the volume of aggregates in the large, medium, small,
and pulmonary vessels near terminal airways deep in the parenchyma
(0 = no aggregates; 4 = large increase in aggregates). Airways were
classified by size and generations of branching, from the main
bronchus to terminal bronchioles immediately before entering the
alveolar parenchyma. BALT scores from the large and medium
airways were summed as the upper airway region, while scores from
the small and terminal airways were summed as the lower airway
region. Inflammation was scored using a binary system with 0 or 1
assigned based on either absence or presence of tissue thickening
across all airways. All representative images were taken with a BH2
microscope (Olympus Corp.; Tokyo, Japan) at 4X and 20X
magnifications and were organized using Fiji software (Image]
version 1.54f, National Institutes of Health; Bethesda, MD, USA).

Statistical Analysis. Linear regression models were fit for all
experimental outcomes to compare each TRAP exposure group to the
sex- and age-matched FA control group. Female and male data were
analyzed separately §iven known underlying biological sex differences
in airway anatomy,”’ inflammation,”> and AD pathogenesis®® and

because females and males were euthanized on different postexposure
days. Because sex and postexposure day were confounded, we limited
our analysis to comparisons of TRAP groups with sex-matched FA
controls within each sex rather than between sexes. To account for
differential responses due to animal euthanasia on two different
postexposure days within each sex, postexposure day was included as a
factor for regression models along with the exposure group, which was
our primary factor of interest. For each outcome, interaction between
exposure group and postexposure day was considered and compared
against a no-interaction (main effects model) with corrected Akaike
Information Criterion (AICc)** ranking to select the best-fitting
statistical model. On the basis of the AICc results, a main effects
regression model without interaction was selected for all outcomes,
which indicates that there was no significant dependency between the
exposure group and postexposure day. Yet, postexposure day was not
ignored and was accounted for in the analysis of each outcome by
including it in the main effects regression model, which predicted the
effects of exposure group averaged over postexposure days.>®

Key PM measurements between the two tunnel bores (bore 1:
LDV+HDV and bore 2: LDV) were analyzed using Welch’s t-test with
Tukey—Kramer HSD adjustment to account for multiple comparisons
via statistical software (JMP Pro 17, JMP Statistical Discovery LLC;
Cary, NC, USA).

Based on the expected effect size, variability, and tissue availability,
initial sample sizes varied by outcome, with either 6 or 9 animals per
group per sex. Values outside +1.5 times the interquartile range™® of
each group per sex were identified as outliers and excluded before
linear regression analysis for each outcome, provided that the final
group sample size remained at least 4. Data were transformed to log,
scale after adding a small constant to improve data normality and fit
for linear regression. Normality and residuals of regression models
were assessed with quantile—quantile and residual plots. Following
linear regression, estimated marginal means®’ was used to construct
contrasts between TRAP exposure groups and sex-matched FA
control with a standard cluster-robust variance-covariance sandwich
estimator”® to correct for heteroskedasticity and potential clustering
of outcomes that may have arisen from repeated measurements taken
from the same sets of animals. Then, post hoc Benjamini-Hochberg
FDR correction was applied to the unadjusted p-values from contrasts
across all cytokines to account for multiple testing in the 27-plex
cytokine panel. For all other outcomes, Dunnett’s adjustment for
multiple comparison was applied. Adjusted p-values (p. adj) are
indicated in each figure as *p. adj < 0.05, fp. adj < 0.1. All raw
statistical results are included in the supplemental tables (Tables S1—
S15). For pairwise correlational analyses, Pearson’s correlation with
Benjamini-Hochberg FDR correction was performed for quantitative
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Figure 3. Sex-specific effects of TRAP on plasma cytokine and chemokine protein levels in 4 month-old TgF344-AD rats after 3 months of
exposure. Data were analyzed using linear regression, followed by contrasts between TRAP groups and FA control. To account for multiple testing
across the cytokine panel, unadjusted p-values from comparisons across all cytokines were corrected using the Benjamini-Hochberg false discovery

rate; *p. adj < 0.05, {p. adj < 0.1. Female and male data are presented

as a log, fold-change of the exposure group mean normalized to the sex- and

age-matched FA control group mean. Sample size per group per sex ranged from n = 4—7 across the cytokines after exclusion of statistical outliers.

outcomes within each exposure group for females and males
separately. All statistical analyses other than particle characterization
were performed using RStudio software (R version 4.4.1, Posit;
Boston, MA, USA).

B RESULTS

Differential Particle and Gas Phase Concentrations

To quantify differences between LDV + HDV and LDV-only
particle emissions, the size distribution of average particle
number concentrations of PM,;, PM,, PM, , PM,, and PM,,,
average TSP mass concentrations, and geometric particle
diameters (Figure 2) were measured independently for each
tunnel bore. The inter-bore differences in study-long average
PM mass concentrations were small in magnitude but
statistically significant; PM concentrations in LDV + HDV
averaged 0.52 yg/m? higher than those in LDV-only across all
size fractions. Specifically, the average PM,s mass concen-
tration was 0.4 pg/m’ higher in LDV + HDV (10.8 ug/m?)
than in LDV-only (10.4 ug/m®) (Figure 2A and Table SI).

However, the differences in average particle number
concentration were striking with LDV + HDV a factor of
~3.4 times higher, on average, than LDV-only (Figure 2B and
Table S1). To put this in the perspective of the PM mass
comparison, PM,; (DP < 300 nm) mass concentration, which
was obtained by integrating the particle size distributions and
converting to mass assuming spherical particles with density =
1.2 g/mL, was higher, on average, by 1.4 ug/ m? in the LDV +
HDV bore, which is substantial considering that particle mass
scales as the cube of particle diameter and this inter-bore
difference is for the smallest particle sizes (i.e., <300 nm versus
1—10 um). These trends are consistent with the fact that LDV
and HDVs predominantly emit ultrafine particles, which is also
reflected by a ~20% smaller geometric mean particle diameter
measurement in LDV + HDV than in LDV-only (Figure 2C).
Collectively, ultrafine particles from LDV + HDV contribute
negligible mass to the atmosphere due to their small size (<100
nm) so that PM mass concentrations at CTEF are dominated
by the background airshed, which is common to both bores.

F https://doi.org/10.1021/envhealth.6c00178
Environ. Health XXXX, XXX, XXX—XXX

9202 1890300 1Z U0 48sn SIAVA VINYOLITYO 40 AINN Aq Jpd°8. 10009  UHESUAUS/SEL | L98Y/B/ L0029  UHEBUAUS/LZOL 0L/10P/IPd-ajo1Je/zeauys/Bio soe sqnd woly papeojumoq


https://pubs.acs.org/doi/suppl/10.1021/envhealth.6c00178/suppl_file/eh6c00178_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/envhealth.6c00178/suppl_file/eh6c00178_si_001.pdf
https://pubs.acs.org/doi/10.1021/envhealth.6c00178?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.6c00178?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.6c00178?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.6c00178?fig=fig3&ref=pdf
pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.6c00178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environment & Health

pubs.acs.org/EnvHealth

A GO Enrichment - Elevated Plasma Cytokines:
Females exposed to PM(LDV+HDV)

Positive regulation of calcidiol
1-monooxygenase activity

Positive regulation of vitamin D
biosynthetic process

Positive regulation of plasma cell
differentiation

Regulation of chronic inflammatory
response to antigenic stimulus

i
|
|

Neutrophil apoptotic process

Negative regulation of

complement-dependent cytotoxicity Enrichment FDR
Chronic inflammatory response to _ 2004
antigenic stimulus
_ . . 1e-04
Sequestering of triglyceride 3608
Negative regulation of chronic 1e-05
inflammatory response 36-06
Vascular endothelial growth factor _
production
Positive regulation of interleukin-23
production

Positive regulation of immature T cell
proliferation in thymus

Fever generation

Cellular response to interleukin-18

Positive regulation of T-helper 2 cell
differentiation

0 1 2 3
Gene count
c GO Enrichment - Elevated Plasma Cytokines:

Females exposed to Gas(LDV+HDV)

Positive regulation of interleukin-23
production

Cellular response to interleukin-18

Positive regulation of MHC class I
biosynthetic process

Positive regulation of macrophage
derived foam cell differentiation
Regulation of membrane protein
ectodomain proteolysis

Regulation of hepatocyte proliferation

Negative regulation of nervous system
process

. 3e-03
Macrophage differentiation

Defense response to protozoan 1e-03

Positive regulation of CD4-positive,
alpha-beta T cell differentiation
Regulation of circadian sleep/wake
cycle, sleep

Positive regulation of tyrosine
phosphorylation of STAT protein

3e-04

Receptor signaling pathway via JAK-STAT

Regulation of interleukin-17 production

Positive regulation of signaling
receptor activity

°

1
Gene count

N)
w

Enrichment FDR

B GO Enrichment - Elevated Plasma Cytokines:
Males exposed to PM(LDV+HDV)

Helper T cell extravasation

Positive regulation of interleukin-23
production

Cellular response to high density
lipoprotein particle stimulus
Regulation of natural killer cell
chemotaxis

Positive regulation of T-helper 2 cell
cytokine production

Negative regulation of T-helper 17 cell

differentiation Enrichment FDR

Cellular response to interleukin-17 10-03

T-helper cell lineage commitment 3e-04
Positive regulation of isotype switching
to IgG isotypes 1e-04

Regulation of T cell chemotaxis

Positive regulation of podosome assembly

Positive regulation of monocyte
chemotaxis

Positive regulation of homotypic
cell-cell adhesion

Eosinophil chemotaxis

Positive regulation of interleukin-17
production

o

1
Gene count

[N}
w

D GO Enrichment - Elevated Plasma Cytokines:
Males exposed to Gas(LDV+HDV)

Positive regulation of plasma cell
differentiation

Regulation of neutrophil mediated
killing of symbiont cell

Negative regulation of
complement-dependent cytotoxicity

Helper T cell extravasation

Negative regulation of chronic
inflammatory response
Regulation of natural killer cell
chemotaxis Enrichment FDR
Positive regulation of natural killer 1e-03
cell chemotaxis
Cellular response to high density
B Iipcpro¥ein particle stimulus 1e-04
Positive regulation of T-helper 2 cell
differentiation
Positive regulation of NK T cell 1e-05
proliferation

Astrocyte cell migration

Positive regulation of T-helper 2 cell
cytokine production

Negative regulation of T-helper 17 cell
differentiation

Eosinophil chemotaxis

Positive regulation of MHC class Il
biosynthetic process

o

1 2
Gene count

w

Figure 4. Gene ontology (GO) enrichment pathway analyses plasma cytokines that were significantly (p. adj < 0.1) elevated in 4 month-old
TgF344-AD rats after 3 months of exposure. (A) Females exposed to PM(LDV + HDV), (B) males exposed to PM(LDV + HDV), (C) females
exposed to Gas(LDV + HDV), and (D) males exposed to Gas(LDV + HDV). Pathway analyses were performed using enrichment results from the
STRING database platform, top 15 enriched pathways ranked by log,, fold enrichment, FDR, and observed gene counts.

To examine the contribution of endotoxin to respiratory and

0
939 we measured LPS

C 2
systemic inflammatory responses,
concentrations in PM filter samples collected at CTEF. The

study-long average endotoxin concentration was 3.17 X 107™* +

1.52 X 107* EU/m>.

Component-Dependent TRAP Effects on Circulating
Cytokine Concentrations in Females and Males across
Different Post-Exposure Days

To evaluate TRAP effects on systemic inflammation, a
multiplex assay was used to measure plasma protein
concentrations of 27 cytokines and chemokines, some of
which have previously been shown to be elevated with air
pollution exposure in humans.”’ Females had strong systemic
type 1 inflammatory responses after 3 months of exposure to
all types of TRAP emission components compared to sex- and
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age-matched FA controls (Figure 3). While IFN-y, IL-18, and
IL-10 were significantly elevated in all TRAP groups, the most
robust increases were observed in the PM(LDV + HDV)
group: 3.1, 2.6-, and 1.6-fold increases, respectively (Table
S2). Increased type 1 (TNF-a, IL-1f, IL-1a, IL-6, IL-2) and
type 2 cytokines (IL-4, IL-S, IL-13) and chemokines (eotaxin,
MIP-1a, G-CSF, MIP-2, EGF, GM-CSF, and MCP-1) were
observed only in the females exposed to PM(LDV + HDV). In
contrast, TRAP did not induce strong systemic type 1
responses in males following the same exposure. While Th1-
promoting IL-6, IL-12p70, IL-2, and IL-1a were increased in
males exposed to LDV+HDYV, there were no significant
changes in key Thl-inducing IFN-y andIL-1f, in any of the
TRAP groups. Instead, Th2 responses (IL-4, IL-S, and IL-13),
Th17 responses (IL-17A, IL-6), and neutrophil recruitment/
growth factors (MIP-1q, LIX, MIP-2, GRO, EGF, G-CSF, LIX,
RANTES) were elevated most robustly in the Gas(LDV +
HDV) group. An additional difference between exposure-
matched females and males was that VEGF and fractalkine
macrophage recruitment/growth factors were downregulated
in Gas(LDV + HDV)-exposed males but not in females.
Pathway analysis of elevated cytokines and chemokines (p.
adj < 0.1) (Figure 4) revealed that females exposed to
PM(LDV + HDV) showed increased pro-inflammatory
signaling associated with regulations of plasma cell differ-
entiation, antigenic responses, T-cell proliferation, fever
generation, IL-18 responses, along with compensatory
resolution of inflammation, including calcidiol 1-monooxyge-
nase activity, vitamin D biosynthesis, vascular endothelial
growth factor production, Th2 cell differentiation, and negative
regulations of complement-dependent cytotoxicity and chronic
inflammatory responses (Figure 4A, Table S3). However,
males exposed to the same PM(LDV + HDV) exposure had
different immune pathways upregulated, including pathways
involved in regulation of Th2 and Th17 differentiations, IL-17
responses, IgG isotype switching, and chemotaxis of T cells,
eosinophils, monocytes, and natural killer (NK) cells (Figure
4B, Table S4). Gas(LDV + HDV) exposure promoted
macrophage-activating immune pathways in females, including
macrophage differentiation, MHC class II biosynthesis, JAK-
STAT receptor signaling pathway, and regulation of responses
to IL-23, IL-18, and IL17 (Figure 4C, Table SS). For males
exposed to Gas(LDV + HDV), which caused the greatest
number of significant increases in the plasma cytokines among
other TRAP groups, the immune signaling pathways were
similar to those of the sex-matched PM(LDV + HDV) group
and included signaling pathways involved in regulation of Th2
and Thl17, plasma cell differentiation, neutrophil-mediated
cytotoxicity, chemotaxis of T cells, eosinophils, and NK cells
and negative regulation of complement-dependent cytotoxicity

(Figure 4D, Table S6).

Robust Sex-Biased TRAP Effects on Cytokine
Concentrations in the Lung Homogenate across Different
Post-Exposure Days

Protein concentrations of the same array of cytokines and
chemokines measured in plasma were also measured in lung
tissue homogenates to assess pulmonary inflammatory
responses. In contrast to the female plasma cytokine data
(Figure 3), most changes in the lung cytokines were
statistically insignificant in females (Figure S). While leptin
levels were significantly increased by 1.5- to 1.6-fold (Table
S7) in the lung of all TRAP groups, the only other significant
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Figure S. Sex-specific effects of TRAP on caudal lung lobe tissue
homogenates. Cytokine and chemokine protein levels were measured
in 4 month-old TgF344-AD rats after 3 months of exposure. Data
were analyzed using linear regression, followed by contrasts between
TRAP groups and FA control. To account for multiple testing across
the cytokine panel, unadjusted p-values from comparisons across all
cytokines were corrected using the Benjamini-Hochberg false
discovery rate; *p. adj < 0.05, Tp. adj < 0.1. Female and male data
are presented as a log, fold-change of exposure group mean
normalized to sex- and age-matched FA control group mean. Sample
size per group per sex ranged from n = 4—7 across the cytokines after
exclusion of statistical outliers.

increases in lung cytokines were observed in PM(LDV +
HDV), with elevated levels of IL-18, MIP-1a, MCP-1, and in
PM+Gas(LDV+HDV), with elevated levels of IL-18, IL-10,
and LIX (Figure S). However, TRAP caused substantial
changes in male lung cytokine profiles when compared to age-
and sex-matched FA controls. There were significant increases
in pro-inflammatory TNF-a and IL-1 family cytokines (IL-1a,
IL-15, IL-18) involved in type 1 responses as well as injury
responses, and in anti-inflammatory cytokines (IL-4, IL10)
involved in type 2 responses across all TRAP groups in male
lungs (Figure S). An additional difference between females and
males was observed in increased RANTES and fractalkine,
which function as leukocyte recruitment factors, across all
TRAP exposures. When commonly increased cytokines and
chemokines in male lungs across all TRAP groups were
analyzed, strong pro-inflammatory response pathways were
identified (Figure S1 and Table S8).
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Figure 6. Sex-specific effects of TRAP on relative cytokine gene expression levels in 4 month-old TgF344-AD rats after 3 months of exposure in
whole cardiac lung lobe. Data were analyzed using linear regression, followed by contrasts between TRAP groups and FA control with Dunnett’s
adjustment for multiple comparisons; *p. adj < 0.0S, Tp. adj < 0.1. Female and male data are presented as a log, fold-change of exposure group
mean normalized to sex- and age-matched FA control group mean. Sample size per group per sex ranged from n = 4—7 across the cytokines after

statistical outlier exclusion.

Regulation of Cytokine Gene Transcription in the Lung in
Response to TRAP

To further examine TRAP-induced changes in pro- and anti-
inflammatory cytokines at the transcription level in the lung,
we quantified relative gene expressions of key Thl and Th2
cytokines in the whole cardiac lung lobe (Figure 6).
Interestingly, TRAP-induced changes observed in cytokine
protein concentrations were not reflected in gene expression in
the lung. In the male lung, there were significant changes in
protein levels of IL-1/3, IL-18, IL-4, IL-10, and IL-5 across most
TRAP exposures (Figure 5). However, there were no
significant changes in gene expression of these cytokines
except in IL-18 transcript, which was 1.5-fold upregulated in
both the Gas(LDV + HDV) and PM + Gas(LDV) groups, in
IFN-y transcript that was downregulated by 2-fold in
PM(LDV), and in IL-1§ transcript that was downregulated
by 1.45-fold in PM + Gas(LDV + HDV) and Gas(LDV +
HDV) (Figure 6 and Table S9). On the other hand, in the
female lung, there were significant changes observed in gene
expression of both Th1 (IL-6, IL-1f, IL-18) and Th2 (IL-4, IL-
10, IL-S) cytokines across different TRAP groups, which were
not observed at the protein level (Figure S5). Most gene
expression of Thl cytokines in females was downregulated,
with 1.4- to 2-fold decreases in IL-1/ transcript across all
TRAP groups and 1.4- to 1.8-fold decreases in IL-18 transcript
in PM + Gas(LDV + HDV) and Gas(LDV + HDV). Th2
cytokines were upregulated in females. Gene expression of IL-5
increased in PM + Gas(LDV + HDV) and Gas(LDV + HDV)
by 3.4- and 2.2-fold, respectively; and gene expression of IL-4
was increased in PM + Gas(LDV + HDV), Gas(LDV + HDV),
and PM + Gas(LDV) by 2.7-, 2.4-, and 1.9-fold, respectively.
While most of the Thl cytokines were generally down-
regulated, IL-6 expression was upregulated by 1.8-fold in PM +
Gas(LDV + HDV). Similarly, unlike other Th2 cytokines that
were generally upregulated, IL-10 expression was down-
regulated by 2.5-, 2.38-, 1.85-fold in PM(LDV + HDV),
PM(LDV), and PM + Gas(LDV), respectively (Figure 6 and
Table S9).

Airway Region-Dependent Changes in Cytokine Gene
Expressions

Given known differences in the cell types and airway
deposition of PM and gases,”” it is possible that deposition
of exposure components may impact specific lung regions
differentially. We tested this by assessing key type 1 and type 2
cytokine gene expression in trachea and microdissected airways
of proximal airway, distal airway, and parenchyma. Region-
dependent changes in gene expression of cytokines were
observed across different TRAP exposures in both females and
males (Figure 7, Table S10). In males, a greater number of
significant changes were observed in the lower respiratory
airways than the upper airways. Anti-inflammatory IL-10
transcripts increased in the parenchyma by 1.8- to 3.8-fold
(Figure 7A) and pro-inflammatory IL-18 transcripts increased
in the distal airway by 1.17- to 1.25-fold in all TRAP exposures
(Figure 7B) while these genes were largely unaffected or
downregulated in the proximal airway and trachea (Figure 7C,
D). In the upper airway trachea, there were no changes in any
genes other than downregulation of IL-6 in PM(LDV).
However, in the proximal bronchial airway, IL-1§ was
downregulated by 0.66- to 0.75-fold in all exposures (Figure
7C) and a similar response was observed in the alveoli-
containing parenchyma (Figure 7A). In females, gene
expression of IL-1/ was downregulated in PM + Gas(LDV +
HDV), PM(LDV + HDV), and PM(LDV) groups in the
trachea (Figure 7D) and in Gas(LDV + HDV) and PM +
Gas(LDV) groups in the proximal airway (Figure 7C). Yet, IL-
1p was upregulated in all TRAP groups exposed to LDV +
HDV emissions in the distal airway (Figure 7B). Additionally,
tracheal IFN-y gene expression was upregulated across most
TRAP groups, whereas these changes were not observed in any
other microdissected airway regions (Figure 7D).

Effects of TRAP on Inflammation and Recruitment of

Immune Cells to the Lung across Different Post-Exposure
Days

To compare the effects of TRAP on immune cell recruitment
to the lung, H&E histology of the fixed lung and Hema-Diff
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Figure 7. Sex-specific and lung region-dependent effects of TRAP on relative cytokine gene expression levels in 4 month-old TgF344-AD rats after
3 months of exposure in (A—C) airways microdissected from cranial lobe and (D) trachea. Data were analyzed using linear regression, followed by
contrasts between TRAP groups and FA control with Dunnett’s adjustment for multiple comparisons; *p. adj < 0.05, Tp. adj < 0.1. Female and

J https://doi.org/10.1021/envhealth.6c00178
Environ. Health XXXX, XXX, XXX—XXX

9202 1890300 1Z U0 48sn SIAVA VINYOLITYO 40 AINN Aq Jpd°8. 10009  UHESUAUS/SEL | L98Y/B/ L0029  UHEBUAUS/LZOL 0L/10P/IPd-ajo1Je/zeauys/Bio soe sqnd woly papeojumoq


https://pubs.acs.org/doi/10.1021/envhealth.6c00178?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.6c00178?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.6c00178?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.6c00178?fig=fig7&ref=pdf
pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.6c00178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environment & Health

pubs.acs.org/EnvHealth

Figure 7. continued

male data are presented as a log2 fold-change of exposure group mean normalized to sex- and age-matched FA control group mean. Sample size per
group per sex ranged from n = 4—7 across the cytokines after exclusion of statistical outliers.

histology of fixed BAL cells lavaged from the right lobes were
assessed. H&E histology (Figure 8A) was semi-quantitatively
scored based on (1) the volume of BALT formed with
lymphocyte aggregates (Figure 8B) and (2) the presence of
airway wall thickening (Figure 8C) as indications of leukocyte
recruitment and inflammation. Overall, 3 months of exposure
to TRAP did not cause prominent histopathologic inflamma-
tion or immune activation on the basis of these two criteria.
However, PM + Gas(LDV + HDV), Gas(LDV + HDV), and
PM(LDV) exposures moderately increased lymphocyte
recruitment in the male lung, evident by a significantly higher
proportion of elevated BALT scores compared to FA in the
lower airway regions but not in the upper airway regions
(Figure 8B, Table S11). Females exposed to TRAP had slightly
higher BALT scores in the lower airway but not significantly
and some significant increase in scores in the upper airway of
PM(LDV). Only females exposed to Gas(LDV + HDV)
exhibited a higher percentage of airway thickening observed
compared to FA or any other groups including males, which
did not show any obvious tissue thickenings (Figure 8C).
The BAL cells, which represent leukocyte populations in the
airway and alveolar lumen, had no significant changes in the
number of eosinophils, lymphocytes, or macrophages (Figure 9
and Table S12), but the number of neutrophils increased in
response to TRAP exposure. While all S TRAP exposures
increased the influx of neutrophils in the BAL in female
animals, only groups that received the complete mix of PM +
Gas had a statistically significant increase: 14.5-fold increase in
PM + Gas(LDV + HDV) and 18.2-fold increase in PM +
Gas(LDV) (Figure 9A). In males, neutrophil infiltration was
only observed in groups that contained the PM component,
PM + Gas(LDV + HDV), PM(LDV + HDV), and PM(LDV),
yet the only statistically significant change was observed in
PM(LDV) (Figure 9B).
Sex-Specific TRAP Effects on HMGB1 in the Serum and
Lung Homogenate across Different Post-Exposure Days

To examine the effects of TRAP on HMGBI1, which is a
DAMP molecule released by macrophages and injured cells, an
ELISA was used to measure the HMGBI protein levels in the
serum and lung tissue homogenates. Interestingly, while
circulating HMGB1 in the serum was not impacted by
TRAP exposure in females, it was significantly elevated in
males across all TRAP exposure groups (Figure 10A). The
magnitude of increase in serum HMGBI1 was greater in males
that were exposed to emissions from LDV+HDYV, ranging
between 2.8- and 3.4-fold increases, than those exposed to
LDV emissions only, ranging between 1.9- and 2.0-fold
increases (Table S13). However, HMGBI levels in the lung
homogenate were unaffected by TRAP in males but were
significantly elevated in females exposed to PM + Gas(LDV +
HDV) by 1.4-fold (Figure 10B, Table S13).

Correlational Analysis of Quantitative Measurements of
Inflammation

To get a more comprehensive understanding of the dynamic
modulation between the systemic and pulmonary inflamma-
tory mediators, all quantitative inflammatory outcomes, except
for histology scoring and relative gene expressions, were taken

together for pairwise correlational analysis (Figure S2A,B). In
males, PM(LDV + HDV) had the most significant correlations
between type 1 cytokines involved in acute inflammation and
innate and adaptive leukocyte recruitment as well as a few
correlations between Th2-polarizing cytokines within and
across the plasma and lung (Table 2). Despite only a few
significant correlations, PM(LDV) had particularly strong
Th17-specific associations between plasma GRO and LIX (r =
0.990), as well as between plasma GM-CSF and BAL
neutrophils (r = 0.997) (Table 2). Compared to other
TRAP exposures, only PM(LDV) was strongly correlated
with systemic GM-CSF and BAL neutrophils (Figure S2C).
Because GM-CSF is involved in both neutrophil and
macrophage chemotaxis, a subsequent analysis was performed
and showed that plasma GM-CSF was only positively
associated with BAL neutrophils and not with macrophages
(Figure S2D). There were no significant correlations between
any outcomes in PM + Gas(LDV + HDV) and PM +
Gas(LDV), and only one significant association was observed
between pulmonary fractalkine and IL-18 in Gas(LDV +
HDV). Collectively, these associations indicate that PM from
either LDV + HDV or LDV-only emissions most dynamically
influenced cytokines involved in neutrophil chemotaxis and
acute pulmonary and systemic inflammation along with
regulatory type 2 adaptations in males.

In females, positive associations between cytokines were
mostly observed with LDV + HDV exposures but not with
LDV-only exposures (Figure S2B). Primarily, positive
correlations between cytokines that promote type-1 inflamma-
tory responses were observed. PM + Gas(LDV + HDV)
induced correlational changes modulating systemic and
pulmonary chemotaxis of monocytes, eosinophils, natural
killer (NK) cells, and neutrophils (Table 3). PM(LDV +
HDV) led to associations of chemokines of monocyte,
macrophage, and neutrophil, as well as cytokines that can
prolong chronic inflammation (Table 3). Distinct from these
two groups, Gas(LDV + HDV) induced correlations between
regulatory cytokines that promote Th2 polarization and cell
proliferation in the lungs.

Bl DISCUSSION

In this study, we demonstrated significant effects of TRAP PM
vs. gases by sex derived from different vehicular sources on
peripheral inflammatory mediators after 3 months of exposure
to ambient levels of TRAP in TgF344-AD rats. Animals in this
study experienced TRAP exposures that captured the timing,
duration, concentration, and composition of ambient TRAP
that humans experience in near-roadway environments. A
recent publication from the same cohort of this study has
shown that TRAP component-dependently accelerated the rate
of amyloid plaque deposition in the brain of both male and
female TgF344-AD rats,"* which highlights the need to
investigate the role of peripheral inflammation in mediating
the TRAP effects on the brain. Additionally, we compared PM
size distributions, mass concentrations, and number concen-
trations between LDV + HDV and LDV-only emissions to
better characterize how distinct source- and component-
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Figure 8. Sex- and lung region-dependent effects of TRAP on H&E histology in 4 month-old TgF344-AD rats after 3 months of exposure. (A)
Example representative left lung lobe H&E photomicrographs of bronchus-associated lymphoid tissue (BALT) and airway wall thickening that
were used as inflammatory indicators to semi-quantitatively score H&E images. Scale bar = 200 ym; 4X and 20X magnifications. Semi-quantitative
scoring of H&E histology data is presented as a group proportion of (B) BALT scores and (C) binary inflammation scores based on the volume of
leukocyte aggregation and airway thickening, respectively. BALT score data (B) were analyzed using linear regression, followed by contrasts
between TRAP groups and FA control with Dunnett’s adjustment for multiple comparisons; *p. adj < 0.0S, Tp. adj < 0.1. Sample size per group per
sex ranged from n = 6—8 after exclusion of statistical outliers.

Our comparisons collectively showed that LDV + HDV

dependent biological responses may relate to differences in emitted ultrafine PM, contributing negligible mass to the
exposure profiles. atmosphere due to their small size (<100 nm) but strikingly
L https://doi.org/10.1021/envhealth.6c00178
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Figure 9. Sex-specific effects of TRAP on recruitment of immune cells in the BAL differentials from 4 month-old TgF344-AD rats after 3 months of
exposure. Quantification of BAL eosinophils, neutrophils, lymphocytes, macrophages, and total cells in (A) females and (B) males. Data were
analyzed using linear regression, followed by contrasts between TRAP groups and FA control with Dunnett’s adjustment for multiple comparisons;
*p. adj < 0.0S, Tp. adj < 0.1. Data are presented as a group mean + SEM (n = 6—9 per group per sex after exclusion of statistical outliers).
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Figure 10. Sex-specific effects of TRAP on HMGBI concentrations in (A) serum and (B) caudal lung homogenate in 4 month-old TgF344-AD rats
after 3 months of exposure. Data were analyzed using linear regression, followed by contrasts between TRAP groups and FA control with Dunnett’s
adjustment for multiple comparisons; *p. adj < 0.05, fp. adj < 0.1. Female and male data are presented as a group median with minimum and
maximum values in a box and whiskers plot (n = 4—7 per group per sex after exclusion of statistical outliers).

higher number concentrations. Therefore, inter-bore differ-
ences in PM;—PM,, mass concentrations are negligible. In
sharp contrast, vehicles emit very large numbers of ultrafine
particles and emission rates are strongly dependent on vehicle
type so that particle number concentration better traces
differences in the vehicular fleet mixtures using each bore.
Since HDV emission rates are an order of magnitude larger

than LDV emission rates,” the average number concentration
in the LDV + HDV bore is significantly higher than the LDV-
only bore. This has important implications for the study organ
of interest considering growing evidence that pulmonary end
points are generally more responsive to PM mass while
neurological end points are more sensitive to particle size and
number concentration.** Endotoxin levels in the PM samples
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Table 2. Significant Correlations between Systemic and Respiratory Inflammation End Points in TRAP-Exposed Male TgF344-

AD Rats
Pearson’s
coefficient
exposure group end point 1 end point 2 (r)
Gas(LDV + HDV)  Fractalkine_lung IL-18 lung 0.997
PM(LDV + HDV)  IFNy plasma IL-17A_plasma 0.992
PM(LDV + HDV)  IL-la_lung IP-10_plasma 0.988
PM(LDV + HDV)  IL-la_plasma IL-12p70_plasma 0.988
PM(LDV + HDV)  IL-2_lung EGF_plasma 0.987
PM(LDV + HDV)  IL-4_plasma IL-18_plasma 0.987
PM(LDV + HDV)  GM-CSF_lung IL-2_plasma 0.986
PM(LDV + HDV)  IL-18_lung IP-10_plasma 0.986
PM(LDV + HDV)  G-CSF_plasma IL-6_plasma 0.985
PM(LDV + HDV)  EGF_plasma Eotaxin_plasma 0.997
PM(LDV + HDV) IL-2_lung Eotaxin_plasma 0.983
PM(LDV + HDV)  IL-18 lung BAL neutrophil —0.981
PM(LDV + HDV) BAL macrophage ~ BAL total cells 0.983
PM(LDV) GM-CSF_plasma  BAL neutrophil 0.997
PM(LDV) GRO_ plasma LIX plasma 0.990
PM(LDV) BAL macrophage ~ BAL total cells 0.992

p- adj biological processes inflammation type
0.027 chronic pulmonary inflammation with type 1
monocyte, T cell, and NK-cell recruitment
0.056 acute systemic inflammation with neutrophil type 1
and macrophage chemotaxis
0.056 acute pulmonary inflammation with T-cell type 1
recruitment

0.056 systemic IENy production and Thl polarization type 1

0.056 pulmonary tissue remodeling and cell type 2
proliferation

0.056 systemic Th1/Th2 polarization feedback type 1/2

0.056  pulmonary myeloid activation and systemic T-  type 1
cell activation

0.056  pulmonary IFNy production and systemic T-cell type 1

chemotaxis

0.063 acute systemic inflammation with neutrophil type 1
chemotaxis

0.015 systemic eosinophil chemotaxis and cell type 2
proliferation

0.072  pulmonary T-cell activation and systemic type 2
eosinophilic chemotaxis

0.077 regulatory and resolution feedback of type 1 with
pulmonary neutrophil responses regulation

0.004  normal pulmonary monocyte/macrophage homeostasis/type 1
response

0.015 systemic GM-CSF-induced increase in type 1, Th17
circulating neutrophils, activation/priming of
neutrophils, intracellular calcium mobilization,
and cytokine secretion

0.088 acute systemic inflammation with neutrophil type 1, Th17
chemotaxis

0.0002  normal pulmonary monocyte/macrophage homeostasis/type 1

response

were measured to examine its potential contribution to
inflammatory responses. The detected LPS level was
approximately an order of magnitude lower than even the
low end of what has been measured in other urban
environments and several orders of magnitude lower than
what is typically observed in rural air sheds.”>™>" Thus,
endotoxin is not considered a contributing factor to the
outcomes reported here.

Total VOC (TVOC) concentrations at the CTEF were
consistently below the detection limits (~50 ppb) of the
various photoionization detectors deployed during these
studies to measure isobutylene-equivalent TVOC, which
includes all VOCs, intermediate VOCs (IVOCs), and semi-
volatile VOCs (SVOCs) with ionization energies less than the
10.6 eV lamp used in following instruments: VOC-103L probe
with ppb PID sensor (Graywolf Sensing Solutions; Shelton,
CT), ppbRAE 3000, and ppbRAE 3000+ (Honeywell;
Charlotte, NC, USA). This is due to a confluence of factors,
but most importantly: (1) the rapidly increasing fraction of
modern vehicle fleet mixtures comprising electric and hybrid
vehicles, especially in the San Francisco Bay Area, CA, USA
(Cheng and Lein, personal communication), and (2) the high
VOC removal efficiencies of modern three-way catalytic
converters (TWC) in LDVs and diesel oxidation catalysts
(DOC) in HDVs, which are approximately 90—99% and 60—
90% eflicient, respectively, at steady-state operating conditions
for TVOC in general, and alkenes, alkynes, aromatics, and
oxygenated VOCs specifically.’®~** Furthermore, cold starts
are not an issue at the CTEF since it is a freeway environment

with vehicles already operating at optimal temperatures where
TWCs and DOCs are most efficient and the species that
TWCs/DOCs are least efficient at removing, the low-
molecular-weight saturated hydrocarbons, such as methane
and ethane, are not ionized by the PID detectors. Therefore, it
was not possible to determine inter-bore differences in TVOC
emissions between the LDV + HDV and LDV-only bores and
TVOC concentrations in general at CTEF are surprisingly low
(<50 ppb isobutylene equivalents) so the toxicological
relevance of TVOC compared to PM is unclear. Parallel
arguments hold true for NO, as well given the high conversion
efficiencies of TWCs in LDVs and selective catalytic reduction
(SCR) employed in modern HDVs, especially in California,
and inter-bore differences were unmeasurable using the
electrochemical sensors deployed in these studies.

Since females and males were euthanized separately on
nonoverlapping post-exposure days (Figure 1B), the effects of
sex and post-exposure day were confounded and could not be
independently evaluated. Therefore, our results and inter-
pretations are limited to comparisons made between TRAP
groups with sex-matched FA controls within each sex, rather
than between sexes. We accounted for post-exposure day by
including it as a covariate in the main effects linear regression
model performed for all outcomes for each sex, yet this
statistical adjustment may not fully detangle the confounding
effect. Therefore, the findings reported here describe sex-
specific effects of different TRAP components within each sex
but may also be influenced by post-exposure day. An additional
analysis that compares the effects of post-exposure days on
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Table 3. Significant Correlations between Systemic and Respiratory Inflammation End Points in TRAP-Exposed Female

TgF344-AD Rats

exposure group
PM + Gas(LDV + HDV)

PM + Gas(LDV + HDV)
PM + Gas(LDV + HDV)
PM + Gas(LDV + HDV)
PM + Gas(LDV + HDV)
PM + Gas(LDV + HDV)
Gas(LDV + HDV)
Gas(LDV + HDV)
Gas(LDV + HDV)

Gas(LDV + HDV)
PM(LDV + HDV)

PM(LDV + HDV)
PM(LDV + HDV)
PM(LDV + HDV)
PM(LDV + HDV)

PM(LDV + HDV)

PM(LDV + HDV)

PM(LDV + HDV)

PM(LDV + HDV)
PM + Gas(LDV)

PM(LDV)

end point 1

BAL macrophage
IL-4_plasma
LIX plasma
Eotaxin_plasma
Fractalkine_lung
IL-4_plasma
BAL macrophage
IFNy_lung
EGF_lung

IFNy_lung
BAL macrophage

IL-6_plasma
G-CSF_lung
IFNy_plasma
GM-CSF_lung

GM-CSF_plasma

Fractalkine_plasma

IFNy_plasma

IL-4_plasma
BAL macrophage

BAL macrophage

end point 2
BAL total cells

MIP-1a_plasma
MIP-1a_plasma
IL-2_plasma
IP-10_lung
LIX plasma
BAL total cells
IL-13_lung
IL-18 lung

IL-S_lung
BAL total cells

IL-12p70_plasma
IL-18_lung
MIP-1a_plasma
IL-10_lung

IFNy_plasma

RANTES_plasma

LIX plasma

TNFa_plasma
BAL total cells

BAL total cells

monocyte/macrophage response

Pearson’s
coeflicient

(r) p- adj biological processes inflammation type

0.980 0.007 normal pulmonary homeostasis/type 1
monocyte/macrophage response

0.992 0.076 systemic eosinophil and monocyte type 2
chemotaxis

0.989 0.100 acute systemic neutrophil and type 1
monocyte recruitment

0.987 0.100 systemic T-cell activation and type 2
eosinophil chemotaxis

0.985 0.100  pulmonary monocyte, T cell, and NK-  type 1
cell recruitment

0.985 0.100 systemic neutrophil recruitment with  typel/2
tissue remodeling

0.967 0.021 normal pulmonary homeostasis/type 1
monocyte/macrophage response

0.989 0.021 pulmonary Th1/Th2 polarization type 1/2
feedback

0.975 0.085 acute pulmonary inflammation with type 1
cell proliferation

—0.975 0.085 shifting to pulmonary Th2 polarization type 1/2

0.993 0.0001  normal pulmonary homeostasis/type 1
monocyte/macrophage response

0.996 0.024 acute systemic inflammation with Thl  type 1
polarization

0.992 0.060  pulmonary neutrophil recruitment and  type 1
IENy production

0.990 0.070 systemic macrophage activation and type 1
neutrophil recruitment

0.988 0.076  pulmonary myeloid activation with type 1 with
anti-inflammatory feedback regulation

0.985 0.084 systemic monocyte/macrophage type 1
activation with TNF-a and IL-1/
production

0.984 0.084 chronic systemic inflammation with T type 1
cell and monocyte chemotaxis

0.984 0.084 acute systemic inflammation with type 1
neutrophil chemotaxis and
monocyte/macrophage activation

0.983 0.085 acute inflammation with B-cell type 1/2
activation and macrophage priming

0.988 0.001 normal pulmonary homeostasis/type 1
monocyte/macrophage response

0.971 0.024  normal pulmonary homeostasis/type 1

BAL neutrophil count within each sex (i.e., post-exposure day
1 vs 2 in females and post-exposure day 3 vs 4 in males) using
the same main effects regression model showed no statistically
significant differences between post-exposure days within each
sex (Table S15). However, this may not adequately rule out
the effects of post-exposure day on BAL neutrophil results.
Females and males not only showed distinct patterns of
inflammatory responses to chronic exposure to TRAP but also
exhibited different sensitivity to TRAP emission sources and
components. Females responded to PM-containing exposures,
specifically to PM(LDV + HDV), evidenced as systemic
increases in cytokines that promote IFN-y production and
neutrophil and monocyte/macrophage chemokines. While
these TRAP-induced changes in pro-inflammatory cytokines
were not observed in the female lung itself, there was an
increased influx of neutrophils in BAL collected from the
female lung. In males, all TRAP exposures significantly
elevated pulmonary-type 1 cytokines involved in pro-
inflammatory pathways such as such chronic antigenic
inflammatory responses, fever generation, Thl cytokine

production, IxB phosphorylation, and chemotaxis of NK cells
and T cells. Interestingly, in contrast to females, the Gas(LDV
+ HDV) most prominently increased systemic type 1 and type
2 cytokines and chemokines in males. Collectively, females
developed more severe type 1 systemic inflammation, while
males developed more severe pulmonary type 1 inflammation
but also exhibited more robust pulmonary and systemic type 2
adaptations. These adaptations in male respiratory inflamma-
tion may have mitigated the progression to systemic
inflammation and containment of inflammation in the lung.
Our findings corroborate previously reported observations of
increased systemic cytokines with air pollution exposures*' ~*
but also highlight novel findings on sex-specific responses to
TRAP emission components and vehicular sources as evident
in the responses in systemic and pulmonary cytokines.
Additionally, we report different trends of changes in protein
and gene expression of cytokines in the whole lung lobe,
microdissected airways, and trachea, which contrast with
results from other acute exposure studies.***® Notably, while
protein levels of cytokines were minimally altered in female
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lung after subchronic TRAP exposure, whole lung lobe gene
expression analysis showed downregulation of IL-1/ and IL-18
but upregulation of IL-4 and IL-S only in females across most
TRAP groups but predominantly in the LDV+HDYV exposure
group. These findings indicate that pulmonary injury responses
to TRAP subsided in female lungs but were sustained in male
lungs. Although overt cell injury and necrosis or prominent
inflammation was not observed by H&E histology, increased
airway wall thickening, which can result from chronic
inflammation and cell injury and potentially lead to fibrosis,
was observed in females exposed to Gas(LDV+HDV). Upon
closer regional examination of airways, IL-1§ transcripts were
downregulated in the upper airway regions (trachea and
proximal airway) but were upregulated in the distal airway in
females with TRAP exposure. In males, TRAP decreased IL-1f
expression in the proximal airway but increased IL-18
expression in the distal airway, suggesting more active pro-
inflammatory signaling in the upper airway than lower airway
in both females and males. These airway level-dependent
inflammatory patterns were also detected by H&E histology,
which suggested a moderate increase in BALT in the lower,
but not the upper, airway regions of male lungs exposed to PM
+ Gas(LDV + HDV) and Gas(LDV + HDV). Females
exhibited a similar airway-dependent pattern, although the
changes in BALT were milder and statistically insignificant.
Unlike females, males had lower IL-1/ transcripts along with
higher IL-10 expressions in the lung parenchyma across all
TRAP exposures, which indicates ongoing resolution of
parenchyma inflammation at the transcript level. These
asynchronous and airway-dependent changes of cytokine
gene expression and protein levels demonstrate heterogenous
impacts of air pollutants, which can have airway location-
dependent deposition patterns, and compensatory down-
regulation of pro-inflammatory cytokines to resolve respiratory
inflammation and injury in response to subchronic ambient
TRAP exposure.

We expected synergistic or additive effects of PM and gas
components47 on biological outcomes, but we observed
distinct inflammatory profiles for each component. Exposure
to PM or gas fractions of TRAP induced more robust
biological responses than the combined exposure to PM + Gas.
Moreover, although gases and different sizes of PM are known
to reach and affect different airway regions,”> no consistent
airway-dependent patterns of response to TRAP were observed
across the different inflammatory readouts for each TRAP
component. These observations may reflect: (1) altered
aerodynamics in deposition, clearance, and dispersion of PM
and gases in the airway when combined vs when administered
in combination, (2) diffuse detection of signals from mixed
biological responses to PM and gases combined especially
when exposures occur chronically, and/or (3) different
biological adaptations to combined vs. separate TRAP
components after chronic exposure to very low, ambient levels
of PM and gases. As stated, average PM, s concentration in
TRAP fractions to which animals were exposed was only 10.8
ug/ m?3, which is a factor of 3 lower than the US EPA National
Ambient Air Quality Standards for 24 h PM, 5 (35 ug/m?) but
slightly higher than the annual standard (9 pg/m?). It is not
well understood whether gases change the toxicity of PM or
how gases alone cause inflammation. These results warrant
further investigation of the health effects of the gaseous
mixture of NO,, CO, and VOCs, which form a major part of
TRAP, but are largely understudied.

Cytokines recruit and activate immune cells either locally or
systemically initiate responses to tissue injury and to regulate
inflammation via signaling by pathogen- or damage-associated
molecular patterns (PAMPs/DAMPs).** Together, cytokines
and HMGB1 have been shown to be important biomarkers of
pulmonary inflammation in humans.*”*® HMGBI is a type of
DAMP molecule released into the extracellular space either
passively by necrotic cells or actively by resident macrophages
and injured cells.”® When secreted, HMGBI1 sequentially
recruits and polarizes macrophages to produce more pro-
inflammatory cytokines, which in turn 2prornotes ROS signaling
based on the HMGBI redox state.”>” We measured the total
secreted extracellular level of HMGBI in the serum and total
pulmonary HMGBI in the lung homogenates. The comparison
between total systemic and pulmonary HMGBI in the context
of cytokine changes provides further information about the
state of damage and inflammation following chronic exposure
TRAP. Interestingly, we observed opposing trends in the
effects of TRAP on systemic and pulmonary HMGBI in female
and male mice. Males had substantial increases in circulating
HMGBI but unchanged pulmonary HMGB], across all TRAP
exposures, whereas females had no changes in circulating
HMGBI1 but elevated pulmonary HMGBI in the PM +
Gas(LDV + HDV) group. These results imply that even after 3
months of exposure, TRAP persistently caused ongoing stress,
necrosis, and damage affecting vascular permeability™ in male
lungs, causing HMGBI release into the systemic circulation.
This resulted in less retention of HMGBI1 in the lungs to
recruit more leukocytes, which is corroborated with increased
pulmonary chemokines and cytokines. On the other hand,
unchanged systemic HMGB1 suggests that females experi-
enced less severe respiratory inflammation or quicker but
inefficient resolution of respiratory inflammation that may have
led to more severe systemic inflammation with an increase in
systemic cytokines but retention of HMGB1 in the lung. These
findings and interpretations are consistent with previous
studies showing that males had higher levels of HMGBI
secretion into the circulation and corresponding toll-like
receptor 4 (TLR4) expression, which were associated with
exacerbated pulmonary arterial hypertension (PAH) progres-
sion, in rat models of PAH as well as in human endothelial and
pulmonary artery smooth muscle cells.”**> An in vitro study
found that primary male mouse pulmonary endothelial cells
were more prone to necrosis and release of HMGB1 compared
to female pulmonary endothelial cells,”® which also indicates
increased vascular permeability in males. On the basis of these
observations, we noted a difference in each sex of efficacy and
timing for initiation and resolution of inflammation. While
HMGBI1 has been studied as an alarmin in the context of air
pollution®” as well as a potential systemic mediator that can
alter glial expressions in the SXFAD mouse model of AD,”*"” it
has been mainly studied in males only and has not been
compared across lung and serum in vivo.

To delineate the TRAP effects on each peripheral
inflammatory outcome, we made direct comparisons between
TRAP-exposed animals and FA controls for each outcome
separately. However, given the complex modulatory interplay
coordinated between inflammatory mediators,”’ we also
examined correlations among all outcomes. Notably, the PM
component alone most strongly influenced coordinated
systemic and pulmonary inflammatory responses in males,
although the type of response differed by vehicular sources
(LDV + HDV vs LDV). These observations diverge from what
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we observed in systemic inflammatory cytokines, which
showed the most sensitive responses to Gas-only. Altogether,
these separate and correlational analyses suggest selective
susceptibility of systemic cytokine responses vs coordinated
peripheral inflammation to Gas and PM, respectively. In
females, an unexpected number of significant correlations was
observed in FA controls (Table S14). Although the majority of
correlations were involved in Th1l/Th2 feedback regulation
that are also observed in healthy individuals,®’ a large number
of correlations involving acute inflammation and leukocyte
chemotaxis in FA controls is atypical. A potential explanation is
that females may have been experiencing AD-related
prodromal systemic inflammation, which has been implicated
clinically in patients with mild cognitive impairment.®”
Systemic inflammation plays a role in AD progression by
contributing to BBB impairment and neuroinflaimmation,” but
these processes are interdependent with an unclear temporal
sequence of events that may occur concurrently. Circulating
amyloid  (Af), which can originate either from platelets and
liver® or from brain clearance via cerebrospinal fluid, BBB
transport, and glymphatic drainage,”* can cause systemic
inflammation via peripheral macrophages/monocytes activa-
tion.®

Additionally, despite being exposed to clean air, FA controls
still experienced acute stress as true controls for the study, such
as transportation to the CTEF from UC Davis vivaria and
traffic noise and vibration. These stressors can promote
oxidative stress and inflammation via the HPA axis and stress
hormone signaling,°® which may have affected female FA
controls due to underlying sex differences in stress hormonal
responses.”” Deviations from FA female correlations that we
observed in TRAP groups, especially LDV-only groups that did
not have any correlations between cytokines, may indicate
TRAP-induced inflammatory dysregulation in addition to
underlying AD-driven inflammation. Nevertheless, we cannot
verify these speculations because wild-type rats and FA
controls without stress were not included in the study. Directly
comparing FA- and TRAP-exposed wild-type and transgenic
rats could have delineated AD-specific and TRAP-specific
dysregulation of peripheral inflammatory mediators. However,
without wild-type controls, our findings and interpretations of
TRAP effects are limited to the TgF344-AD rat model of AD,
in which AD progression remains confounded. While the
outcomes of the study did not include respiratory and
neurological functional evaluations, previous studies have
reported impaired contextual fear conditioning response in
TgF344-AD rats'® and no significant genotype effects on
respiratory control in the TgF344-AD rat model.%*

Although our data support TRAP-induced pulmonary
inflammation and its progression to systemic inflammation,
we cannot rule out other sources of inflammatory mediators
since other peripheral organs chronically impacted by TRAP
could have driven or contributed to systemic inflammation.
Future studies would benefit the field by including an analysis
of other organs. Despite efforts in the field, mechanisms
underlying sex-dependent inflammatory responses and suscep-
tibilities to inflammatory diseases and respiratory infections
remain unclear. While roles of sex hormones, differential
expression of TLRs, and X-chromosome-linked innate immune
genes were suggested as potential explanations,””’" there
remains no clear consensus. Our observations on significant
inflammatory responses by sex to different TRAP components
raise questions that merit further exploration of underlying

component-specific sex differences in immune responses,
regulation, and resolution after a chronic exposure of several
months.

B CONCLUSIONS

Our data collectively indicate that 3 months of ambient TRAP
exposure induces sex-specific pulmonary and systemic
inflammatory responses that vary by the TRAP component
and emission source. Overall, TgF344-AD females developed
type 1 systemic inflammation in response to PM(LDV +
HDV), while TgF344-AD males developed pulmonary type 1
inflammation and exhibited stronger type 2 adaptations, largely
driven by exposure to Gas (LDV + HDV). Across other end
points, distinct inflammatory profiles were observed for each
TRAP component in a sex- and airway region-specific manner.
However, due to the confounding of sex and post-exposure day
in this study, the observed sex-specific differences need to be
further confirmed in follow-up studies that separate these two
factors. Further analyses of chemical characteristics of PM and
gas in our TRAP exposure are necessary to better understand
which class of chemicals in TRAP-derived PM and gas drive
the observed respiratory toxicity and how the combined
exposure changes the aerodynamics of TRAP components and
their biological effects in females and males. The effects of gas-
phase components and PM from LDV emissions remain
understudied. Therefore, studies that examine PM and gas, as
well as the unchanged original source of TRAP, are important,
especially over long time scales involving chronic exposures.
Identifying such information can aid in developing more
efficacious air filtration systems in automobiles and homes near
roadways, promoting efficient and health-protective fuels and
social engineering of communities, and implementing regu-
lations and prevention to reduce negative health impacts of
near-roadway TRAP.
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B ABBREVIATIONS

AD Alzheimer’s disease

Ap amyloid S

AICc Akaike Information Criterion (corrected)

ARRIVE animal research: reporting of in vivo experi-
ments

BBB blood—brain barrier

BC black carbon

BAL bronchoalveolar lavage fluid

BALT bronchus-associated lymphoid tissue

CTEF Caldecott tunnel exposure facility

Co carbon monoxide

DAM damage-associated molecular patterns

DOC diesel oxidation catalysts

FDR false discovery rate

FA filtered air

HDV heavy-duty vehicle

H&E hematoxylin and eosin

HMGBL1 high mobility group box 1

IACUC Institutional Animal Care and Use Committee
LDV light-duty vehicle

LDV + HDV light- and heavy-duty vehicle

LPS lipopolysaccharide

NK cell natural killer cell

NO, nitrogen oxide

(OR ozone

PAMP pathogen-associated molecular patterns
PAH pulmonary arterial hypertension

PAHs polycyclic aromatic hydrocarbons

Dp particle diameter

PM particulate matter

PM + Gas  particulate matter and gas

PND post-natal day

ROS reactive oxygen species
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SCR selective catalytic reduction
SVOCs semi-volatile organic compounds
SO, sulfur dioxide

TLR toll-like receptor

TSP total suspended particle

TRAP traffic-related air pollution
TWC three-way catalytic converters
UC Davis University of California, Davis
VOCs volatile organic compounds.
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