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ABSTRACT OF THE DISSERTATION

Studies on the effect of inhaled particulate air pollution

on intestinal inflammation and the gut microbiome.

by

Candace Chang
Doctor of Philosophy in Molecular Toxicology
University of California, Los Angeles, 2024
Professor Jonathan P. Jacobs, Co-Chair

Professor Jesus A. Araujo, Co-Chair

It is estimated that air pollution kills 7 million people every year, and an estimated 90%
of the global population live in areas with high levels of pollutants exceeding the WHO
recommendations. There is a strong body of literature demonstrating the adverse effects of
ambient air pollution on human health. Air pollution is a varied mix of toxic gaseous and
particulate compounds, but clinical and epidemiological evidence support the particulate phase

compounds as main contributors to adverse health outcomes.
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Our studies investigate a novel, potential mechanism linking ultrafine particles (UFPs)
with intestinal inflammation. This study would be first to report not only the kinetics of
microbiome effects, but also regional and longitudinal microbiome differences caused by UFP
inhalation, a more physiologically relevant route of administration. We have assessed both the
small intestine and colon, as well as both the mucosal and luminal microbiome. We combined
controlled exposure using UFPs, the purportedly toxic component of PM, and inhalation to
investigate the impact of air pollution on the gut microflora. Furthermore, our use of controlled
chambers and re-aerosolization of PM selecting for UFP-range particulate matter represents
significant advances in PM toxicity research. The present study leverages physiologically
relevant UFP inhalation exposure, metabolic mouse models, acute and chronic IBD models, as
well as microbiome bioinformatics analysis.

In this dissertation, Chapter 1 discusses the basis for the need to study toxicological
effects of ultrafine air particulates and lay the foundation for the relationship between air
pollution, the microbiome, and inflammatory bowel disease. Chapter 2 describes microbiome
effects from UFP exposure on hyperlipidemic and normolipidemic mice as well as in-vitro
confirmation of UFP bioactivity. Chapter 3 characterizes the effect of UFP exposure on two acute
chemically-induced mouse models of colitis. Chapter 4 discusses microbiome and inflammatory
effects of UFP exposure in a genetically-modified, spontaneous chronic IBD mouse model, IL-
107-. The work is a collaborative effort between both the Jacobs and Araujo labs at UCLA, with

the assistance of the Engineering students from USC led by Dr. Constantinos Sioutas.

Our studies offer insight into a potential mechanism that may explain the role of air

pollution as an environmental factor contributing to rising incidence of IBD. This study is
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significant because we evaluate for the first time to our knowledge the effects of pulmonary UFP

exposure on gut microbiome composition in IBD murine models.
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“If we do not find anything pleasant, at least we will find something new.”

-Voltaire

Reflecting on the twists and turns during my time at UCLA, I cannot relate to this more. We
searched, at times not finding what we expected to see, yet our discoveries are novel, and the
journey, meaningful.

I express gratitude to my Araujo and Jacobs laboratory colleagues, who not only enriched my

scientific development but also provided a comforting sense of camaraderie. Thank you to my

parents Chang Ying-Yen and Tung Long-Chu for their support and sacrifice, and for my family
members and friends who have encouraged me along the way. I not only agree that the start to
this journey came as a miracle, but also believe that it was completed by every strength which

God provides.
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Chapter 1-BACKGROUND

Ambient PM increases morbidity and mortality

According to the National Morbidity Air Pollution Study (NMMAPS) in 2000, the
relationship between mortality and particulate matter (PM) was independent of gaseous
components of air pollution, including NO2, CO, and SO (Samet et al. 2000). Studies in the US
and in developing areas abroad show robust associations between acute and chronic PM
exposure with respiratory as well as cardiovascular morbidity and mortality(Schwartz and
Dockery 1992; Ostro et al. 1999; Katsouyanni et al. 2001). In addition, researchers are
discovering wider effects of PM exposure in the form of reproductive threats(Suh et al. 2009)
and neurological impairments(Ranft et al. 2009) from alteration of the hypothalamic-pituitary
adrenal axis. While unique characteristics of PM make it difficult to pinpoint which component
is responsible for its toxicity, published literature has supported size and composition as potential
characteristics contributing to toxicity (Li et al. 2003; Tong et al. 2010). PM can be
subcategorized by size thresholds: PM10 (aerodynamic diameter <10 micrometer[um]) and fine
particles or PM2.5 (<2.5um diameter) and ultrafine particles, or UFPs (aerodynamic diameter
<0.10um). Almost weightless, UFPs represent 85-90% of PM2.s by number and more than 80%
of total of industrial and urban ambient particle numbers (Diaz et al. 2019; Hussein et al. 2004).
They are mainly generated in the urban environment, from tailpipes of vehicular sources due to
incomplete exhaust combustion. UFPs also display biophysical and biochemical properties
contributing to increased toxicity, thus promoting disease to a greater degree than pollution
particles of a larger size (e Oliveira et al. 2019; Araujo and Nel 2009; Simkhovich, Kleinman,
and Kloner 2008). Their surface area-to-size ratio allows for more chemical species such as

semi-organic compounds, reactive transition metals, and polycyclic aromatic hydrocarbons to
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coat their carbon core (Stone et al. 2017). The small size of the particle lends to the increased
surface area relative to mass, further increasing biological activity (Kumar, Verma, and
Srivastava 2013). Detrimental health effects may increase with decreasing particle size (Meng et
al. 2013), and surface reactivity and aspect ratio, among other properties, permit UFPs greater
access to peripheral airways and uptake into circulation, leading to oxidative stress and

inflammation (Miller, Shaw, and Langrish 2012).

UFP exposure leads to adverse health effects.

Air pollution has potential to harm all bodily organs(Lopez-Feldman et al. 2020), but PM
and UFPs in particular have many disease-related effects. UFPs are able to penetrate alveoli in
the lung to cause pulmonary deposition and systemic translocation, reaching different systems of
the body. Emerging evidence suggests that UFP exposure is associated with risks of several
diseases affecting the i) pulmonary, ii) central nervous, and iii) cardiovascular systems. i) UFP
exposure leads to respiratory diseases when they travel to the terminal bronchiole and
accumulate, causing tissue damage characteristic of centrilobular emphysema(Schraufnagel
2020). UFPs readily contact the alveoli and travel across epithelial cells. Rats exposed to UFPs
showed more inflammation in their lungs compared to those exposed to PM2.s.(Donaldson et al.
2002) Research on the inhaled UFP exposure in healthy and asthmatic human patients showed
that inhalation of carbon UFPs had effects on pulmonary vascular function (Frampton 2007). A
study conducted to elucidate the respective toxicities of fine and ultrafine particles in asthma-
diseased human bronchial epithelial cells showed that UFP exposures led to significant increases
in different inflammatory mediators while fine particulates failed to, or did so to a lesser
degree(Sotty et al. 2019). This indicates a greater human inflammatory response from UFPs

compared to fine particulates. ii) UFPs also appear in the brain 4 to 24 hours after inhalation and
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published articles have reported effects in the central nervous system. Nano-sized particles may
reach the brain by traveling up the olfactory nerves leading to cell injury in the central nervous
system (Block and Calderén-Garciduefias 2009; Oberdorster et al. 2004) and impaired autonomic
function. Angiogenesis, cell migration, and other mRNA alterations may predispose to adverse
health outcomes. Pups of pregnant mice intranasally exposed to black carbon nanoparticles
developed long-term activation of astrocytes (Onoda, Takeda, and Umezawa 2017). iii) UFPs
have been implicated in cardiovascular disease, and even a 2-hour UFP exposure led to
electrocardiographic changes and elevated levels of C-reactive protein(CRP) in middle-aged,
human subjects(Devlin et al. 2014). PM count has been associated with stroke, ischemic heart
disease, and hypertension. Of note, UFPs impaired microvascular function and high blood
pressure, but PM2.s and PM 1o did not. UFP exposure also significantly increased hypertensive
crises compared to PMa2.s or PM 0. Long-term exposure to UFPs was associated with heightened
cardiovascular disease (CVD) risk, measured by incidents of cerebrovascular disease, ischemic
cerebrovascular accidents (CVA) and hemorrhagic CVA events(Aguilera et al. 2016). UFPs have
been shown to be toxic in the context of an atherosclerosis mouse model: exposure to ambient
UFPs reduced high-density lipoprotein (HDL) anti-inflammatory properties and increased
oxidative stress in Apolipoprotein E-knockout (4poE”) mice (Araujo et al. 2008). Significantly
larger lesions were also observed in the UFP-exposed ApoE”* mice compared to the PM2 5-
exposed mice, supporting that UFP exposure is the most proatherogenic fraction of air pollution

particles(Araujo et al. 2008).

UFP exposure alters gut homeostasis and metabolism.
Inhaled UFPs could also access the gastrointestinal (GI) tract, via mucociliary clearance,

in a manner akin how it has been shown for larger particulates (Kreyling et al. 1999; Moller et al.
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2004) or after translocation into the systemic circulation (Nemmar et al. 2002; Nemmar et al.
2001). This may affect gut pathophysiology. In fact, particulate pollutants may exert effects on
intestinal epithelial cells leading to inflammation and enhanced immune activity. PM may also
modulate the gut flora composition(Fouladi et al. 2020). The complex bacterial community of the
human gut consists of more than 10'? cells, about 1000 species, and more than 6000 functional
gene groups(Zhu, Wang, and Li 2010). Their numbers match human cells in an estimated 1:1
ratio and most of them belong in the Firmicutes and Bacteriodetes phyla(Abbott 2016). Intestinal
microbes also hold a major pathophysiological role and a documented capacity to metabolize
environmental chemicals, to regulate host immune responses, and to maintain gut health and
homeostasis(Lozupone et al. 2012). In the context of many diseases also associated with PM
exposure such as cancer(Lauka et al. 2019), metabolic(Turnbaugh et al. 2006) and CV
diseases(Craciun, Marks, and Balskus 2014), alterations in the gut microbiome, termed
‘dysbiosis’, have been shown to play a critical role. Dysbiosis modulates host metabolism,
immunity, and inflammatory response. Notably, the intestines play an important role in lipid
metabolism, and may therefore be involved in the dyslipidemia and hypercholesterolemia that
contribute to the risks of diseases such as atherosclerosis(Vaseghi et al. 2022; Fouladi et al.
2020). Taken together, it can be postulated that a link exists between UFP effects on the gut and
associated microbiota, and the reported association between UFP inhalation and cardiovascular
disease.

Existing data supports that gastrointestinal exposure to UFPs can impact the gut
microbiome. UFP administration by oral gavage altered the intestinal microbiome of low-density
lipoprotein receptor deficient mice (Ldlr”’") mice on a high fat diet, supporting the notion that

UFP impacts the gut microbiome (Li et al. 2017). Specifically, exposure to UFPs by oral gavage
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increased abundance in Verrucomicrobia but decreased Actinobacteria, Cyanobacteria, and
Firmicutes. Ldlr’~ mice exposed to UFPs by gavage had altered microbiome and atherogenic
lipid metabolites, along with macrophage and neutrophil infiltration in the ileum (Li et al. 2017).
The microbiome of UFP-gavaged mice was also marked by reduced diversity (Li et al. 2017). A
separate study exposing Ldlr”- mice to inhaled UFPs for 10-weeks demonstrated that UFP
inhalation caused changes in intestinal villous morphology along with changes in immune cell
infiltrates in the villi (Li, Navab, et al. 2015). Inhalation of UFPs by Ldlr also altered lipid
metabolism and caused villus shortening (Li, Navab, et al. 2015). The mice exposed to inhaled
UFPs showed an increase in oxidized fatty acids and lysophosphatidic acids (LPA). These UFP-
mediated alterations and microbiome shifts suggest a gut toxicity mechanism in diseases
associated with increased air pollution. Evidence showing the relevance of the microbiome in
many diseases, along with understanding of UFP toxicity(Beamish, Osornio-Vargas, and Wine

2011), lead us to hypothesize that inhalation of UFPs promote dysbiosis of the gut microbiome.

The development of inflammatory diseases is regulated by interactions between the environment,
immune responses, genetics, and the microbiome (Hacquard et al. 2015; Lynch and Hsiao 2019).
Reduced diversity of normal microbial ecology, driven by environmental and genetic factors, has
been characterized in diseases (Mosca, Leclerc, and Hugot 2016; Petrov et al. 2017; Kriss et al.
2018) linked to PM such as colorectal cancer (Kaplan et al. 2010), IBD (Kaplan et al. 2010), and
Parkinsons’s (Kasdagli et al. 2019) Thus, we suggest a link between air pollution and an aberrant
microbiome, which may augment disease susceptibility.

It remains unknown whether UFP inhalation changes the gut microbiome. Thus, we

exposed distinct groups of recipients to UFP (<0.20um) at both acute and subchronic time

frames. Using 16S rRNA sequencing, we will determined the profile of the bacterial community



in the fecal matter, lumen and mucosa. In Chapter 2, we expose ApoE”", Ldlr’~ and C57BL/6J
mice to inhaled UFP and assess chemical and histological markers of inflammation as well as
changes in the gut microbiome over time. In Chapter 3, two chemically-induced acute models of
colitis were exposed to inhaled UFP and observed for clinical and histological markers. Finally
in Chapter 4, we determined the effects of subchronic UFP inhalation exposure on the

microbiome and intestinal inflammation in a chronic, genetic model of IBD.
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Chapter 2-PM and the Kinetics of Gut Microbiome Alteration

Abstract

Exposure to ultrafine particles (UFPs) has been associated with multiple adverse health
effects. Inhaled UFPs could reach the gastrointestinal tract and influence the composition of the
gut microbiome. We have previously shown that oral ingestion of UFPs alters the gut
microbiome and promotes intestinal inflammation in hyperlipidemic Ld/lr”- mice. Particulate
matter (PM)2.5 inhalation studies have also demonstrated microbiome shifts in normolipidemic
C57BL/6 mice. However, it is not known whether changes in microbiome precede or follow
inflammatory effects in the intestinal mucosa. We hypothesized that inhaled UFPs modulate the
gut microbiome prior to the development of intestinal inflammation. We studied the effects of
UFP inhalation on the gut microbiome and intestinal mucosa in two hyperlipidemic mouse
models (4poE” mice and Ldlr’- mice) and normolipidemic C57BL/6 mice. Mice were exposed
to PM in the ultrafine-size range by inhalation for 6 hours a day, 3 times a week for 10 weeks at a
concentration of 300-350 pg/m3. 16S rRNA gene sequencing was performed to characterize
sequential changes in the fecal microbiome during exposures, and changes in the intestinal
microbiome at the end. PM exposure led to progressive differentiation of the microbiota over
time, associated with increased fecal microbial richness and evenness, altered microbial
composition, and differentially abundant microbes by week 10 depending on the mouse model.
Cross-sectional analysis of the small intestinal microbiome at week 10 showed significant
changes in a-diversity, B-diversity, and abundances of individual microbial taxa in the two
hyperlipidemic models. These alterations of the intestinal microbiome were not accompanied,
and therefore could not be caused, by increased intestinal inflammation as determined by

histological analysis of small and large intestine, cytokine gene expression, and levels of fecal
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lipocalin. In conclusion, 10-week inhalation exposures to UFPs induced taxonomic changes in

the microbiome of various animal models in the absence of intestinal inflammation.

Introduction

It is estimated that 90% of the global population live in areas with high levels of
pollutants exceeding the 2021 WHO recommendations, and anthropogenic air pollution exposure
causes 5.5 million premature deaths each year (World Health Organization 2021; Lelieveld et al.
2019). Although some air pollution health effects are driven by gaseous components,
epidemiological evidence indicates that mortality is largely driven by the particulate matter (PM)
components (Samet et al. 2000). Thus, studies in the US and other countries show robust
associations between acute and long-term PM exposure with respiratory as well as
cardiovascular morbidity and mortality (Schwartz and Dockery 1992; Ostro et al. 1999;
Katsouyanni et al. 2001; Miller et al. 2007). While it has been difficult to pinpoint the specific
PM components that are responsible for its toxicity, it appears that both size and composition are
important determinants of toxicity (Li et al. 2003; Tong et al. 2010; Araujo 2011). Almost
weightless, ultrafine particles (UFPs), with an aerodynamic diameter <0.1 um, constitute 85-90%
of PM2.s5 (PM< 2.5um), and more than 80% of total industrial and urban ambient particles by
number (Diaz et al. 2019; Hussein et al. 2004), mainly generated in the urban environment from
tailpipes of vehicular sources due to incomplete exhaust combustion.

UFPs have the potential to harm all bodily organs (Lopez-Feldman et al. 2020). They can
penetrate alveoli in the lung and translocate into the circulation to reach systemic tissues in the
body. Inhaled UFPs could also access the gastrointestinal (GI) tract, via mucociliary clearance, in
a manner akin to how it has been shown for larger particulates (Kreyling et al. 1999; Moller et al.

2004) or after translocation into the systemic circulation (Nemmar et al. 2002; Nemmar et al.
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2001). GI exposure to UFPs may affect the complex bacterial community lining of the human
gut, consisting of more than 4x10'3 cells, about 5000 species, and more than 20 million
functional gene groups (Pasolli et al. 2019; Sender, Fuchs, and Milo 2016). Intestinal microbes
have the capacity to metabolize environmental chemicals, regulate host immune responses,
modulate metabolism, and maintain gut health and homeostasis (Lozupone et al. 2012).
Alterations in the gut microbiome associated with disease phenotypes, termed ‘dysbiosis’, have
been demonstrated to play a critical role in many diseases also associated with PM exposure,
including metabolic disorders (Turnbaugh et al. 2006), cardiovascular diseases (Craciun, Marks,
and Balskus 2014), and cancer (Lauka et al. 2019). Li et al have reported that UFPs promote
intestinal inflammation in a hyperlipidemic mouse model where exposure to ambient UFPs
shortened the villi of the small intestine, and increased the average number of macrophages per
villus in low-density lipoprotein null (Ldlr”") mice (Li, Navab, et al. 2015). In addition, Li et al
also showed that GI exposure to UFP by orogastric gavage altered the composition of the cecal
microbiome in Ldlr”~ mice (Li et al. 2017), suggesting the development of dysbiosis of the gut
microbiome with inflammatory effects in the GI tract. However, intestinal inflammation per se
can induce changes in gut microbiome composition (Lupp et al. 2007), raising the possibility that
gut microbiome changes could be due to intestinal inflammatory effects rather than UFP
exposure.

We hypothesized that inhalation of UFPs alters gut microbiota composition prior to the
development of intestinal inflammation. To test this hypothesis, we characterized the effects of
subchronic inhalation exposure to UFPs on fecal microbiome profiles at 3 time points after the
onset of exposures, and on the intestinal microbiome profiles at the end of the exposure protocol

when we also assessed histological changes in the intestines of three distinct mouse models, two
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hyperlipidemic (Ldlr”~ mice fed a high fat diet and ApoE”" mice on a chow diet) and one

normolipidemic (C57BL/6 mice fed a chow diet).

Materials and Methods
Animal Subjects

Male Ldlr”- mice (6-8 weeks-old) and ApoE~ mice (5-7 weeks-old) were purchased from
Jackson Laboratories followed by at least 1 week of acclimation. C57BL/6 mice were from our
colonies of myeloid-specific heme oxygenase 1 (HO-1) knockout (Zhang et al. 2018) and
myeloid-specific nuclear factor, erythroid derived 2, like 2 (Nrf2) knockout (Bhetraratana 2018),
floxed for the HO-1 and Nrf2 genes, respectively, but negative for the LysM-Cre recombined
gene, and therefore, with normal expression of those genes. Ldlr”~ mice were fed an irradiated
42% high fat diet (Envigo TD.88137), high in sucrose (34% by weight), with saturated fat >60%
of total fat, and 0.2% cholesterol. ApoE~~ mice and C57BL/6 mice were fed autoclaved chow
diet. Food and autoclaved water were provided ad libitum except during the exposures. Mice
were housed in autoclaved shoe-box type cages with cornhusk bedding. Our research protocol
was conducted in compliance with the Animal Research Committee and Institutional Animal
Care and Use Committee ([ACUC) at the University of California, Los Angeles (UCLA), and

performed in coordination with the Division of Laboratory Animal Medicine (DLAM) at UCLA.

Collection of Particulate Matter

Ambient PM2.s was collected on PTFE membrane filters (20 x 25 cm, 3.0 um pore size,
PALL Life Sciences, USA) at the University of Southern California’s Particle Instrumentation
Unit (PIU) using a high-volume sampler (with a flow rate of 250 Ipm) connected to a PMa2. s pre-

impactor for separation and collection of PM2.s between February-May 2019 for exposures of
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the Ldlr’~ and ApoE”~ mice, and December-January 2020 for exposures of C57BL/6 mice. Each
filter was divided into 32 pieces and extracted in Milli-Q water using 1 hour of sonication. The
amount of extracted PM via sonication was obtained by subtracting the pre-extraction from the
post-extraction weights of the filters using a high precision (+0.001 mg) microbalance (MT5,
Mettler Toledo Inc., Columbus, OH). Further details regarding PM collection and extraction have
been reported by us (Soleimanian, Taghvaee, and Sioutas 2020; Taghvaee et al. 2019).
PM Inhalation Exposures

Inhalation exposures were conducted at the Air Pollution Inhalation Exposure Facility
(APIEF) located within the animal vivarium (5V) in the Center for Health Sciences building at
UCLA. Following at least 1 week of acclimatation, mice from the Ldlr", ApoE”- and C57BL/6
groups were 12 weeks, 8 weeks and 18-20 weeks of age, respectively, at the onset of the
exposure protocol, consisting of 6-hour exposure sessions, 3 days/week for 10 weeks,
intercalated with non-exposure days (Fig. 1A). For the exposures, mice were placed on exposure
chambers that housed up to 22 mice/cage, and subjected to exposures to re-aerosolized PM or
filtered air (FA). A compressor pump built at the University of Southern California (USC) Viterbi
School of Engineering pushed HEPA-filtered air into a Hope nebulizer (B&B Medical
Technologies, USA) to re-aerosolize the PM-containing solutions into the ultrafine size range
(Taghvaee et al. 2019) (Fig. 1B). A vacuum pump drew the stream of re-aerosolized PM through
a silica gel diffusion dryer (Model 3620, TSI Inc., USA) followed by Po-210 neutralizers (Model
2U500, NRD Inc., USA) to remove the excess water content and electrical charges of the
particles, respectively. This air stream entered the animal exposure chamber with a flow rate of
2.5 Ipm. Before the start of each exposure session, a scanning mobility particle sizer (SMPS,

Model 3936, TSI Inc., USA) was connected to a condensation particle counter (CPC, 4 Model
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3022A, TSI Inc., USA) to measure the particle number concentration (PNC) distribution of re-
aerosolized particle in the range of 0.013-0.76 um as well as an optical particle sizer (OPS,
Model 3330, TSI Inc., USA) for the size range of 0.3-2.5 um (Fig. 1C). The mode diameter was
~50 nm with the total PNC of 368024 #/cm. Mass concentration was assessed by a TSI Dustrak,
with a target average concentration of 300-350 Og/m?. In parallel, the re-aerosolized particles
were collected on PTFE (Teflon) and Quartz (37-mm, Pall Life Sciences, 2-um pore, Ann Arbor,
MI) filters for chemical characterization. For FA exposures, ambient air was passed through a
HEPA-filter and drawn into it by a vacuum pump (Fig. 1B). Body weights and fecal pellets were
recorded and collected weekly throughout the 10-week exposure. Tissues were harvested at the
end of the protocol after euthanasia under isoflurane anesthesia.
PM Characterization

Aliquots of PM slurry samples were chemically analyzed to determine total organic
content (Veenstra et al.), water-soluble inorganic ions, and metal elements at the Wisconsin State
Laboratory of Hygiene (WSLH). One Teflon filter was extracted with a mixture of ultrapure
(Milli-Q®) water and ethanol (5 mL: 0:15 mL, respectively) for analysis of inorganic anions
[ammonium (NH+ ), nitrate (NO — ), and sulfate (SO2 — )] by ion chromatography using a
Dionex Model DX-500 Ton Chromatograph (Herner, Green, and Kleeman 2006). PM-bound
metals and trace elements were analyzed by magnetic-sector inductively coupled plasma mass
spectroscopy in a Thermo Scientific ELEMENT?2 High-Resolution ICP-MS unit using a
microwave-assisted digestion employing a mixed acid made of nitric acid, hydrochloric acid, and
hydrofluoric acid (Lough et al. 2005). The complete dissolution of metals present in aerosols was

achieved by microwave-assisted acid digestion in Teflon bombs. An automated, temperature- and
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pressure-regulated, trace analysis microwave system (Milestone Ethos+) was used for the
digestion (Zhang et al. 2008).
Sample Collection, DNA Extraction and 16S rRNA Gene Sequencing
Mice were euthanized 18 hours after the last exposure, following 12 hours of fasting.

Intestines were harvested and divided by region for collection of jejunal and ileal mucosal
samples as previously described (Jacobs et al. 2017). Briefly, mucosal samples were obtained by
incubating rinsed tissue pieces in media with dithiothreitol at 37°C in a shaker followed by
centrifugation at 2000x g for 15 min at 4°C. Mucosal sample pellets were resuspended in 250-
300 pl of DNA/RNA shield™ and stored at-80°C until the moment of analysis. At that point,
samples thawed from -80°C, underwent DNA extraction using the ZymoBIOMICS DNA
Microprep Kit or ZymoBIOMICS 96 DNA Kit (Zymo Research, Irvine, CA, USA) according to
the manufacturer’s instructions. Sequencing of the 253 base pair V4 region of 16S ribosomal
RNA gene was performed using the Illumina MiSeq for longitudinal fecal samples and cross-
sectional intestine samples from C57BL/6 mice, and the [llumina NovaSeq 6000 for cross-
sectional Ldlr”- and ApoE™ intestinal samples. Sequenced data were processed into amplicon
sequence variants (ASVs), and assigned taxonomy using the DADAZ2 pipeline (Callahan et al.
2016) in R with the SILVA 132 database. Sequence depth ranged from 7,789 to 646,362
reads/sample with a mean of 119,457.
Microbiome Diversity Analysis

Alpha diversity was assessed using the Shannon index, a metric of species evenness and
richness, with data rarefied to a sequencing depth of 5,000 in each sample subset (Jacobs et al.
2016). The data was fitted to linear mixed effects models in R studio and statistical analyses was

performed using the Imer function. Exposure group, timepoint, and their interaction were
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included as fixed effects in all models. Mouse ID was treated as a random effect for longitudinal
fecal microbiome data and cage as a random effect for tissue microbiome data.

For beta diversity and differential abundance analysis, data were filtered to remove ASVs
that were present in less than 25% of all samples. Beta diversity was assessed using the Bray-
Curtis dissimilarity matrix to identify microbiome compositional differences between the
different treatment groups (PM vs. FA) and in the longitudinal fecal pellet data (Week 0, 1, 5,
and 10). Statistical analyses was performed using permutational multivariate analysis of variance
(PERMANOVA) implemented in the Adonis package in R with treatment, timepoint (with week
0 as the baseline), and their interaction as fixed effects and cage or mouse ID as strata for
permutations. Differences in taxa abundances between exposure groups were analyzed using
MaAsLin2 in R (Version 1.4.1106, Vienna, Austria) with treatment and timepoint as fixed
effects, and cage or mouse ID as a random effect (Mallick et al. 2021). p-values were adjusted
for multiple comparisons using the Benjamin—Hochberg method. Significance threshold was set
at g-value<0.10.

Histological Scoring

A ~1.5 cm piece of the middle of the jejunum and colon were cut and fixed in 10%
phosphate buffered formalin and then transferred to 70% ethanol. The cassettes were sent to the
Translational Pathology Core Laboratory (TPCL) at UCLA for embedding in paraffin, sectioning
and staining with hematoxylin and eosin (H&E). Sections of the jejunum were scored to assess
epithelial and mucosal architectural changes as well as the severity and extent of immune cell
infiltration using a published scoring system with two subscales (Erben et al. 2014). Thus,
inflammatory cell infiltrates were scored 0-4 based on severity ranging from mild to marked, and

on extent ranging from only the mucosa to transmural involvement in the first jejunum subscale.
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For the second jejunum subscale, changes in intestinal architecture were scored 0-4 based upon
epithelial changes from mild to marked hyperplasia and goblet cell loss as well as mucosal
architecture, from mild villous blunting to villous atrophy and ulcerations. The sum of both
subscales yielded a final score 0-8 were scored separately (Erben et al. 2014). Inflammation in
colons were scored from 0-12 using a scoring system with two subscales as well. A first colon
subscale scored inflammation from 0-6 with severity ranging from normal to severe
inflammatory cell infiltrates, and a second colon subscale (0-6) was based on extent ranging
from only the mucosa to transmural involvement(Katakura et al. 2005; Jacob et al. 2018). In the
first subscore, a score of 1 was assigned for hyperproliferation, irregular crypts, and goblet cell
loss, 1.5 for mild crypt loss (10-25%), 2 for moderate crypt loss (25%-50%), 2.5 for severe crypt
loss(50-75%), 3 severe crypt loss (75-90%), 4 for complete crypt loss, 5 for ulcers <10 crypts
wide, and 6 for ulcers >10 crypts wide. For the second subscale, changes in intestinal
architecture were scored from 0-6 by adding the scores from each region of the intestinal wall.
The musosa was scored from 0-3 (0: Normal, 1: Mild, 2: Modest, 3: Severe), the submucosa was
scored from 0-2 (0: Normal, 1: Mild to modest, 2: Severe), and the mucosa/serosa was scored 0-
1 (0: Normal, 1: Moderate to severe).
Fecal Lipocalin ELISA

Fecal mouse lipocalin-2 (pg/ml) was measured in stool samples from Ldlr”- and ApoE™"
mice at week 10 using the DuoSet® Mouse Lipocalin-2/NGAL and Ancillary Reagent Kit 2
(R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s instructions.
RT-gPCR

~1.5 cm pieces of the midsection of the jejunum and colon were cut and fixed in

RNAlater®. The Qiagen RNAeasy Mini Kit was used to extract RNA from thawed intestinal
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sections according to the manufacturer’s instructions. A total of 200 nanograms of extracted
RNA in each sample was used for reverse-transcribed cDNA synthesis using the Applied
Biosystems High-Capacity cDNA Reverse Transcription Kit according to the manufacturer’s
instructions (Applied Biosystems catalog# 4368814). The mRNA expression of target genes was
detected using Applied Biosystems TagMan Fast Advanced Master Mix (catalog# 4444557) and
TagMan probes for B-actin (Mm02619580 g1), IL-1p (Mm00434228 ml), IFNy
(MmO01168134 ml), and TFNa (Mm00443258 ml). Each sample and target gene for qPCR was
conducted in triplicate and each reaction was performed in a final volume of 10uL including
2.5uL of cDNA 0.5uL of the respective probe, SuL. of Master mix, and 2uL of
water. TheLightCycler 480 program consisted of an initial pre-incubation warm-up cycle to 95°C
for 10 minutes, followed by 45 cycles of amplification (95°C for 10 s, 60°C for 30 s, and 72°C
for 1 s) and a cooling cycle at 40°C for 30 s. Quantitative PCR was performed in a LightCycler
480 (Roche Diagnostics) and gene expression was analyzed using the delta-delta Ct (DDCt or
ddCt) method. TagMan probes were validated to ensure that probes were efficiently doubling
with every PCR cycle (data not shown).
Statistical Analyses

PM characterization data are shown as means. Alpha and beta diversity are shown by
violin and 2D scatter plots; differential abundance is shown by dot plots. All microbiome data
were analyzed as indicated above. Data from histological scoring and fecal lipocalin data were
shown by violin plots and analyzed by Mann-Whitney U-test in R studio (threshold p-value

<0.05) for comparison between PM and FA groups.

Results

Fecal microbiome changed after subchronic inhalation exposure to PM
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Subchronic UFP inhalation was modeled by exposing mice to ambient PM collected at an
urban site for 10 weeks, then resuspended in the ultrafine size range in a closed exposure
chamber as described in the Methods. Three cohorts of mice underwent exposures for 6
hours/day, three days per week for 10 weeks, including two genetic mouse models for
hyperlipidemia, Ldlr”- mice fed a high-fat diet and ApoE” mice fed a chow diet, and
normolipidemic C57BL/6 mice on a chow diet (Fig. 1A). The greatest fraction of extracted PM
for the exposures to Ldlr”~ and ApoE"~ mice was total carbon (~48%), followed by inorganic ions
(~33%), and metal elements (~19%) (Fig. 1D). In the exposure campaign with C57BL/6 mice,
the chemical analysis showed inorganic ions (~43%), followed by total carbon (~39%), and
metal elements (~18%) (Fig. 1E). In total, 63 mice were exposed to PM vs FA: 22 Ldlr- mice
(n=11/group), 22 ApoE”~ mice (n=11/group), and 19 C57BL/6 mice (n=9-10/group). In all three
cohorts, fecal samples were collected at baseline and weeks 1, 5, and 10 of exposures to assess
the kinetics of PM effects on the microbiome. Jejunum and in some cases ileum as well, were
collected after euthanasia to assess the small intestinal microbiome at the end of the protocol. All
samples underwent microbiome characterization by 16S rRNA gene sequencing.

Longitudinal analysis of fecal samples from Ldlr”~ mice showed that subchronic exposure
to UFPs significantly altered the microbiome. Microbial alpha diversity was significantly
increased at week 10 in comparison with baseline as determined by the Shannon index (p=0.008)
but not in the previous time points, week 1 or week 5 (Fig. 2A). Although there were no
significant shifts in microbiome composition by beta diversity analysis at any time point (Fig.
2B), there were significant differences in microbial abundances at all time points by testing of
differential abundance at the level of amplicon sequence variants (ASVs), which roughly

corresponds to species (Fig. 3). Interestingly, there was an increase in the number of ASVs with
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an increasing duration of exposures. Thus, while there was enrichment of only 1-3 ASVs at
weeks 1 and 5 (Fig. 3A&B), the enrichment was of 7 ASVs at week 10, including a member of
the Oscillospirales order, Lachnospirales order, and of the genus Lachnoclostridium.

In ApoE” mice, although there were no differences in microbial alpha or beta diversity
(Fig. 4A&B), there were two ASVs that differed between the PM and FA groups at week 1 (Fig.
5A), four ASVs at weeks 5 and six ASVs at week 10 (Fig. 5B&C), including depletion at both
timepoints of the one member of the Lachnospiraceae family in the k44136 group. Depletion of
an ASV in the Clostridia order was also seen at both weeks 5 and 10 (Fig. 5SB&C).

As microbiome changes with PM exposure could have been influenced by the
hyperlipidemia in both Ldlr”- and ApoE~~ mice, and/or high fat diet feeding in Ldlr”~ mice, we
also studied PM effects on normolipidemic mice from the same C57BL/6 background. While
there were no significant differences in alpha diversity (Fig. 6A) or differentially abundant ASVs
at any time point, beta diversity was significantly different between PM and FA groups at week
10 (p=0.02) (Fig. 6B).

Cross-sectional changes in the small intestinal microbiome

Since fecal samples largely represent the colonic microbiome, we analyzed small
intestinal samples from jejunum and ileum upon euthanasia at week 10 to assess whether PM
exposures induced distinct effects in these regions. Ldlr”~ mice showed a significant difference in
beta diversity in both jejunum (p=0.02, Fig. 2C) and ileum (p=0.003, Supplementary Fig. 1B) in
spite of no significant effects on alpha diversity (Fig. 2C) or differentially abundant ASVs in
either region. On the other hand, 4poE~~ mice showed a statistically significant increase in alpha
diversity in the jejunum (p=0.006, Fig. 4C) and borderline significant changes in the ileum

(p=0.07, Supplementary Fig. 1C) where there was a significant difference in beta diversity as
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well (p=0.008, Supplementary Fig. 1D). In addition, PM induced significant changes in
microbial abundance. Indeed, the Muribaculaceae ASV was upregulated while a
Lachnospiraceae ASV was downregulated in the PM group as compared with FA group in both
(Fig 4C) and ileal microbiomes (Supplementary Fig. 1E). Interestingly, while PM exposure in
C57BL/6 mice led to borderline changes in jejunal beta diversity (p=0.06, Fig. 6C), there were
no significant effects on alpha diversity (Fig. 6C) or microbial abundance.
Assessment for intestinal inflammation

Our previous studies have shown that UFP exposures by inhalation (Li, Navab, et al. 2015)
or oral gavage (Li et al. 2017) led to intestinal inflammation in Ld/r-/~- mice although we could
not determine whether intestinal inflammatory effects preceded or followed changes in the
composition of gut microbiota. We performed double-blind histological scoring of the jejunums
and colons. To our surprise, there were no differences in mucosal architecture or extent of
inflammation judged by villous blunting, goblet cell loss, and ulcerations between the PM and
FA groups in none of the hyperlipidemic models or normolipidemic mice (Fig. 7A). Thus, the
jejunums of ApoE~~ mice, Ldlr” mice, and normolipidemic C57BL/6 mice exhibited similar
histological scores between the PM and FA groups. Likewise, the colon histological samples
showed no differences between PM and FA groups in the ApoE™, Ldlr’-, and C57BL/6 mice
either. In addition, mRNA levels of proinflammatory cytokines (IL-1p, IFNy, TFNa) were
similar between PM and FA-exposed mice in the jejunum and colon of mice from the three
cohorts (Fig. 7B). Consistently, ELISA measurement of lipocalin-2, a biomarker of intestinal
inflammation, in fecal pellets collected at week 10 showed no significant differences between the

PM and FA-exposed mice in the two hyperlipidemic models (Supplementary Fig. 2).
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This study is the first to report on the effects induced by inhalation of ambient ultrafine
PM on the intestinal microbiome, extending our previous report where subchronic UFP oral
exposure led to microbiome changes together with intestinal inflammation in Ld/lr”~ mice fed a
high fat diet (Li et al. 2017). In the current study, subchronic PM inhalation resulted in changes
in the fecal and small intestinal microbiomes of 3 animal models, hyperlipidemic Ldl¥’- and
ApoE”mice as well as normolipidemic C57BL/6 mice that varied across mouse models and by
the location of the tissue samples, in the absence of intestinal inflammation.

We found that 10-week exposure to ultrafine PM by inhalation, a physiologically relevant
route of PM exposure, induced changes in the intestinal microbiome across Ldlr”, ApoE”", and
C57BL/6 mice. Changes in fecal microbiome diversity and/or composition became consistently
evident between weeks 5 and 10 in all three mouse models. This indicates that subchronic
exposure was required for inhaled PM in the ultrafine-size range to induce changes in gut
microbiome composition under the conditions of our experimental setup. While microbiome
changes were induced across all 3 mouse models, they differed in whether they showed a
microbiome effect by analysis of alpha diversity, beta diversity or differential abundance of taxa.
A few individual taxa were identified as significantly altered as short as within 1 week of
exposure, increasing in number as the study progressed over time (Figs. 3&5) and without
plateauing, which suggests that changes in differential abundance of taxa might have further
increased, had the exposures continued for additional weeks. Our data is consistent with the
study of Li et al where inhalation of diesel exhaust particles (DEPs) caused changes in gut
microbiome composition. However, they observed increased epithelial injury scores in the colon
(L1, Sun, et al. 2019) which was absent in our study. DEPs have different chemical characteristics

from ambient PM and traffic emissions (Farahani, Pirhadi, and Sioutas 2021) and while they are

28



enriched in UFPs, they also include particles of bigger size. Our current study demonstrates that
inhalation of particles, exclusively in the ultrafine-size range, is capable of inducing changes in
gut microbiota composition.

Previous studies showing UFP effects on gut microbiome and/or intestinal inflammation
have not established whether dysbiosis is a driver of inflammation. The gut microbiome plays an
important role in intestinal homeostasis and has been shown to produce metabolites involved in
immune signaling (McHardy et al. 2013). However, the immune system is also able to shape
microbiome composition and function; consequently, it is often unclear whether microbiome
changes in models with increased intestinal inflammation represent a cause or consequence of
inflammation (Gevers et al. 2014; Lepage et al. 2011). Importantly, our data indicates that
changes in the microbiome occurred with PM inhalation exposure in the absence of intestinal
inflammation and therefore, they could not be a consequence of inflammation. We cannot rule
out, however, if longer exposures beyond 10 weeks could have resulted in increased intestinal
inflammation in which case, microbiome changes would precede rather than follow
inflammatory changes, suggesting the possibility of causality.

We did not observe evidence of increased intestinal inflammation between the PM and
FA groups in either hyperlipidemic or normolipidemic mice by histological scoring,
inflammatory biomarker fecal lipocalin, or cytokine gene expression. These results differ from
our previous study which demonstrated UFP-induced villous shortening in the small intestine of
Ldlr"~ mice, fed a HFD and exposed to UFP under similar conditions as in the current study
(exposure mass 360+/- 25 pg/m?, 5 hours/day, 3 days/week for 10 weeks) (Li, Navab, et al.
2015). Interestingly, the Ldlr”- model was more sensitive to PM-induced changes in alpha

diversity as compared to the other two mouse models but these changes observed at week 10
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were not accompanied by inflammatory effects. While the PM employed in our study included a
mixture of organic compounds and heavy metals (Fig 1D) that was broadly consistent with
previous studies using PM collected at the same location (Li, Navab, et al. 2015; Verma et al.
2009), there were differences in PM composition which might have played a role in the ability or
not to induce intestinal inflammation. Thus, while Sulfur was the 2" most abundant PM element
in the exposures for Ldlr”~ and ApoE”- mice (Fig. 1D), it was three times less abundant by mass
than in the studies by Li et al. and Verma et al. , where it was the most abundant PM element
(Li, Navab, et al. 2015; Verma et al. 2009). Sulfur can be metabolized by gut bacteria to produce
hydrogen sulfide which has been shown to promote intestinal inflammation (Medani et al. 2011).
Therefore, the decreased amount of Sulfur in our study could be responsible, at least in part, for
the lack of intestinal inflammation.

We found that although changes in microbiome composition induced by PM were
different in each mouse model, hyperlipidemia appears to be an important determinant. Indeed,
testing of differential abundance revealed that some taxa were significantly changed by PM
inhalation in the two hyperlipidemic models but not in normolipidemic mice. The most
consistent change in both Ldlr”- and ApoE”- models was the enrichment of a Lachnoclostridium
ASYV in PM-exposed mice at week 10. Interestingly, Lachnoclostridium saccharolyticum
increased by choline treatment in ApoE~ mice has been shown to promote TMAO (or
trimethylamine N-oxide), a metabolite positively associated with inflammation (Cai et al. 2022).
Increased Lachnoclostridium has also been associated with an inflammatory gene expression
profile in head and neck squamous cell carcinoma samples (Yilmaz et al. 2022). On the contrary,
Li et al showed that orogastric administration of UFP to Ldlr”- mice decreased

Lachnoclostridium saccharolyticum instead, by ~10 fold in the luminal cecum together with
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increased gut inflammation (Li et al. 2017). Therefore, it is unlikely that increased
Lachnoclostridium, in general, could have been the driver for increased inflammation then.
Greater taxonomic resolution coupled with functional analyses may be required to determine the
specific species of Lachnoclostridium that are affected by PM and which ones, if any, could exert
an inflammatory role. Interestingly, microbiome analysis in our previous study (Li et al. 2017)
also showed an increase in Clostridiaceae and Clostridiales, bacteria which have been associated
with increased inflammation (Muiiz Pedrogo et al. 2019; Shen 2012) and were not increased in
the present study. On the contrary, we noted an increase in Muribaculaceae in the jejunum of
PM-exposed ApoE~~ mice, which was not seen in our previous study. Of interest, Muribaculaceae
has been associated with increased propionate, a short-chain fatty acid with protective, anti-
inflammatory effects (Smith et al. 2019). Therefore, an increase in its abundance might have
contributed to the lack of intestinal inflammation in that group. It is possible then that
inflammation or lack of it could be driven by changes in specific taxa, either individual or
combinations of them. Importantly, no intestinal inflammation was induced using two different
batches of PM which on the other hand limits comparisons between the hyperlipidemic models
and normolipidemic mice.

Subchronic inhalation of ultrafine PM induced changes in the intestinal microbiome that
were markedly different to those that have been induced by PM inhalation of other sizes. Coarse
PM inhalation was shown to induce oxidative stress and increase cytokine levels in the colon
(Vignal et al. 2017), and accelerated chemically induced colorectal cancer (Li, Cui, et al. 2019).
In addition, two prior studies have reported effects induced by inhalation of PM2.5 on the
intestinal microbiome of normolipidemic C57BL/6 mice. Mutlu et al. showed stomach, small

intestine, cecum, colon, and fecal microbiome differences in C57BL/6 mice after 3 weeks of
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exposure (8hrs/day, 5 days/week) to PM2.5 collected in Chicago using the Versatile Aerosol
Concentration Enrichment System (VACES) system at 135.4 £6.4 pg/m? (Mutlu et al. 2018).
Wang et al. reported fecal microbiome differences in C57BL/6 mice as well, following 48 weeks
of exposure (8hrs/day, 6 days/week,) to PM2s collected in Shanghai at a concentration of 276.2
+£170.1 pg/m? (Wang et al. 2018). Importantly, the specific taxa affected by PM exposures in the
three mouse models studied here markedly differed from the previous PM2.s studies even after
restricting the comparisons to the C57BL/6 mice since genetic manipulations are well known to
influence the baseline microbiome. However, dissecting the contribution of particle size for
differences among these studies is extremely difficult since there were marked differences in
several factors that are likely to influence intestinal microbiome such as age, particle mass
concentration, length of exposure and particle composition, all of which could be factors, among
many others, contributing to the differences observed among the various studies. Indeed, Mutlu
et al. exposed 8 to 12-week-old mice for a shorter exposure length but larger number of
hours/session and sessions/week. On the other hand, Wang et al. exposed much younger 4-week-
old mice for a much longer duration. Aging has been shown to alter the taxonomic composition
of the microbiome and can individually drive microbiome aggregation (Langille et al. 2014;
Miyoshi et al. 2018). Therefore, our C57BL/6 mice reflecting a mouse microbiome that was 28-
30-weeks old at the end of the study were largely different to the 11 to 15-week-old mice (Mutlu
et al. 2018) or 52-week-old mice (Wang et al. 2018) in the previous studies. In addition, there
were marked differences in particle composition. For example, Wang et al. reported a high
percentage of Si due to nearby construction, which was not present in our study, and conditions

known to influence particle composition such as seasonal differences at the time of PM
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collection as well as locational differences are markedly different between Los Angeles, Chicago
(Mutlu et al. 2018) and Shanghai (Wang et al. 2018).

Strengths of our study include use of exposure to inhaled PM and longitudinal analysis of
microbiome response across three different mouse models. A potential limitation is the use of a
narrow dose range of particles for all experiments. In addition, we could not expose all three
mouse cohorts concurrently and to the same batch of PM due to limitations in the availability of
particles, thus we cannot make direct comparisons between hyperlipidemic mice and wild-type
mice. Our exposure experiments only represent the PMs within the period when they were
collected, albeit from the same location and within the span of a year. In spite of this, we
consistently observed that UFPs induced microbiome changes in the absence of intestinal
inflammation in both hyperlipidemic and normolipidemic mouse models even after using
different batches of PM. Other limitations are the variation in age across the three groups of mice
and the differences in PM administered to hyperlipidemic compared to normolipidemic mice.
While we are unable to establish dose response of ultrafine PM effects on the microbiome, the
exposures were a reasonable approximation of human exposure. The PM dosage employed in the
exposure aerosols was 300-350 ug/m’, resulting in a mouse PM exposure ~ 35 pg/m? typical of
human PM exposures in Los Angeles and other urban areas of the US over about 1 year
(Hasheminassab et al. 2014).

Conclusion
Subchronic inhalation exposures to ultrafine PM induced varied changes in the gut
microbiomes of hyperlipidemic and normolipidemic mouse models. These microbiome shifts

were not accompanied by and therefore, not attributable to increased intestinal inflammation.
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Further studies are warranted to investigate whether microbiome shifts causally contribute to the

health effects induced by subchronic PM inhalation exposure.
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Figure 1. Exposure protocol and PM characterization. (A) Experimental design, Ldlr", ApoE” and
C57BL/6 mice were exposed to UFPs by inhalation 3 times per week for 10 weeks. Fecal pellet samples
were collected at weeks 0 (baseline), 1, 5, and 10 to evaluate longitudinal changes. Jejunal and ileal samples
were collected at the end after euthanasia. Figurel A was created with Biorender.com. (B) Schematic of
aerosol generation and exposure system. (C) Particle size distribution in the exposures of Ldlr”- and ApoE-
 mice; distribution that was similar in the exposures of C57BL/6 mice. (D) Chemical profile of the PM
aerosol in Ldlr’”~ and ApoE” exposures. (E) Chemical profile of PM aerosol in C57BL/6 exposures.
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Figure 2. PM exposure altered gut microbial diversity and composition in Ldlr"mice. (A) Shannon
Index for assessment of alpha diversity, shown as separate violin plots for each time point. Significance
was determined by a linear mixed effects model. (B) Beta diversity analysis, by principal coordinates
analysis (PCoA) of Bray-Curtis dissimilarity. Significance was assessed by PERMANOVA. Each dot
represents one sample with color representing exposure group (UFP or FA). (C) Jejunal microbial alpha
and beta diversity analysis of Ldlr”~ mice at week 10.
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Figure 3. Enrichment of fecal microbes in Ldlr”" mice after subchronic PM exposure. Enriched
microbes include members of the Lachnoclostridium genus, Oscillospirales order, and Lachnospirales
order. Plots showing differentially abundant amplicon sequence variants (ASVs) between UFP and FA
exposure groups at weeks 1(A), 5(B), and 10(C). Each dot represents one ASV, displayed with its lowest
taxonomic classification which could be at the species, genus (g), family (f), or order (o) level, when
species was not available. Multiple differentially abundant ASVs with the same taxonomic classification
are shown in the same row. Dot size is proportional to relative abundance of the ASV and color represents
phylum. Magnitude of effect is shown as the log2 of the fold change (Log2FoldChange) between the UFP

and FA groups in MaAsLin2 models.
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Figure 4. Subchronic UFP exposure induces shifts in fecal microbial composition of ApoE

(A) Violin plots of fecal microbial alpha diversity ApoE”" mice, measured by the Shannon index at weeks
0, 1,5, and 10. (B) PCoA plots of Bray-Curtis dissimilarity, showing microbial composition of UFP and
FA groups. Significance determined by PERMANOVA. (C) ApoE”" jejunal microbial alpha and beta
diversity analyses. Differentially abundant jejunal taxa between UFP and FA are also shown.
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Figure 6. Subchronic UFP exposure alters fecal microbial composition in C57BL/6 mice. (A) Violin
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Figure 7. Assessment of intestinal inﬂammation in PM-exposed Ldlr", ApoE™", and C57BL/6 mice
by histological scoring and RT-qPCR. (A) Violin plots displaying histological scores of jejunal and
architecture. Significance was assessed by the Kruskal-Wallis rank sum test in R studio. (B) mRNA levels
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Supplementary Figure 1. Chronic UFP inhalation alters ileal microbial composition in
hyperlipidemic mice. (A,C) Violin plots showing Shannon index for ileal samples from Ldlr” mice (A)
and ApoE”" (C). (B,D) Beta diversity analysis, by principal coordinates analysis (PCoA) of Bray-Curtis
dissimilarity in Ldlr”” mice (B ) and ApoE" mice (D). Significance was assessed by PERMANOVA. Each
point represents one sample with color representing exposure group (PM or FA). (E) Log2FoldChange
plot show differentially abundant taxa identified in the ileum of ApoE”" mice.
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Supplementary Figure 2. No evidence of increased intestinal inflammation in PM-exposed Ldlr"

and ApoE"- mice by fecal lipocalin measurement. Violin plots of fecal lipocalin-2 levels obtained by
ELISA. Measurements below the lower limit of detection were imputed to the lower limit of the assay

(6.344 pg/mL). All fecal samples from Ldlr'~ mice treated with UFP were below the lower limit of the

assay.
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Chapter 3- PM Inhalation in Models of Acute Colitis

Abstract

Inflammatory bowel disease (IBD) is an immunologically complex disorder involving
genetic, microbial, and environmental risk factors. Its global burden has continued to rise since
industrialization, with epidemiological studies suggesting that ambient particulate matter (PM) in
air pollution could be a contributing factor. Prior animal studies have shown that oral PMo
exposure promotes intestinal inflammation in a genetic IBD model of IBD and that PM2s
inhalation exposure can increase intestinal levels of pro-inflammatory cytokines. PMio and PM2.s
include ultrafine particles (UFP), which have an aerodynamic diameter <0.10um and biophysical
and biochemical properties that promote toxicity. UFP inhalation, however, has not been
previously studied in the context of murine models of IBD. Here, we demonstrated that ambient
PM is toxic to cultured Caco-2 intestinal epithelial cells and examined whether UFP inhalation
affected acute colitis induced by dextran sodium sulfate and 2,4,6-trinitrobenzenesulfonic acid.
C57BL/6 mice were exposed to filtered air (FA) or various sources of ambient PM reaerosolized
in the ultrafine size range at ~300 ug/m?, 6 hours/day, 3-5 days/week, starting 7-10 days before
disease induction. No differences in weight change, clinical disease activity, or histology were
observed between the PM and FA exposed groups. In conclusion, UFP inhalation exposure did

not exacerbate intestinal inflammation in acute, chemically-induced colitis models.

Introduction

Between 1990 and 2017, the incidence of inflammatory bowel disease (IBD), a debilitating
condition characterized by chronic inflammation in the gastrointestinal tract, increased by 31%
globally(Alatab et al. 2020). IBD encompasses two clinical diagnoses — Crohn’s disease and

ulcerative colitis — with pathogenesis involving an interplay between genetic susceptibility and
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environmental factors such as diet. Environmental triggers may be the cause for increasing
prevalence of IBD in industrialized countries, with more than 3.6 million people in the United
States affected by IBD (Piovani et al. 2019). Intriguingly, urban living has been associated with
increased risk of IBD compared to rural living in studies throughout the world(Song et al. 2019;
Soon et al. 2012). Among the potential risk factors associated with urban living, increased air
particulate matter levels have been linked to IBD diagnosis and exacerbation in epidemiological
studies (Kaplan et al. 2010; Opstelten et al. 2016; Elten et al. 2019). Long-term exposure to high
concentrations of nitrogen dioxide and particulate matter (PM) have been associated with an
increased risk of early-onset Crohn’s disease (Kaplan et al. 2010; Halfvarson et al. 2003). Studies
have also correlated increased density of ambient air pollution with IBD hospitalizations
(Ananthakrishnan et al. 2011; Kaplan et al. 2010). It is possible air pollutants promote IBD based
on their ability to trigger inflammation in other non-pulmonary diseases such as myocardial
infarction (Peters et al. 2001), appendicitis (Kaplan et al. 2008), and arthritis (Hart et al. 2009).
These studies suggest that air pollution may be an environmental factor contributing to the
development of IBD.

PM can be categorized by size into PM10 (aerodynamic diameter <10um), fine particles or
PM2.5 (<2.5um diameter), and ultrafine particles or UFPs (aerodynamic diameter <0.10um).
UFP represent 85-90% of PM2.s by number and more than 80% of total industrial and urban
ambient particle numbers (Diaz et al. 2019; Hussein et al. 2004). Detrimental health effects may
increase with decreasing particle size (Meng et al. 2013). Surface reactivity and aspect ratio,
among other properties, enable their greater access to peripheral airways and potential uptake
into the circulation (Miller, Shaw, and Langrish 2012). Their small size results in increased

surface area relative to mass, further increasing their biological activity (Kumar, Verma, and
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Srivastava 2013). Cumulative evidence indicates that UFP exposure is associated with risk of
diseases affecting the pulmonary (Schraufnagel 2020), central nervous(Block and Calderon-
Garciduenas 2009), and cardiovascular systems (Devlin et al. 2014). This may occur by various
mechanisms including increased oxidative stress and permeability (Mutlu et al. 2011; Wang et al.
2012) . Particulate matter also alters levels of cytokines capable of inducing systemic response.
Alveolar macrophages exposed to PM exhibited increased levels of IL-6, IL-1f, and GM-CSF,
which were also found elevated in the serum of human subjects after exposure to an acute air
pollution episode (van EEDEN et al. 2001).

PM has the potential to reach the gastrointestinal tract after inhalation via mucociliary
transport and systemic absorption. Particles > 6um have been shown to translocate via
mucociliary clearance(Moller et al. 2004; Vidgren et al. 1995). Smaller particles such as ultrafine
particles may gain access to organs via mucociliary clearance as it has been shown for larger
particulates (Kreyling et al. 1999; Moller et al. 2004), or after dissemination via the systemic
circulation (Nemmar et al. 2002; Nemmar et al. 2001). Once in the gastrointestinal tract, ambient
particles have the potential to promote intestinal inflammation through effects on the intestinal
epithelium, intestinal immune cells, and gut microbiota (Beamish, Osornio-Vargas, and Wine
2011). Oral ingestion of PMo altered the microbiome and generated inflammatory responses in
IL-10"- mice — a genetic model of spontaneous colitis — 7 and 14 days after gavage (Kish et al.
2013). Elevated inflammatory markers in IL-10"- mice were also reported after 10 and 14 weeks
on a chow diet containing PM o (Salim etal 2014). Orogastric administration of UFPs has been
reported to induce subclinical intestinal inflammation in Ld/r-/- mice, a model of hyperlipidemia
(Liet al. 2017). A study using wild-type C57BL/6 mice reported that inhalation exposure to

concentrated PM2 s for three weeks resulted in increased colonic mRNA expression of TNF-a
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(Xie et al. 2022). In contrast, we found that mRNA levels of proinflammatory cytokines (IL-1,
IFNy, TFNa) were similar between PM and FA-exposed mice in the jejunum and colon of ApoE"
-, Ldlr”-, and C57BL/6 mice exposed to PM for 10 weeks and there was no histological evidence
of inflammation(Chang et al. 2024). The existing literature collectively suggests that inhalation
exposure to PM may promote inflammation in specific contexts, potentially in the setting of
existing triggers of colitis.

Thus, we hypothesized that PM inhalation promotes intestinal inflammation in acute mouse
models of IBD. To test our hypothesis, we assessed the effects of inhalation exposure to PM
reaerosolized in the UFP size range on two distinct models of acute colitis, induced by dextran

sodium sulfate (DSS) and 2,4,6-trinitrobenzenesulfonic acid (TNBS).

Materials and Methods
Animal Subjects

Male C56BL/6 (4-7 weeks-old) were purchased from Jackson Laboratories and were
acclimated in our facilities until reaching 8 weeks of age. The C57BL/6 mice were fed
autoclaved chow diet ad libitum expect during exposures. Mice were housed in autoclaved shoe-
box type cages with cornhusk bedding. Our research protocol was conducted in compliance with
the Animal Research Committee and Institutional Animal Care and Use Committee (/ACUC) at
the University of California, Los Angeles (UCLA), and performed in coordination with the
Division of Laboratory Animal Medicine (DLAM) at UCLA.
Collection of Particulate Matter

Four different PM sources collected between August 2020 and January 2021 were tested,
employing different collection methods and geographic sources. Our study included PM2 s

collected from filters, PM2.s collected into liquid slurries, and UFP collected from filters.
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Suspended particulate matter (sPM) represents particulate matter collected directly as slurries via
the versatile aerosol concentration enrichment system (VACES)/aerosol-into-liquid-collector
tandem technology. Nanosize class of PM (nPM) was collected in Los Angeles on filters and
extracted into Milli-Q water. PM samples pertaining to Los Angeles sPM, Athens PMs and Milan
PMs were collected as PM2.s, whereas Los Angeles nPMs were collected as UFP. Both Athens
and Milan were collected as PM2.s from filters. The PM batch of Los Angeles sPM was collected
as PM2s as slurries via versatile aerosol concentration enrichment system (VACES)/aerosol-into-
liquid-collector tandem technology. Los Angeles nPM, Athens PM, and Milan PM were collected
on PTFE membrane filters (20 % 25 ¢cm, 3.0 um pore size, PALL Life Sciences, USA) using a
high-volume sampler (with a flow rate of 250 Ipm) connected to a PM pre-impactor for
separation. Collection of PMs for the DSS experiments and the first TNBS cohort occurred
between December 2020 and January 2021 (Table 1). PM samples used in the second and third
TNBS experiments were LA - nPM and were collected between December 2020 and February
2021. Each filter was divided into 32 pieces and extracted in Milli-Q water using 1 hour of
sonication. The amount of extracted PM via sonication was obtained by subtracting the pre-
extraction from the post-extraction weights of the filters using a high precision (£0.001 mg)
microbalance (MT5, Mettler Toledo Inc., Columbus, OH). Further details regarding PM
collection and extraction have been reported by us (Soleimanian, Taghvaee, and Sioutas 2020;

Taghvaee et al. 2019).

Table 1. Collection period and dominant emission sources for each PM batch in the DSS exposures.

Period Location Dominant emission source Collection period

Campaign I Los Angeles (sPM) Vehicular emissions Dec 2020 — Jan 2021
Los Angeles (nPM) Vehicular emissions Sept 2020 — Oct 2020

Campaign II Athens PM Secondary aerosols Aug 2020 — Sept 2020
Milan PM Residential heating (biomas burning) Dec 2020 — Jan 2021

In vitro experiments
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Caco-2 cells, a human colon adenocarcinoma cell line, were cultured in Dulbecco’s
minimum essential medium (DMEM) with 20% filtered, heat-inactivated fetal bovine serum
(FBS), 1% MEM non-essential amino acids and 1% Penicillin-Streptomycin at 37°C, 5% COa,
100% relative humidity. Cells were seeded in growth media in a 96-well plate for 24 hours
before PM treatment, which was performed with 3 biological replicates per PM sample. All PM
samples were thawed by sonicating in a water bath for 10 minutes and diluted to a concentration
of 25ug/mL in the treatment media (DMEM). For LA- nPM , Milan and Athens PMs, the stock
concentration was 200 pg/mL (Table 2); a blank of 125uL. MilliQ water and 875 pL of media was
used to compare cell viability. For LA- sPM, the stock concentration was 65 pg/mL, and a
corresponding blank of 384.61uL MilliQ water and 615.39 pL. media was used. At time of
seeding, there were 1.51 x 10° cells/mL and the live count was 7.39 x 103 (49% live cells). Cell
viability was assessed by the MTT assay; average absorbance at 560 nm was calculated between
three experimental well triplicates. Cell viability for each PM sample type was calculated using

this formula: (average absorbance of each PM treatment/average absorbance of experimental

blank)*100.

Table 2. Volume and Concentration of samples used in cellular assays.

Sample Location Concentration Volume Mass
ID (ng/ml) (ml) (mg)
| Los Angeles - sPM 65 355 23
2 Los Angeles - nPM 200 115 23
3 Athens PM 200 115 23
4 Milan PM 200 115 23

DSS PM Inhalation Exposures
Inhalation exposures were conducted at the Air Pollution Inhalation Exposure Facility

(APIEF) located within the animal vivarium (5V) in the Center for Health Sciences (Sender,
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Fuchs, and Milo) building at UCLA. Following at least 1 week of acclimatation, the C57BL/6
were 8 weeks of age at the start of the experiment. The exposure protocol consisted of 6-hour
exposure sessions to filtered air (FA) or ambient ultrafine PM at 300 ug/m?, 3 days/week for a
total of 9 sessions over 20 days (Fig. 9A). Exposed mice were placed in exposure chambers that
housed up to 22 mice/cage. A compressor pump built at the University of Southern California
(USC) Viterbi School of Engineering pushed HEPA-filtered air into a Hope nebulizer (B&B
Medical Technologies, USA) to re-aerosolize the different PM-containing solutions into the
ultrafine size range (Taghvaee et al. 2019) as previously described (Chang et al. 2024) (Fig. 9B).
Two parallel exposure lines were running for LA- nPM and LA - sPM in our first exposure
campaign, and Milan and Athens PM exposures were conducted in a subsequent campaign
following the first. The re-aerosolized PM was drawn through a silica gel diffusion dryer (Model
3620, TSI Inc., USA) followed by Po-210 neutralizers (Model 2U500, NRD Inc., USA) to
remove the excess water content and electrical charges of the particles, respectively. The air
stream entered the animal exposure chamber with a flow rate of 2.5 Ipm for in vivo inhalation
exposure assessments. In parallel, the re-aerosolized particles were collected on PTFE (Teflon)
and Quartz (37-mm, Pall Life Sciences, 2-um pore, Ann Arbor, MI) filters to investigate the
chemical characterization of particles in the system. Furthermore, variations in PM mass
concentration were measured by TSI DustTrak during operation, where the average PM
concentration was set at about 300 pg/m?. An adjacent control chamber was used in exposure
experiments in which ambient air was passed through a HEPA-filter and drawn into the chamber
via a vacuum pump.

On day 11 of the PM exposure, the drinking water was replaced with 2% DSS in de-

ionized water and provided ad libitum to induce acute colitis. DSS exposure occurred
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concurrently with UFP inhalation exposure until the end of 18 days from the first exposure. DSS
water was then replaced with regular water for 2 days before euthanasia on day 20 (Wirtz et al.
2007). Weight, stool consistency and rectal bleeding were monitored daily after initiation of DSS
to assess colitis severity. The mice were euthanized under isoflurane anesthesia 18 hours after the
last exposure. Colon tissue was harvested after euthanasia as previously described (Jacobs et al.
2017). Colon length excluding the cecum was measured in centimeters. Colon length was
assessed after euthanasia as a morphological assessment of intestinal inflammation, with shorter
colon length indicating greater colitis severity.
DSS PM Characterization

The particles collected on filters and slurries were chemically analyzed for their
constituents, including carbonaceous content, water-soluble inorganic ions, and metal elements
by Wisconsin State Laboratory of Hygiene (WSLH) (Taghvaee et al. 2019).
TNBS PM Exposures

Exposures for the TNBS experiments were conducted at the same location and using the
same exposure apparatus set-up and concentrations as described for DSS. Cohort 1 was exposed
for 7 sessions over ten days, while cohorts 2 and 3 were exposed for 9 sessions over 12 days. All
three cohorts of 8-week C57BL/6 male mice were pre-sensitized to TNBS on the morning before
their first PM exposure session. This involved shaving the skin on the back of the neck then
administering a pre-sensitization solution containing 4 parts acetone/olive oil with 1 part 5%
TNBS solution for a final concentration of 1% TNBS as described in the literature (Wirtz et al.
2017). Cohort 1 received intrarectal administration of 150 pL of 5% TNBS solution under

anesthesia by isoflurane vapor on Day 8 of PM exposure. Cohort 2 also received the same
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volume of 5% TNBS solution. Cohort 3 received intrarectal administration of 150 puL of 2.5%
TNBS solution (1 volume of 5% TNBS mixed in water with 1 volume of absolute ethanol).
Clinical Measures of Inflammation Analysis

Daily body weights were measured from the onset of the DSS or TNBS regimen (day 11
and day 8, respectively). Fecal pellets were also collected daily from DSS mice starting from day
11. Percent weight change on each day was calculated using this formula: % weight change =
100 * (baseline weight*100)/(baseline weight), where baseline weight is measured at the time of
initial administration of DSS or intrarectal TNBS administration. Disease activity index (DAI, 0-
12 point scale) was calculated by adding together subscales for percent weight change, stool
consistency, and stool blood (fecal occult blood test). Each of the three elements was scored from
0-4 points. Fecal occult blood test was scored as follows: 0 for no color development, 1 for
flecks of color reaction, 2 for consistent blue color, 3 for rust color stools with blue reaction, and
4 for wet blood with dark blue reaction. Stool consistency received a score of 0 for small, firm,
dry, nonadherent and friable stool, 1 for small firm, moist, and adherent stool, 2 for larger, soft,
very adherent stool, 3 for larger, soft, and pliable stool, and 4 for liquid stool. Weight change was
also scored from 0-4 where % weight loss less than 1% was scored 0, % weight loss between 1%
and 5% was scored 1, % weight loss between 5% and 10% was scored 2, % weight loss between
10% and 15% was scored 3, and daily % weight loss greater than 15% was scored 4.
Histological Scoring

A ~1.5 cm piece of the middle of the colon was cut and fixed in 10% phosphate buffered
formalin then transferred to 70% ethanol. The cassettes were sent to the Translational Pathology
Core Laboratory (TPCL) at UCLA for embedding in paraffin, sectioning, and staining with

hematoxylin and eosin (H&E). Sections were scored to assess epithelial and mucosal
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architectural changes as well as the severity and extent of immune cell infiltration using a
scoring system from 0-12 with two subscales (Erben et al. 2014). For the first subscale,
inflammatory cell infiltrates were scored 0-6 based on severity ranging from normal to severe,
and the second subscale was based on extent ranging from only the mucosa to transmural
involvement. In the first subscore, a score of 1 was assigned for hyperproliferation, irregular
crypts, and goblet cell loss, 1.5 for mild crypt loss (10-25%), 2 for moderate crypt loss (25%-
50%), 2.5 for severe crypt loss(50-75%), 3 for severe crypt loss (75-90%), 4 for complete crypt
loss, 5 for ulcers <10 crypts wide, and 6 for ulcers >10 crypts wide. For the second subscale,
changes in intestinal architecture were scored from 0-6 by adding the scores from each region of
the intestinal wall. The mucosa was scored from 0-3 (0: Normal, 1: Mild, 2: Modest, 3: Severe),
the submucosa was scored from 0-2 (0: Normal, 1: Mild to modest, 2: Severe), and the
mucosa/serosa was scored 0-1 (0: Normal, 1: Moderate to severe).
Statistical Analyses

Data from histological scoring were shown by violin plots and analyzed by the Mann-
Whitney U-test in R studio (threshold p-value <0.05). Colon length is shown in bar plots and
significance was also assessed by the Mann-Whitney U-test in R studio. Significance of percent
weight loss and DAI scores was determined by linear mixed effects models using the Ime4

package in R studio.

Results

In-vitro exposure PM increased toxicity in intestinal cells.
In-vitro experiments were performed to evaluate PM toxicity on the Caco-2 intestinal cell line.

Four different sources of PM were tested spanning different collection methods and geographic
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origin: Athens, Milan, and Los Angeles (LA, collected as either suspended or nanosized PM as
described in the Methods). Caco-2 cells were seeded in 24-well plates and exposed to PM
samples, each diluted to a concentration of 25 pg/mL in the treatment media for 24 hours. Cell
viability was assessed by mitochondrial dehydrogenase conversion of MTT reagent (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide) to purple formazan, and average
absorbance at 560 nm was calculated between three biological triplicates. /n-vitro experiments
validated biological toxicity in intestinal cells, where exposure to LA nPM, Athens PM, and
Milan PM statistically decreased (p<0.05) cell viability compared to the blank (Fig. 8). Our re-
aerosolized ultrafine particles showed comparable in-vitro activity to 25 pg/mL of UFP treatment

previously shown to increase permeability to Streptavidin-HRP(Li et al. 2017).

Analysis of the PM used in our experiment showed that the main observed differences were less
organic matter in the LA- nPM compared to the other three PMs, as well as reduced metal
elements in Milan compared to the other PMs. Water-soluble inorganic ions were the dominant
fraction of Los Angeles sPM (~43%), followed by organic matter (~39%) and metal elements
(~18%), while Los Angeles nPM sample included a similar proportion of inorganic ions (44%),
less organic matter (28%) and more metal elements (27%). Milan PM samples exhibited high
levels of inorganic ions (45%) and organic matter (46%), while Athens showed high levels of
organic matter (44%) and moderate loading of inorganic ions and metal elements (36% and 20%,

respectively) (Table 3).

Table 3. Chemical profiles of various PM aerosol used for inhalation exposure experiments.

Composition (ug/mg)

LA- sPM LA-nPM Milan PM Athens PM

Total carbon 186 119 392 35
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Metal elements 86 109 80 195
Water-soluble inorganic ions 206 178 382 360
Selected Metals (ug/mg)

LA- sPM LA-nPM Milan PM  Athens PM
Ca 12462.87 20980.27 10754.79 31979.41
Al 13462.87 17648.89 5424.49 9856.5
Fe 0886.88 22602.19 5973.15 13183.55
Mg 6222.17 6384.25 4964.33 4888.91
7Zn 1550.92 1378.97 618.18 1092.9
Ba 487.30 1155.79 214.18 404.88
Cu 331.28 596.59 241.26 226.55
Ti 774.31 1308.46 119.48 562.11
Mn 283.90 445.07 158.37 301.56
Pb 131.21 235.81 203.95 241.13
Ni 262.81 179.99 37.14 115.26
Sn 48.11 216.82 147.62 135.52
Cr 225.22 345.39 111.43 155.79
A% 20.58 40.73 6.6 90.33
Li 12.95 23.93 4.17 8.51
Cd 1.38 4.13 4.84 6.61
Pd 0.80 1.64 4.52 0.56
Water Soluble Inorganic Ions (ug/mg)

LA- sPM LA-nPM Milan PM  Athens PM
Cl 33.2 19.2 9.7 1.1
NO3 105.6 78.8 224.8 3.9
PO4 0.0 1.7 0.8 BDL
S04 24.8 39.0 40.3 264.2
Na 34.4 27.3 3.0 15.2
NH4 4.7 7.6 91.1 69.6
K 3.5 4.0 11.9 5.8

Inhalation exposure to PM from four distinct sources did not exacerbate DSS colitis severity
DSS chemically induces colitis by exerting toxicity on the epithelial cells of the basal crypts in
the colon (Yan et al. 2012). Colitis severity after acute DSS exposure model is driven by several

factors including epithelial barrier integrity, innate immune responses, and tissue repair
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mechanisms(Saleh and Trinchieri 2011). Subacute PM inhalation exposure was modeled by
exposing C57BL/6 mice for 6-hour sessions to filtered air (FA) or resuspended, ambient PM at
300 ng/m?, 3 days/week for a total of 9 sessions over 20 days (Fig. 9A,B). Two cohorts were
used, each comparing two PM samples with FA. On day 11 of the PM exposure, the drinking
water was replaced with 2% DSS in de-ionized (DI) water and provided ad libitum to induce
acute colitis. DSS exposure occurred concurrently with PM inhalation exposure until the end of
18 days from the first PM exposure, when DSS water was replaced with regular water. Mice
were euthanized and tissues collected at day 20 from the first PM exposure. Colitis severity after
initiation of DSS treatment was assessed by weight change and Disease Activity Index (DAI),
which was calculated by adding together subscales for percent weight change, stool consistency,
and stool blood (fecal occult blood test)(Britto, Krishna, and Kellermayer 2019). There were no
significant differences in percent weight change between the PM and FA groups with the
exception of the Athens PM group, which showed reduced weight loss compared to FA on day 7
(p=0.035) and to a lesser extent on day 8 (p=0.054) (Fig. 10A). Similarly, there were no
significant differences in DAI between the PM and FA groups other than the Athens PM group,
which demonstrated reduced DAI scores compared to FA on days 7 (p=0.035) and 8 (p=0.015)
(Fig. 10B). Colon length was measured as a morphological assessment of inflammation, and no
differences between PM and FA were observed (Fig. 10C). We further performed double-blind
histological scoring of the colon, which did not demonstrate differences in mucosal architecture

or extent of inflammation between the PM and FA groups (Fig. 11).

TNBS colitis severity is unaffected by PM inhalation exposure
To further investigate the effect of PM inhalation on acute colitis, we utilized a second model

driven by distinct immunological mechanisms. The TNBS model functions by induction of a Thl
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response to an antigen (TNBS) administered into the colon after initial sensitization by skin
exposure (Elson et al. 1995). This model is believed to be relevant to Crohn’s disease based on
its histological features and dependence on NOD2, which has been strongly implicated in the
pathogenesis of Crohn’s (Watanabe et al. 2008). Ethanol is typically added in TNBS protocols to
disturb the epithelial layer, allowing TNBS to interact with the intestinal wall to increase
severity. Since there were no differences found between animals exposed to the different types of
PM used in our DSS experiments, we decided to focus on a single particle type. Only the true
UFP source, LA -nPM, was used for the TNBS experiments, which were divided into three
cohorts with different induction regimens or experiment duration. Two experiments were
performed with moderate TNBS severity (intrarectal TNBS administration without ethanol), one
in which mice were sacrificed after 2 days for histology and one in which mice were followed
for 4 days until clinical resolution (Fig. 12). A third experiment was conducted with greater
disease severity due to the introduction of ethanol with rectal TNBS administration. Mice were
exposed for 6-hour exposure sessions to filtered air (FA) or resuspended, ambient PM at 300
ug/m?, every 1-2 days for a total of 7 sessions over 10 days for cohort 1 and 9 sessions over 12
days for cohorts 2 and 3. No differences were observed in average percent weight loss between
PM and FA groups in any of the experiments (Fig. 13A). There were also no significant
differences in colon length between the two groups in all three experiments (Fig. 13B). Mean
histological scores obtained from cohort 1 (sacrificed at peak disease severity on day 2) showed
no differences in histological measures of inflammation between the PM and FA groups (p=0.56)

(Fig. 13C).

Discussion
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This study is the first to report on the in vitro toxicity of PM to intestinal epithelial cells and
the effects of PM inhalation on acute models of chemically-induced colitis. PM inhalation
exposures represent a physiological route of administration in contrast to prior PM colitis
experiments which have used oral administration. Our rigorous, controlled exposures are a
suitable representation of exposure to real air pollution. Our study utilized two distinct models of
acute colitis with differing disease mechanisms to capture varying aspects of potential IBD
pathophysiology. The DSS model works primarily via intestinal epithelial injury, disrupting the
barrier and thereby exposing mucosal immune cells to luminal antigens thereby inciting an
inflammatory response. The TNBS model promotes IBD via a T-cell driven process. We found
that exposure to ultrafine PM by inhalation did not exacerbate inflammation in either acute DSS
or TNBS colitis despite the in vitro toxicity of the various PM sources to cultured intestinal
epithelial cells.

Multiple PM sources were used for the DSS model to assess the possibility of varying
biological effects of PM based upon their source and method of collection. The PMs tested in our
study were collected from 3 locations: Milan, Athens, and LA. PM from Milan, Athens were
collected on filters and resuspended in liquid. PMs from LA included PMs collected from aerosol
into liquid (LA- sPM) as well as PMs from filters and resuspended in liquid (LA- nPM).
Comparisons on toxicological characteristics and constituents of particles collected from these
two methods have been previously published and it was found that sSPMs showed a
nonsignificant increased capture of semi-volatile organic compounds (Soleimanian, Taghvaee,
and Sioutas 2020). Collections conducted during different seasons caused greater variation in n-
alkanes than between PMs from the different collection methods. Similar oxidative potential

between the PMs collected on ambient filters and in liquid suspension demonstrate that both

80



methods are representative of ambient PM. The dominant source for Athens PM was secondary
aerosols(Farahani et al. 2022), formed by gas phase precursors emitted mainly by traffic and
biomass combustion that react with ozone and hydroxyl radicals to form lower volatility
products that partition in the particle phase. The dominant source for Milan PM was biomass
burning for residential heating (Hakimzadeh et al. 2020), while vehicular emissions were the
dominant source of LA PMs (Pirhadi et al. 2020). Although the atmospheric PM across the four
cities originated from a variety of sources, the PM collected in each city represents the impact of
the dominant emission sources in the area. Differences in where PM is collected have previously
been associated with variation in the effects of PM on immune activation (Steerenberg et al.
2005). While we did not observe statistical differences in intestinal inflammation between
vehicular emissions, biomass burning, and secondary aerosols in this context, previous studies
have also generally supported that PM sourced from vehicular emissions and industrial activity
are more harmful than secondary organic aerosols (Grahame and Schlesinger 2007). PM
primarily derived from automobile emissions, secondary aerosols, and biomass burning all had
no effect on DSS colitis, suggesting that the source of UFP does not explain the lack of effect.

It is possible that higher doses during inhalation exposure may be required to increase
colitis severity. However, the exposures were a reasonable approximation of human exposure.
The PM dosage employed in the exposure aerosols was 300-350 pg/m?, resulting in a mouse PM
exposure ~35 pg/m? typical of human PM exposures in Los Angeles and other urban areas of the
US over 1 year (Alatab et al. 2020). Alternatively, the lack of effect of inhaled UFP may reflect
differential transport of larger-sized PM compared to ultrafine PM to the gastrointestinal tract by
mucociliary transport, which has been suggested to primarily act upon particles above 6 um

(Beamish, Osornio-Vargas, and Wine 2011). Experiments testing PM2.5 and PM10 inhalation
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exposures at equivalent doses as used for UFP would be required to further investigate this
possibility. In addition, longer duration of PM exposure prior to DSS or TNBS administration
may be required to significantly modulate inflammation in these models.

We did not test chronic models of colitis, which may respond differently to UFP inhalation,
particularly if they involve distinct mechanisms compared to acute DSS and TNBS colitis. This
could explain previous reports that PM 10 administered via gavage or feeding affected severity of
IL-107" colitis, a genetic mouse model that develops over several months (Kish et al. 2013; Salim
et al. 2014). Kish et al. 2013 showed increased histological damage and proinflammatory
cytokine expression following gavage of PMio, while Salim et al. 2014 found increases in IFN-y
and TNFa, as well as decreases in IL-17 and IL-1p in IL-10"- mice fed PMio. Interestingly, we
reported that 10-week PM inhalation exposure of hyperlipidemic and normolipidemic mice did
not induce changes in proinflammatory cytokines (Chang et al. 2024). This suggests that
inflammatory effects of chronic PM inhalation may be more visible in models predisposed to
IBD, such as IL-107- mice. Future studies are warranted with chronic models of colitis and
chronic PM inhalation exposure to further investigate the impact of air pollution inhalation on

IBD.
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Figure 8. Diverse PM sources demonstrated toxicity to cultured Caco-2 intestinal epithelial cells. (A)
In-vitro MTT assay for cell viability and cytotoxicity. Each PM sample was diluted to 25 ug/mL in the
treatment media. *p<0.05
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Chapter 4- PM Inhalation in a Chronic Model of Intestinal Inflammation

Introduction

Around 6.8 million people in the world suffer from Inflammatory Bowel Disease (IBD)
(Alatab et al. 2020). With no curative therapies, understanding the various factors involved in
disease development becomes increasingly important as the prevalence of IBD continues to rise
in developing nations (Alatab et al. 2020). IL-10 is an immunoregulatory cytokine and its
suppression leads to overblown immune response via an abundance of proinflammatory cell
secretion (Keubler et al. 2015). The IL-107- mouse is a widely studied immune-mediated,
microbiota-dependent mouse model of colitis that may also manifest with enteritis. IL-10"" colitis
involves induction by microbial signals of pathogenic Th17 activity (Wang et al. 2019; Wang et
al. 2020; L1, Gurung, et al. 2015; Sellon et al. 1998; Berg et al. 1996). This is consistent with
studies in other settings supporting a link between the composition of the intestinal microbiota
and Th17 responses (Skapenko et al. 2005). Oral administration of air pollution (PM1o) to IL-107
mice induces inflammation and increases mucosal exposure to bacteria in neonatal mice (Salim
et al. 2014). This was associated with decreased Bifidobacterium and significantly elevated
levels of the pro-inflammatory cytokines, IFN-y and TNF-a (Salim et al. 2014). Ingested air
particulate matter has also been shown to increase gut permeability and exacerbate colonic
inflammation (Kish et al. 2013). Oral PM1o treatment of IL-10"- mice for 35 days resulted in
increased colonic epithelial hyperplasia, mononuclear infiltrate, and neutrophilic infiltrate (p<
0.05) compared to colons from WT control, WT PM o, and IL-10"~ control groups (Kish et al.
2013). Furthermore, significant increases in IL-17, IL-1B, TNFa, and IL-12 were seen in the
colons of IL-10"- mice treated with PMo for 35 days daily (Kish et al. 2013). These publications

have shown the inflammatory and microbiome-modifying effects of ingested PMs in the context
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of IL-107- mice. However, the effects of inhaled UFP on the IL-10"" has yet to be elucidated, and
it remains uncertain whether inhaled particles exacerbate inflammation in this murine model of
spontaneous, genetic IBD. We hypothesize that inhaled UFP will similarly exacerbate IL-107"
severity and that this will be mediated by effects of UFP on the intestinal microbiome.

In this chapter, we aimed at determining longitudinal and cross-sectional changes in the
IL-10"- microbiome after exposure to inhaled UFP. We conducted 2 separate experiments with
PMs that were collected using 2 different methods and an increased number of mice in the

second experiment to increase power to detect differences between UFP and FA.

Materials and Methods
Animal Subjects

Male B6.129P2-1/10™'¢¢"/] mice from The Jackson Laboratory (JAX) were acclimated in
our facilities for at least 1 week before the start of exposures. The mice were fed autoclaved
chow diet ad libitum expect during exposures. Mice were housed in autoclaved shoe-box type
cages with cornhusk bedding. Our research protocol was conducted in compliance with the
Animal Research Committee and Institutional Animal Care and Use Committee (/ACUC) at the
University of California, Los Angeles (UCLA), and performed in coordination with the Division
of Laboratory Animal Medicine (DLAM) at UCLA.
PM Inhalation Exposure

In the first experiment, 6-week-old IL-107- mice (n=10-11) were exposed to UFP for
6hr/session, 3/wk for 10 wks, at 350ug/m? in the Air Pollution Inhalation Exposure Facility
(APIEF) in the animal vivarium (5V) in the Center for Health Sciences building at UCLA. A
compressor pump built at the University of Southern California (USC) Viterbi School of

Engineering pushed HEPA-filtered air into a Hope nebulizer (B&B Medical Technologies, USA)
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to re-aerosolize the different PM-containing solutions into the ultrafine size range (Taghvaee et
al. 2019) as previously described (Chang et al. 2024) (Fig. 14B). Re-aerosolized PM was drawn
through a silica gel diffusion dryer (Model 3620, TSI Inc., USA) followed by Po-210 neutralizers
(Model 2U500, NRD Inc., USA) to remove the excess water content and electrical charges of the
particles, respectively. The air stream entered the animal exposure chamber with a flow rate of
2.5 lpm. Concurrently, re-aerosolized particles were collected on PTFE (Teflon) and Quartz (37-
mm, Pall Life Sciences, 2-um pore, Ann Arbor, MI) filters to chemically characterize particles in
the system. In addition, variations in PM mass concentration were measured by TSI DustTrak
during operation, where the average PM concentration was set at about 350 pg/m?. In the same
room, ambient air was passed through a HEPA-filter and drawn into an adjacent chamber by a
vacuum pump as the experimental control chamber. In the second experiment, 6-week-old male
IL-10"- (n=20-22) were exposed to UFP for Shr/session, 3/wk for 10 wks, at 450pug/m? as
described above in the same facility.
Collection of Particulate Matter

Both PMs used in this study were collected from Los Angeles as UFP and re-aerosolized
as UFP by collaborators from the University of Southern California (USC). Particles used for the
first experiment were collected on PTFE membrane filters (20 x 25 cm, 3.0 um pore size, PALL
Life Sciences, USA) using a high-volume sampler (with a flow rate of 250 Ipm) connected to a
PM pre-impactor for separation. Particles from the second experiment were collected using a
gelatin cascade impactor consisting of an air inlet and pump separated by 2 impaction states and
a filter holder at the end. Gelatin filters were placed at each impaction step diameters 47mm and

80mm, and the impactor was operated at a flow rate of 100 lpm. Particles collected in this
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manner have been previously demonstrated to retain redox-active constituents of particulates
(Aldekheel et al. 2023).
Sample Collection, DNA Extraction and 16S rRNA Gene Sequencing

All mice were euthanized under isoflurane anesthesia 18 hours after the last exposure.
Colon and cecal tissue was harvested post-mortem as previously described (Jacobs et al. 2017).
Colon length excluding the cecum was measured in centimeters and weighed in milligrams.
Samples were thawed from -80°C and underwent DNA extraction using the ZymoBIOMICS DNA
Microprep Kit or ZymoBIOMICS 96 DNA Kit (Zymo Research, Irvine, CA, USA) according to
the manufacturer’s instructions. Sequencing of the 253 base pair V4 region of 16S ribosomal RNA
gene was performed using the Illumina MiSeq. Sequenced data were processed into amplicon
sequence variants (ASVs), and assigned taxonomy using the DADA2 pipeline (Callahan et al.
2016) in R with the SILVA 132 database.
Microbiome Diversity Analysis

Alpha diversity was assessed using the Shannon index, a metric of species evenness and
richness, with data rarefied to a sequencing depth of 5,000 in each sample subset (Jacobs et al.
2016). The data was fitted to linear mixed effects models in R studio and statistical analyses was
performed using the Imer function. Exposure group, timepoint, and their interaction were
included as fixed effects in all models. Mouse ID was treated as a random effect for longitudinal
fecal microbiome data and cage as a random effect for tissue microbiome data.
For beta diversity and differential abundance analysis, data were filtered to remove ASVs that
were present in less than 25% of all samples. Beta diversity was assessed using the Bray-Curtis
dissimilarity matrix to identify microbiome compositional differences between the different

treatment groups (PM vs. FA) and in the longitudinal fecal pellet data (Week 0, 1, 5, and 10).
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Statistical analyses was performed using permutational multivariate analysis of variance
(PERMANOVA) implemented in the Adonis package in R with treatment, timepoint (with week
0 as the baseline), and their interaction as fixed effects and cage or mouse ID as strata for
permutations. Differences in taxa abundances between exposure groups were analyzed using
MaAsLin2 in R (Version 1.4.1106, Vienna, Austria) with treatment and timepoint as fixed
effects, and cage or mouse ID as a random effect (Mallick et al. 2021). P-values were adjusted
for multiple comparisons using the Benjamin—Hochberg method. Significance threshold was set
at q-value<0.10.
Histological Scoring

A 1.0 cm piece of the distal colon was cut and fixed in 10% phosphate buftered formalin
before being transferred to 70% ethanol. Cassettes containing the samples were sent to the
Translational Pathology Core Laboratory (TPCL) at UCLA to be embedded in paraffin,
sectioned, and stained with hematoxylin and eosin (H&E). A first colon subscale scored
inflammation from 0-6 with severity ranging from normal to severe inflammatory cell infiltrates,
and a second colon subscale (0-6) was based on extent ranging from only the mucosa to
transmural involvement (Katakura et al. 2005; Jacob et al. 2018). In the first subscore, a score of
1 was assigned for hyperproliferation, irregular crypts, and goblet cell loss, 1.5 for mild crypt
loss (10-25%), 2 for moderate crypt loss (25%-50%), 2.5 for severe crypt loss(50-75%), 3 severe
crypt loss (75-90%), 4 for complete crypt loss, 5 for ulcers <10 crypts wide, and 6 for ulcers >10
crypts wide. For the second subscale, changes in intestinal architecture were scored from 0-6 by
adding the scores from each layer of the intestinal wall. The mucosa was scored from 0-3 (0:
Normal, 1: Mild, 2: Modest, 3: Severe), the submucosa was scored from 0-2 (0: Normal, 1: Mild

to modest, 2: Severe), and the serosa was scored 0-1 (0: Normal, 1: Moderate to severe).
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Microbiome Diversity Analysis

Assessment of alpha diversity was conducted using the Shannon index, a metric of
species evenness and richness, with data rarefied to a sequencing depth of 5,000 in each sample
subset (Jacobs et al. 2016). The data was fitted to linear mixed effects models in R studio and
statistical analyses was performed using the Imer function. Exposure group, timepoint, and their
interaction were included as fixed effects in all models. Mouse ID was treated as a random effect
for longitudinal fecal microbiome data and cage as a random effect for tissue microbiome data.
In the beta diversity and differential abundance analysis, data were filtered to remove ASVs that
were present in less than 25% of all samples. Beta diversity analysis was conducted with the
Bray-Curtis dissimilarity matrix to identify microbiome compositional differences between the
different treatment groups (PM vs. FA) and in the longitudinal fecal pellet data (Week 0, 1, 5,
and 10) from the first experiment, with the addition of Week 3 timepoint in the second
experiment. Statistical analyses was performed using permutational multivariate analysis of
variance (PERMANOVA) implemented in the Adonis package in R with treatment, timepoint
(with week 0 as the baseline), and their interaction as fixed effects and cage or mouse ID as strata
for permutations. Differences in taxa abundances between exposure groups were analyzed using
MaAsLin2 in R (Version 1.4.1106, Vienna, Austria) with treatment and timepoint as fixed
effects, and cage or mouse ID as a random effect (Mallick et al. 2021). P-values were adjusted
for multiple comparisons using the Benjamin—Hochberg method. Significance threshold was set

at g-value<0.10.

RT-qPCR
~1.5 cm pieces of the midsection of the colon were cut and fixed in RNAlater®. The

Qiagen RNAeasy Mini Kit was used to extract RNA from thawed intestinal sections according to
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the manufacturer’s instructions. A total of 200 nanograms of extracted RNA in each sample was
used for reverse-transcribed cDNA synthesis using the Applied Biosystems High-Capacity cDNA
Reverse Transcription Kit according to the manufacturer’s instructions (Applied Biosystems
catalog# 4368814). The mRNA expression of target genes was detected using Applied
Biosystems TagMan Fast Advanced Master Mix (catalog# 4444557) and TagMan probes for -
actin (Mm02619580 g1), IL-18 (MmO00434228 m1l), IFNy (MmO01168134 m1), and TFNa
(Mm00443258 ml). qPCR for target genes was conducted for each sample in triplicate and each
reaction was performed in a final volume of 10uL including 2.5uL of cDNA 0.5uL of the
respective probe, SuL of Master mix, and 2puL of water. TheLightCycler 480 program consisted
of an initial pre-incubation warm-up cycle to 95°C for 10 minutes, followed by 45 cycles of
amplification (95°C for 10 s, 60°C for 30 s, and 72°C for 1 s) and a cooling cycle at 40°C for 30
s. Quantitative PCR was performed in a LightCycler 480 (Roche Diagnostics) and gene
expression was analyzed using the delta-delta Ct (DDCt or ddCt) method.

Statistical Analyses

Colon weight/length ratio and histological scores were shown by violin plots and analyzed by the

Mann-Whitney U-test in R studio (threshold p-value <0.05).

Results
Increased inflammation severity in IL-107" mice exposed to inhaled PM

Subchronic UFP inhalation was modeled by exposing mice to ambient PM collected at an
urban site for 10 weeks, then resuspended in the ultrafine size range in a closed exposure
chamber as described in previous chapters. The mice from experiment 1 underwent UFP
exposures for 6 hours/day, three days per week for 10 weeks at a concentration of 350 ug/m?,

while mice from experiment 2 underwent UFP exposures for Shr/day, three times per week for 10
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weeks at 450 pg/m?(Fig. 14A). The PM exposure setup was as described in Chapters 1 and 2
(Fig. 14B). The greatest fraction of extracted PM for the exposures from the first experiment was
total carbon (~52%), followed by inorganic ions (~28%), and metal elements (~52%) (Fig. 14C).
In the second experiment, the chemical analysis showed total carbon (~51%), followed by
inorganic ions (~27%), and metal elements (~22%) (Fig. 14C). In total, 21 mice were exposed to
PM vs FA (n=10-11/group), and 42 mice were exposed in the second experiment (n=20-
22/group).

We conducted two experiments exposing IL-107- mice to re-aerosolized PM 3/wk for 10
wks. In the first experiment, 10-11 mice were exposed to 6 hr sessions at PM concentrations of
350ug/m?, while in the second experiment, 20-22 mice were exposed at 5 hr sessions at PM
concentrations of 450 pg/m?. performed double-blind histological scoring of the colons collected
after 10 weeks of UFP inhalation exposure and found that while there was no significant
difference seen in inflammation severity between the PM and FA groups in experiment one (Fig.
15A,C), colons in the PM group from experiment two showed a significant increase in histologic
severity compared to their FA counterparts (Fig. 16A,C). Likewise, colon weight/length ratio
showed a borderline significant difference (p=0.074) between PM and FA groups in the second
experiment (Fig 17B), a change which was not observed in the first experiment (Fig. 16B). The
mRNA levels of proinflammatory cytokines (IL-1f, IFNy, TFNa) were similar between the PM
and FA-exposed mice in the colons of mice from both experiments (Fig. 16D).

Longitudinal changes in the fecal microbiome of IL-10"- mice after subchronic inhalation
exposure to PM

In both experiments, fecal samples were collected at baseline and weeks 1, 5, and 10 of

exposures to assess the kinetics of PM effects on the microbiome, with the addition of a
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timepoint at week 3 in the second experiment. All samples underwent microbiome
characterization by 16S rRNA gene sequencing. Longitudinal analysis of fecal samples from
experiment 2 IL-10- mice showed that subchronic exposure to UFPs did not significantly alter
alpha diversity (Fig. 17A, Fig. 18A) and while no beta diversity changes were seen between PM
and FA in the first experiment (Fig. 17B), changes in microbiome composition were observed in
experiment 2(Fig. 18B). Microbial beta diversity was significantly altered in the UFP-exposed
group compared to the FA group at week 3 (p=0.032), week 5 (p=0.013), and week 10
(»=0.026) in experiment 2, but not in experiment 1 (Fig. 18B). There were significant
differences in microbial abundances at all time points by testing of differential abundance at the
level of amplicon sequence variants (ASVs), which roughly corresponds to species (Fig. 17C,
Fig. 18C). Similar to the differential abundance results seen in Chapter 2, there was an increase
in the number of ASVs with an increasing duration of exposures in the first experiment. Thus,
while there was enrichment of only 2-5 ASVs at weeks 1 and 5 (Fig.17C), there was enrichment
of 10 ASVs at week 10 in experiment 1. In the 2" experiment, differentially abundant taxa were
found at each tested time point (week 1, 3, 5, and 10) (Fig. 18C). This includes several members
of the family Muribaculaceae and Lachnospiraceae.
Cross-sectional changes in the cecal and colonic microbiomes

Cecum and colon samples were collected after euthanasia and underwent 16S rRNA
gene sequencing to characterize the microbiome. /-0 mice showed a significant difference in
beta diversity in the cecum microbiota (p<10~, Fig. 19A, Fig 20A) and colon microbiota (p<10-
’, Fig. 19B, Fig. 20B) of mice from both experiments. While there were no differences in alpha
diversity in the first experiment, there was a significant difference in the Shannon index in the

colon microbiome of mice from experiment 2 (p=0.013, Fig 20B). In addition, PM induced
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significant changes in microbial abundance in both experiments. In the first experiment, the
RF39 ASV was significantly decreased in both the cecum and the colon (Fig 19A,B). In the
second experiment the Muribaculaceae ASV was upregulated in both the cecum and in the

colon, a Desulfovibrio ASV was downregulated in both regions (Fig. 20A,B), while a

Lachnospiraceae ASV and a [Eubacterium] ventriosum ASV were downregulated in the colon.

Discussion

This study is the first to report on the effects of ultrafine PM inhalation on the IL-10"
mouse model. Here we use PM collected from 2 different methods, and showed that PMs
collected from both methods were bioactive to alter the microbiome of IL-10"" after 10 weeks of
subchronic exposure. We furthermore found changes in histological severity after exposure to
PM collected via gel cascade impactor, combined with a larger sample size of IL-107- mice in
experiment 2.

While there is epidemiological evidence to link air pollution to IBD, the mechanism of this
association is unknown. It has been shown that orogastric exposure of IL-10"-mice to pollution
particles via gavage or food induces onset of intestinal inflammation (Salim et al. 2014; Kish et
al. 2013). Inhalation of air particulate matter, which is the most physiologically relevant route of
exposure, remained yet to be studied to our knowledge in any experimental, chronic model of
IBD. Our study involves UFP that had been collected from the I-110 freeway in Los Angeles, re-
aerosolized with a nebulizer and pumped to whole-body animal chambers. UFP is a subset of
particulate matter that has been gaining recognition for its toxicity (Volk et al. 2013;
Schraufnagel 2020), as the high specific area of UFP allows it to absorb and react with more

organic compounds and toxic chemicals, promoting oxidative stress.
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Currently, there is no data to support a causative connection between air pollution and
intestinal inflammation via the microbiome, and scientific knowledge on the role of PM-
modulated gut commensal bacteria in colitis is limited. The high prevalence in IBD of loss of
therapeutic response and development of disease complications such as infections and strictures
that require bowel resection highlights the importance of understanding the factors contributing
to the development and treatment of this disease (San Roman and Mufioz 2011). A closer
analysis of the genetic transcripts may be necessary to identify cytokines involved in driving the
inflammation we observe, beyond the cytokines we tested by RT-qPCR (IL-1p, IFNy, TFNa).

This study is the first to research inhaled UFP in IL-10"~ mice and provide relevant insight
into the effects of the urban pollution encountered in the United States on IBD. The IL-10 gene
plays an important role in maintaining homeostasis in the gut via mucosal immune regulation.
Not only does it suppress production of proinflammatory cytokines, it also scavenges
inflammatory chemokines (D'amico et al. 2000). The IL-107- model is well-suited for
investigating the role of an environmental factor on IBD pathogenesis due to data showing that
germ-free IL-10"" mice do not develop colitis (Sellon et al. 1998). Furthermore, the development
of spontaneous inflammation in IL-10"- mice strictly correlated to their microbiota composition.
Although the role of the intestinal microbiome in IBD has been extensively studied and
candidate mediators of inflammation such as Enterobacteriaceae (Zuo and Ng 2018) have been
identified, it is unknown which environmental risk factors promote the development of dysbiosis
in IBD and can explain the rising incidence of disease worldwide. This study is not only the first
to assess whether inhaled air pollutants exacerbate an experimental, chronic model of IBD, but

also surveys microbiome changes over time to UFP inhalation. Future microbiome transfer
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experiments are necessary to establish a cause-and-effect relationship between microbiome
change after air pollution exposure and inflammation.

Additionally, experiments with other chronic models of colitis mice and chronic PM
inhalation exposure are needed to further investigate the impact of air pollution on IBD.
Conducting experiments of inhaled UFP in other chronic mouse models may be useful to
elucidate the roles of PM in various pathways of IBD pathogenesis. These may include the
chronic DSS model, which focuses on effect of impaired barrier function and mucin in IBD
development. The T cell transfer model can be also used to delineate whether PM inhalation is
involved in immunological processes of IBD development. It modulated by the microbiome,
making it suitable to investigate whether UFP alters intestinal T-cell driven inflammation via the
microbiome (Britton et al. 2020). C57BL/6 donor mice could be exposed to inhaled UFP and an
adoptive transfer of their naive T cells (CD4*CD45RB"g") into immune-deficient Rag”- mice
(recombinase activating gene-1 deficient mouse). Lastly, as discussed in previous chapters, the
length of exposure or dosage of PM may lend to more significant results, had the exposure been
prolonged. A dose-response study may also provide insight to the range of PM toxicity in terms
of IBD.

In this chapter, we have demonstrated that subchronic UFP inhalation induces
microbiome changes and increases histological markers of inflammation in the IL-107~ mouse

model.
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Figure 14. Exposure protocol and PM characterization. (A) Experimental design for the first (TOP)
and second (BOTTOM) experiments, where male IL-10"" mice were exposed to UFPs by inhalation 3
times per week for 10 weeks. Fecal pellet samples were collected at weeks 0 (baseline), 1, 5, and 10 to
evaluate longitudinal changes in both experiments, and week 3 was included as an additional time point in
the second experiment. Cecal and colon samples were collected following euthanasia. Figurel A was
created with Biorender.com. (B) Schematic of acrosol generation and exposure system (C) Chemical
profile of the PM aerosol in Experiments 1 and 2.
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Figure 15. UFP inhalation exposure did not alter histological severity or colon weight/length in the
first experiment. (A) Histology scores visualized by violin plot. (B) Colon weight/length with weight
measured in miligrams and length measured in centimeters. (C) Representative median colon histology
images from the UFP and FA groups.
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Figure 16. UFP inhalation exposure increased inflammatory cell infiltrates in the colon.

(A) Histology scores visualized as violin plot. (B) Colon weight/length with weight measured in
milligrams and length measured in centimeters. (C) Representative median colon histology images from
the UFP and FA groups. (D) mRNA levels of proinflammatory cytokines IL-1f, IFNy, and TNF-a
measured by RT-qPCR. ns= not significant.
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Figure 17. Differentially abundant taxa identified in IL-10"" mice following subchronic UFP

exposure from experiment 1. (A) Violin plots of fecal microbial alpha diversity /L-10

- mice, measured

by the Shannon index at weeks 0, 1, 5, and 10. (B) PCoA plots of Bray-Curtis dissimilarity, showing
microbial composition of UFP and FA groups. Significance determined by PERMANOVA. (C)
Differentially abundant fecal taxa between UFP and FA are also shown.
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Figure 18. Subchronic UFP exposure induces shifts in fecal microbial composition in IL-10"" from
experiment 2. (A) Violin plots of fecal microbial alpha diversity /L-10"" mice, measured by the Shannon
index at weeks 0, 1, 3, 5, and 10. (B) PCoA plots of Bray-Curtis dissimilarity, showing microbial
composition of UFP and FA groups. Significance determined by PERMANOVA. (C) Differentially

abundant fecal taxa between UFP and FA are also shown.
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Figure 19. Subchronic UFP exposure alters cecal and colonic microbial composition in IL-10

7 mice

from the 1°* experiment. (A) Cecal and (B) colonic microbiome data, from left to right: (left)Violin plot
displaying alpha diversity (Shannon index), (middle) PCoA plots showing microbial compositional
differences between the UFP and FA groups after 10 weeks, and (right) Log2FoldChange plots showing
differential taxa in the UFP group compared to FA group. Each dot represents one ASV, displayed with its
lowest taxonomic classification which could be at the species, genus (g), family (f), or order (o) level,

when species was not available.
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Figure 20. Subchronic UFP exposure induces shifts in fecal microbial composition in the cecum and
colons of experiment 2 IL-10"" mice. (A) Cecal and (B) colonic microbiome changes from left to right:
(left) Violin plots of fecal microbial alpha diversity /L-10"" mice, measured by the Shannon index,
(middle) PCoA plots of Bray-Curtis dissimilarity, showing microbial composition of UFP and FA groups,
Significance determined by PERMANOVA, (right) Log2FoldChange plots showing differential taxa in
the UFP group compared to FA group. Each dot represents one ASV, displayed with its lowest taxonomic
classification which could be at the species, genus (g), family (f), or order (o) level, when species was not
available.
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Chapter 5-Conclusions and Future Directions

Our research demonstrated that inhalation of UFPs induced changes in the gut
microbiome, in a manner independent of measured inflammatory markers. Furthermore, we
showed that subchronic UFP inhalation increases inflammation in the intestine in a model
predisposed to inflammation. The kinetics of microbiome change is first discussed in the context
of subchronic exposure in hyperlipidemic and normolipidemic models in Chapter 2. To our
knowledge, the kinetics of the fecal microbiome change caused by UFP inhalation over time has
not been reported before. There were strain specific changes reflected by alterations in different
regions of the gut across the three types of mice. Longitudinal microbiome changes were also
confirmed in the IL-10"" mice as reported in Chapter 4.

In Chapter 3, we found that short term exposures to UFP inhalation did not affect severity
of two acute mouse models of colitis. In both the DSS and TNBS models, there was no
significant decrease in percent weight after exposure to PM, nor were there any differences in
histological markers of inflammation. In the acute DSS model exposed to PM, we detected no
differences from the FA group in terms of the DAI, a clinical assessment which considers percent
weight change, stool consistency, and occult blood in the stool. Higher doses of PM may be
required to detect changes in a shorter length of time.

Finally, in Chapter 4, we showed that UFP inhalation exacerbates inflammation in the
context of predisposition to chronic IBD, specifically in the IL-10"- model. A microbiome
transfer experiment would be necessary to ascertain the role of the microbiome in the
development of inflammation in IL-10"- mice, and future UFPs experiments using other chronic
models of chronic colitis would be informative to understand the how UFP inhalation affects the

varied pathogeneses of IBD.
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This dissertation addressed the effects of UFP inhalation across various animal models
and lengths of time. As global incidence of IBD continues to rise, it is necessary to consider
regulation of airborne particles, keeping in mind the far-reaching effects that PM on the many
diseases related to inflammatory processes. While our study did not prove that the UFP-exposed
microbiome is a mechanistic factor contributing to IBD, our findings support the necessity to
conduct additional studies to decipher the relationship between UFP, the microbiome, and its
effect on inflammation. The high prevalence in IBD of loss of therapeutic response and
development of disease complications such as infections and strictures that require bowel
resection highlights the importance of understanding the factors contributing to the development
and treatment of this disease. As current antibacterial therapies and fecal microbial transplants
have variable outcome, physiologically relevant therapies are necessary. Identifying clearer
microbial targets of UFP-induced intestinal inflammation will progress development of
microbiome-directed therapeutic strategies such as faux-biotics or small molecule treatment.
Studies on specific microbes that worsen disease severity following exposure to PM may provide

a basis for biotherapies of the future.
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