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ABSTRACT

Despite increasing movements towards cleaner air regulations, air pollution remains a critical
factor in millions of deaths globally every year. Particulate matter (PM) is one of the many types
of air pollution, and ultrafine particulate matter (UFP) is the highly detrimental and under-
regulated smallest fraction of PM. While it is known that PM exposure during pregnancy can
lead to harmful neonatal effects, such as stillbirth and low birth weight, little literature exists on
the specific effects that UFPs may have during this critical time window. Prenatal PM exposure
has also been shown to significantly increase the risk of the infant developing asthma or
respiratory infections during childhood, and it is likely, though not confirmed, that UFPs would
likely do the same. We undertook to develop a murine model of prenatal UFP exposure, to
examine how it might alter neonate’s ability to combat respiratory infection, and to examine the
possible mechanisms by which prenatal UFPs might exert its influence through the dam to the
fetus. This last goal was accomplished by looking at the effect that Nrf2, a major transcription
factor controlling antioxidant responses, may play in the neonatal response to UFP exposure. Our
findings demonstrated that prenatal UFP exposure did enhance the severity of neonatal
respiratory disease, specifically to respiratory syncytial virus (RSV). When examining neonates
only exposed to UFPs prenatally, we found that Nrf2 deficient neonates had a reduced ability to
respond to oxidative stress than their wildtype counterparts, and that their pulmonary T cell
populations had significantly increased levels of Th1 and Th2 immune cells when stimulated by
UFPs. This suggests that prenatal UFPs may exert their influence by oxidative stress, perhaps
transferred from the mother, and by altering pulmonary T cell differentiation and potential
priming for neonatal respiratory infections. Overall, our research shows that UFPs exert negative

influences on fetal health that have an impact in the neonatal period, thus demonstrating a need
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for increased regulation and public health preventative measures to protect the health of mothers

and children in highly polluted regions.
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ABBREVIATIONS
AHR: airway hyperresponsiveness
AhR: aryl hydrocarbon receptor
FA: filtered air
GD: gestation day
HD: high dose
IN: intranasal
IUGR: intrauterine growth restriction
LD: low dose
LRTI: lower respiratory tract infection
Nrf2: Nuclear factor erythroid 2-related factor 2
PM: particulate matter
PND: postnatal day
RSV: respiratory syncytial virus
UFP: ultrafine particulate matter
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CHAPTER I

INTRODUCTION"®

1.1 Overview

Air pollution and respiratory disease have formed a well-documented and morbid duo in
the last few centuries of human health. Yet, knowledge of how these particles affect human health
is incomplete and complicated by the diversity of emissions particulate matter (PM) and timing of
when exposure occurs. Air pollution is considered the leading environmental risk factor for
morbidities and mortalities globally plays a role in approximately 7 million deaths annually. High
levels of PM have been linked to disease in every organ system, and effects can differ based on
particle characteristics (size, composition, hygroscopicity, etc.), environmental factors (humidity,
wind speed, temperature, etc.), and human differences (sex, age, weight, etc.). One of the
predominant mechanisms by which PM exerts such harmful influences is by the production of
reactive oxygen species (ROS), which cause oxidative stress at a cellular level in numerous tissues
throughout the body. Nearly limitless variations on how a target population could be affected
requires continued research into the detrimental health effects of PM to better determine
appropriate pollution standards and maximize global health.
1.2 Particulate matter with an emphasis on ultrafine characteristics

PM is classified by size as either “coarse” (PM1o) with an aerodynamic diameter less than

10 um, “fine” (PMz2s) with a diameter less than 2.5 um, or “ultrafine” (UFPs, PMo.1) with a

* Part of this chapter is reprinted with permission from “Air Pollution and Children’s Health—a
Review of Adverse Effects Associated with Prenatal Exposure from Fine to Ultrafine Particulate
Matter” by Johnson, N. M.; Hoffmann, A. R.; Behlen, J. C.; Lau, C.; Pendleton, D.; Harvey, N.;
Shore, R.; Li, Y.; Chen, J.; Tian, Y.; Zhang, R, 2021, Environ. Health Prev. Med., 26 (1), 1-29,
Copyright 2022 by Carmen Lau.



diameter less than 0.1 um. The first two categories are fairly well researched, and reviews have
been published on the correlations of each type of particle and various health effects, such as
respiratory mortality, cardiovascular mortality, and cancer. The World Health Organization
continues to redefine the standards by which air quality must be maintained regarding these two
sizes of particles, so much so that when we originally started our research, the recommended
maximum standard for PM25 was 10 pg/m? on an annual basis, but in the new 2021 report, these
levels have been decreased to 5 ug/m?3, while the PM1o guidelines have dropped from 20 ug/m? to
15 pg/m3; the original guidelines have been kept as interim target levels. These standards are based
on reviews and meta-analyses of the literature, examining the lowest levels at which detrimental
health effects occur. Therefore, it is little wonder that ultrafine particles (UFPs) are not only
understudied but also shockingly under regulated!, as regulation does not occur without extensive
knowledge.

UFPs are defined as particulate matter less than 100 nm in diameter, generally
differentiated from the term “nanoparticles” by being environmentally and unintentionally
generated>3. The small particle size allows deeper penetration into airways, greater permeability
across membranes, including the placenta*® and a comparatively high surface area to volume ratio,
allowing for increased adsorption of potential toxins>®. Mounting concern stems from UFPs
contributing to a larger number of particles and higher amount of surface area, compared to the
larger forms of PM, than was previously thought’, as UFPs can coagulate and form larger sized
particles.>® Additional uncertainty exists in the lack of understanding about UFPs mechanisms of
disease, particularly in utero:, little is known of whether the effects upon the fetus is a direct result

of the UFPs crossing transplacentally or whether the effects arise from maternal oxidative stress.



Current research suggests that UFPs may have a larger capacity for toxicity and delayed,
long term health effects than their larger counterparts?, in part due to their absorptive and pervasive
abilities. Polycyclic aromatic hydrocarbons (PAHs) are carcinogenic toxins produced from fossil
fuel and wood fires, and these molecules have an affinity for binding to UFPs.” Epigenetic
modification, such as DNA methylation, is currently under study as another major mechanism by
which all PM, not just ultrafine, can modify the health of an organism. Methylation of DNA causes
a tightening of the coil-like structure of the histones, preventing genes from being translated and
expressed. PM exposure has been frequently shown to hypermethylate DNA involved in circadian
rhythms'?, cellular apoptosis, energy metabolism!!, and DNA repair genes, particularly in the
placenta*!?; this will be discussed later in detail.

Ultrafine particulate matter is not only dangerous in its high level of toxicity and under-
regulation, but also in that its smaller size renders many previous models used to predict air
pollution movement less applicable. UFPs are also more likely to remain airborne for longer
periods of time and permeate into indoor environments from outdoor sources than PM2.s and PM o,
and may even coagulate themselves into larger particles®. UFPs are also sourced from a number of
common indoor household activities, such as burning candles and cooking'?, further complicating
our ability to determine the largest sources of UFPs to be reduced and regulated.

Last, it is crucial to understand the long-term effects of UFPs upon the fetus in order that mothers
may understand the implications of the environment in which they live, and hopefully be provided
with measures with which to prevent and/or counteract gestational exposures. Their effects on the
fetus are appreciable even when taking into account such factors as environmental tobacco smoke,
residential location, and childhood allergies. During pregnancy, the maternal immune system

transitions to immunotolerance and anti-inflammatory so as not to reject the fetus. Our lab



previously showed that in utero UFP exposure caused immunosuppression in the neonates ', while
others demonstrated a similar finding in postnatally exposed mice!> and adult mice!6. With a
naturally immunosuppressed dam and immunosuppressive doses of aerosolized PM, it is
imperative that the neonatal consequences upon the immune system and its capacity to respond to
respiratory diseases be examined, for future regulation of UFPs.
1.3 Mechanisms of prenatal PM exposure via the placenta

To understand the connection between gestational air pollution exposure and neonatal
health outcomes, one must look at the physical connection between the mother and fetus: the
placenta. Barker’s hypothesis, written in 1995, is summed up by Luyten et al. as the “etiology of
disease in adulthood may have a fetal origin and may be attributed to the effects of adverse

environmental exposures in utero”!’

. Though Barker’s original theory related to the development
of coronary heart disease'8, this theory has been proven in numerous organ systems related to
various different exposures (e.g. air pollution, heavy metals, etc.). Evaluating placental changes
due to maternal PM exposure is the first step in understanding and countering those fetal effects.
Placental epigenetic modification, specifically hypermethylation, is theorized to be one of
the major mechanisms by which adverse birth outcomes may arise. Bhargava et al. used an in vitro
model to demonstrate that one of the mechanisms by which UFPs causes increased DNA
methylation was by inducing the NF- «B inflammatory pathway, which upregulates levels of DNA
methyltransferases'®. Neven et al. found that both PM2s and black carbon (BC) caused an
increased rate of DNA mutation, measured by Alu, and that multiple genes associated with DNA
repair and tumor suppression were hypermethylated, predominantly in the first and second

trimesters of pregnancy.'? Methylation not only occurs in nuclear DNA but also in mitochondrial

DNA (mtDNA). In the ENIVRONAGE birth cohort, PM25 exposure was associated with an



increase in mtDNA methylation in the first trimester and a decrease in mtDNA content in the third
trimester, suggesting that the biogenesis of the mtDNA is altered by the methylation early on in
pregnancy.?’ The theory that mtDNA copy number could be a potential link between the maternal
exposure and adverse birth outcomes is consistent across numerous studies.?! Tsamou et al.,
working with the same birth cohort, suggests that this epigenetic alterations may not only be
induced by methyltransferases but also by the up- or down-regulation of microRNAs (miRNAs).??
Increased PM2s exposure in the second trimester had decreased amounts of miR-21, miR-146a,
and miR-222, which are related to the cell cycle, regulation of inflammation, and angiogenesis,
respectively. This was followed by a strong association with increased PTEN in the third trimester,
a mutual gene that these miRNAs all bind, which negatively regulates the pathway promoting cell
survival, angiogenesis, and cellular metabolism. Tsamou suggests that these changes in miRNAs
in the second trimester are likely directly responsible for the epigenetic modification and placental
PTEN upregulation in the third trimester, which could lead to placental dysfunction.

Another important placental modification induced by PM is vascular irregularities, often
leading to the syndrome preeclampsia. PM, especially UFPs, is well known to cause endothelial
dysfunction and vascular inflammation?, endothelial cell dysfunction being an initiating cause of
preeclampsia®®, and an association between maternal exposure and preeclampsia has been made in
both humans and mouse models.?*?” An accepted pathogenesis begins with PM2.5 causing altered
protein expression which impairs trophoblast invasion (which can also lead to IUGR)?, leading to
unmodified spiral arteries, causing a higher vascular resistance and thus preeclampsia. As a
consequence, increased resistance leads to decreased perfusion, thereby leading to a state of
placental hypoxia, confirmed by van den Hooven et al.’s study in which PM and NO: led to an

anti-angiogenic state in late gestation.?” Placental hypertension and hypoxia not only endanger the



life of the mother, but can increase fetal morbidity and mortality. Naturally, the placental vessels
are not the only affected vasculature, and mothers exposed to PM2.5 are most at risk in their third
trimester for having elevated blood pressure, which predisposes their children to high systolic
blood pressures under the age of 9.3

Telomere length is an indicator of cellular longevity and senescence; telomeres are
shortened with every cell cycle, and cells undergo apoptosis when telomeres are depleted.
Shortened telomere length (TL) has been demonstrated after prenatal exposure to PM in umbilical
cord blood and placental leukocytes, which has been suggested to predict TL later in life for the
offspring, with shortened telomeres generally indicating a shorter lifespan.®!3? Indeed, even low
levels of ambient air pollutants were shown to shorten TL in newborns exposed prenatally.3?
Shortened placental TL may be predictive of placental senescence, which is associated with [UGR

and preeclampsia.*?

1.4 Effects of prenatal PM exposure during infancy and childhood

In utero exposure to air pollution is strongly correlated with increased neonatal and
childhood respiratory morbidities, such as asthma and broncho-pulmonary infections®3*. Increased
infant morbidity and mortality have been linked to increased levels of PM exposure during
gestation®3, such as stillbirth, preterm birth, low birth weight, and intrauterine growth restriction
(IUGR). Glinianaia et al even suggests that exposure may cause an increase in sudden infant death
syndrome (SIDS) due to alterations in brain development and maturation.’ Certainly there is
evidence that prenatal PM exposure can cause neurologic abnormalities and has even been

associated with behavioral deficits and autism.*>*! Germ cells and fetal cells are at larger risk for



damage by external factors due to their increased proliferation and sensitivity to their
surroundings.*

However, the association with post-neonatal mortality is largely driven by respiratory
morbidity**, and fetal exposure to PM affects lung development and respiratory health in a variety
of ways that may persist throughout childhood, such as decreased lung capacity and other
functional parameters®’. Prenatal PMio exposure significantly decreased infants’ functional
residual capacity at 1 year old, while postnatal exposure caused decreased tidal volume at the same
age.* The same study showed that maternal smoking during pregnancy caused a decreased infant
tidal volume at merely 6 weeks of age and dramatically increased the risk of a lower respiratory
tract infection during the first year of the infant’s life. Studies have shown that an increased risk
of recurrent broncho-pulmonary infections in children correlate with prenatal fine PM levels in a
dose-response manner?.

Timing of the exposure also exerts a considerable effect on the neonatal outcome, although
the current literature is varied on what type of exposure is the most detrimental at which timepoint.
In a Singapore study, higher PM2 5 and other pollutant levels in the first trimester were associated
with wheezing, while exposure in the second trimester was more associated with bronchitis; this
study also examined whether the body mass index of the mothers affected the neonatal outcome,
but the evidence was only suggestive and not significant.*> Lu et al. showed that exposure to SO
3 months to 1 year even before conception could significantly increase childhood pneumonia risk,
let along prenatal exposure to the pollutant; this was yet another study showing that males were
more susceptible to these risks.*® Korten et al. demonstrated that prenatal exposure was more
influential than postnatal exposure, finding that maternal exposure to NO2 and benzene in the

second trimester is associated with decreased lung function parameters when children were 4.5



years old.*> However, this should not cast postnatal exposure into lesser prominence. MacIntyre et
al. showed that PMio and NO2 were significantly associated with childhood pneumonia, most
likely with stronger effect in the first year of life.*’ However, though gestational and neonatal
effects are fairly well-characterized in PMa.s and PMio exposures, less literature is available strictly
on the effects of gestational UFPs.

Mechanisms for this increased susceptibility following prenatal exposure remain largely
unknown. The prevailing theorized pathogenesis characterizes the immune status of the infant
perinatally by examining the cord blood. Children have a slightly more Th2-biased
immunophenotype than adults, males in particular, and it is believed that the PM exposure
enhances this bias to render these children more susceptible to more severe infection or asthma.
Baiz et al. found an associated 0.82% decrease in T regulatory cells for a 10 pg/m? increase in
PMio, along with decreased T regulatory cells in the second trimester particularly linked to
exposure to benzene.*® As a decrease in T regulatory cells has been associated with a more
prominently skewed Th-2 immune response, often leading to allergies or asthma later on in life,

this may prove to be a key mediator by prenatal PM exposure.*’

1.5 Murine models of PM exposure

Models have been developed to look at various size and compositions of particulate matter
generally found in air pollution. However, until recent history, it was uncommon that the prenatal
murine models have actually aerosolized their compounds in a manner representative of realistic

situations for human mothers. The majority of animal models rely on intranasal>>2

intratracheal3->* 133,56

, Or intraperitonea routes of exposure to the dams, a less physiologically

relevant model for inhalation exposures, though they may ensure more accurate dosing. Hamada



et al. created a model where mice were exposed for 30 minutes a day for three days total>’, while
Mauad et al. positioned mice in outdoor settings to inhale real-time aerosolized particulate
matter>8, but neither of these offer a long term, high exposure, consistent dosage of uniquely
tailored particles. Kulas et al and Cory-Slechta et al both utilized aerosolized UFPs, though the
latter dosed neonatally, but both of these models were looking at neurologic and cognitive
dysfunction resulting from such exposure.>®-°

Rodent models employing prenatal fine and ultrafine PM exposure provide substantial
evidence on offspring lung dysfunction and increased asthma susceptibility. Features of asthma,
or allergic airway disease, can be characterized by measuring airway inflammation and
hyperresponsiveness following an allergen exposure. Frequently, mouse models employ
sensitization and challenge using the experimental allergen ovalbumin (OVA) or a human relevant
allergen, house dust mite. Several models employing various exposure regimens and allergen
challenges confirm prenatal PM2.s and PMo.1 exposure leads to a characteristic asthma phenotype
in offspring. Hamada et al. initially demonstrated pregnant BALB/c mice exposed to aerosolized
residual oil fly ash, a surrogate for ambient PMazs, just prior to delivery significantly increased
offspring OV A-induced airway hyperresponsiveness (AHR) and elevated levels of eosinophils in
bronchoalveolar lavage fluid (BALF) driven by a skewed Th2 response.’” A primary feature of
asthma involves a heightened inflammatory cell influx, largely composed of eosinophils or
neutrophils driven via increased Th2 CD4+ T-cell signaling through interleukins (IL) 4 and 5
and/or Th17 signaling via IL-17. IL-4 also drives allergen-specific immunoglobin (Ig) production.
Additionally, IL-13 elicits effects related to airway hyperresponsiveness (i.e.,
bronchoconstriction). Hamada and colleagues further highlight histopathology showing marked

pulmonary inflammation and increased allergen-specific IgE and IgG levels. Fedulov et al.



subsequently showed pregnant BALB/c mice exhibit an acute inflammatory response to both
diesel exhaust PMo.1 and more “inert” particles, titanium dioxide (TiO:2), in contrast to non-
pregnant females.>® Offspring born to mothers exposed to either type of particle went on to develop
AHR and display airway inflammation following OV A challenge. These data underscore the state
of pregnancy itself affects the host-response to particle exposure and confirm particles increase
asthma susceptibly in offspring. In another model of prenatal exposure to diesel exhaust (DE),
Corson et al. co-exposed pregnant BALB/c mice to Aspergillus fumigatus allergen and DE.
Offspring were challenged with this allergen at 9-10 weeks of age.®! Interestingly, offspring in the
prenatal DE + allergen exposure group had decreased IgE production and dampened airway
eosinophilia indicating potential protection against allergen-induced inflammation. These results
emphasize the influence of co-exposures during gestation on asthma risk. Additionally, Sharkhuu
et al. demonstrated prenatal DE exposure altered some baseline inflammatory indices in the lung,
which varied based on sex, but changes in response to OVA-induced inflammation were not
significant in exposed mice.®? Manners et al. combined several of the dosing strategies from
previously described models to investigate the mechanisms underlying prenatal PM2.s exposure
and offspring asthma risk.’> Researchers showed repeated exposure to DEPs during gestation led
to significant OVA-enhanced inflammation and AHR in offspring. Moreover, asthma
susceptibility was associated with expression of genes regulated through oxidative stress and aryl
hydrocarbon receptor (AhR) pathways. Diesel exhaust PM contains a mixture of polycyclic
aromatic hydrocarbons (PAHs), known to upregulate AhR-related genes. The role of AhR in the
immune response, including the production of Th2 and Th17, continues to evolve.

Asthma is a complex chronic disease with multiple elements involved in its etiology,

including genetic predisposition and a variety of environmental factors. Maternal exposure to
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microbial-rich environments is suggested to play a protective role against childhood asthma and
allergy development.®* Using an innovative approach, Reiprich et al. tested the ability of endotoxin
(lipopolysaccharide, LPS), representative of microbial exposure, to protect against offspring
asthma development.’! LPS protected against OVA-induced pulmonary inflammation and AHR;
however, in offspring prenatally exposed to DEPs, LPS failed to confer protection. Investigators
showed the protection was dependent on the epigenetic regulation of IFN-y expression. Maternal
supplementation with the antioxidant N-acetylcysteine reversed these effects suggesting that
maternal dietary supplementation may serve as a preventive intervention to combat DEP-induced
oxidative stress and downstream consequences in offspring.

Structural alterations in lung development and related functional changes have also been
intensely investigated in rodent models of prenatal fine and ultrafine PM exposure. Mauad et al.
revealed offspring exposed pre- and postnatally to heavy traffic in Sdo Paulo presented smaller
surface to volume ratios and decreased inspiratory and expiratory volumes.>® Subsequent research
by this group substantiates these structural and functional defects.®> While glandular and saccular
structures of fetal lungs were not substantially altered following gestational exposure to
concentrated urban PM2.s and PMo.1 from Sdo Paulo, offspring showed significantly lower alveolar
number and higher lung elastance at postnatal day 40. Genes related to DNA damage, cell
proliferation, and inflammation were differentially expressed in the fetal lung suggesting a
complex interplay of pathways influencing long-term lung alterations. Research on prenatal
PMo.1 exposure mirrors work related to manufactured nanoparticles. Paul et al. showed gestational
exposure to titanium dioxide (TiO2), cerium oxide (CeO2), and silver nanoparticles-induced

stereotyped impairment of lung development (decreased radial alveolar count/alveolar surface)
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with lasting effects in adult mice.>* These effects were independent of the chemical nature of the
nanoparticles indicating particle size played a primary role.

In a rat model, repeated gestational PM2s exposure resulted in significant changes in
offspring lung structure and function, including increased lung consolidation, airway
inflammation, and decreased lung volume and compliance®. Additionally, in PM2s-exposed
offspring, investigators observed interstitial proliferation, significant oxidative stress in lungs, and
upregulation of epithelial-mesenchymal transition (EMT). EMT is a process where fully
differentiated epithelial cells undergo transition to a mesenchymal phenotype, thus losing typical
epithelial markers like E-cadherin. Transforming growth factor-beta (TGF-f), a key mediator of
EMT, can be influenced by oxidative stress/reactive oxygen species (ROS), suggesting the link
between PM2.5 and aberrant ROS signaling underlying the process of EMT.% This phenotype was
also characterized in a mouse model of neonatal exposure to radical-containing ultrafine
particles.®® Investigators proposed EMT in neonatal mouse lungs following acute exposure to
ultrafine particles may underlie epidemiological evidence supporting PM exposure and increased
risk of asthma. Successive research from this group supports the role of early life PMo.1 exposure
and increased risk of both asthma and respiratory infection risk. Saravia et al. demonstrated an
early immunosuppressive phenotype in mice exposed to PMo.1 and challenged with house dust
mite (HDM).” Herein, the PM-HDM group failed to develop the typical asthma-like phenotype;
however, offspring developed an allergic phenotype upon re-challenge later in life. The
“switching” observed in this study indicates the crucial importance of the timing of exposure, as
well as when pulmonary assessment is conducted. Moreover, the initial immune suppression is
relevant to respiratory infection risk, which investigators went on to show neonates exposed to

PMo.1 early in life were more susceptible to severe influenza infection®®. Likewise, in a mouse
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model of prenatal exposure to PMo.1, Rychlik et al. demonstrated a dampened response to HDM
challenge in offspring from the exposed group.!'* The role of altered adaptive immune response
appears to underlie the muted response. Circulating IL-10 was significantly upregulated in
offspring exposed to PMo.1, suggesting increased regulatory T cell (Tregs) expression and
suppressed Th2/Th17 response. Jaligama et al. confirmed the role of IL-10 and Tregs in
suppressing the adaptive response following early life PMo.1 exposure.!> Depletion of Tregs
reduced morbidity and conferred enhanced protection against influenza virus.

El-Sayed et al. also demonstrated gestational exposure to carbon black nanoparticles induced
dysregulation of lymphocyte populations in offspring, indicating neonatal peripheral tolerance.
These effects could be predictive of allergic or inflammatory responses in childhood.®’
Importantly, the magnitude of alteration depended on the stage of gestation fetuses were exposed,
highlighting the importance in the timing and duration of exposure. In support of the hypothesis
that prenatal PM alters immune development and predisposes offspring toward asthma, Wang et
al. showed gestational exposure to combustion-derived PMo.1 inhibited offspring pulmonary T cell
development, with suppression of Thl, Th2, Th17, and Tregs at 6 days of age.”® Pulmonary Thl
cells remained suppressed up to 6 weeks, leading to enhancement of postnatal allergic responses
to OVA evidenced by increased AHR, eosinophilia, and pulmonary Th2 responses. Overall, the
bulk of the non-human evidence validates prenatal PMa2.s and PMo.1 exposure alter offspring lung
and immune system development, signifying risk for acute (respiratory infection) and chronic
(asthma) pulmonary health outcomes. Since variations in fetal development of lung and immune
system vary between humans and rodents, it is sometimes difficult to interpret the translational

relevance regarding trimester-specific effects. Nonetheless, combined evidence from human and
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non-human studies support reducing exposure may prevent the tremendous burden of respiratory

morbidity in infants and children.

1.6 Respiratory syncytial virus in pediatric medicine
RSV is a major pediatric disease in patients under 2 years of age, and is one of the

leading causes of pediatric respiratory hospitalizations”!~73

, accounting for approximately 1 of 13
visits to a primary care office in the US and approximately 1 of 334 hospitalizations every year
in children under the age of five’!. It has been estimated that 2.1 million children in the U.S.
alone require medical attention for RSV infection every year’!. Likely, this number is even
underestimated, both from underreporting and because doctors frequently do not test for the
presence of RSV in every case of respiratory disease, as a definitive diagnosis causes no change
in clinical therapy. It is estimated that by the age of 1, 70% of all children have been infected
with RSV, and by the age of 2, that percentage increases to almost 100%7#, with infection often
predisposing children to respiratory issues later in childhood or adolescence. The global burden
of disease is estimated at 64 million cases and 160,000 deaths each year’>.

RSV is an enveloped, single stranded, negative sense RNA in the genus Pneumovirus and
most frequently manifests as a lower respiratory tract infection with bronchiolitis, rhinorrhea, a
dry wheezy cough, fast and/or difficulty breathing, and occasionally a fever’®’+7¢, Children are
more at risk for developing severe disease due to two factors. Firstly, their smaller bronchiolar
diameter predisposes them to obstruction by mucus, sloughed epithelium, and other debris
incited by RSV”3. Secondly, children, particularly males, have an immunophenotype biased

towards the Th2 response’’. It is well documented that higher RSV disease severity and lung

pathology is correlated with a Th2 immune response in humans. Eosinophils, the primary white
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blood cell responsible for allergic and Th2 type immune responses, are the predominant cell type
found in RSV induced lung pathology. RSV remains difficult to control as it spreads quickly via
aerosol or direct contact, children generally do not develop a robust immune response against
reinfection, and no efficacious preventive interventions of treatments currently are broadly
employed, other than supportive care and preliminary trials with monoclonal antibodies’>7678,
Extensive research has associated severe RSV infection with enhanced inflammation with
increased Th2 cytokine production and decreased Th1 response’’+76. Additionally, children are
often predisposed to more severe RSV infections if they previously had episodes of wheezing or
were born premature’!, two risk factors likely to be induced by gestational PM exposure.
Current therapeutic treatment is only supportive, with no vaccine available’7¢. Thus far,
therapeutic options for the treatment of RSV have been limited, nonspecific, and insufficient. In
the 1960s, a vaccine for RSV was developed; however, 80% of the recipients became
hospitalized after the vaccine enhanced natural RSV infection, with two deaths”®. Though the
idea of a vaccine remains a clinical research priority, little success has been achieved to date.
Palivizumab, a monoclonal antibody immunoprophylaxis, has been marketed for high-risk
infants, but the efficacy and practicality of this preventative measure has precluded widespread
use’®. For highest efficacy, the antibody treatment needs to be administered before RSV
challenge, an impractical approach, and since it is only a passive treatment, must be given

repetitively, which remains cost prohibitive. Current treatment regimens consist of supportive

therapy, such as oxygen, bronchodilators, and cough suppressants.

1.7 Nrf2 as a key transcription factor in PM-induced oxidative stress
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Nrf2 (nuclear factor erythroid 2-related factor 2) is a well-studied transcription factor
enmeshed in numerous pathways, the majority of which regulate oxidative stress responses and
antioxidant production’3°, Though deficiencies of Nrf2 can contribute to many diseases, such as
myocardial ischemia®!, Alzheimer’s disease®?, and cancer®, the disruption in Nrf2 production
synergistically and detrimentally enhances the severity of many respiratory diseases, such as
asthma®, chronic obstructive pulmonary disease (COPD)®, and acute respiratory disease
syndrome (ARDS)%¢. Adult Nrf2-/- mice are significantly more susceptible to RSV infection than
their wildtype counterparts®’. Additionally, in vitro models have demonstrated that bronchial
epithelial cells, both human and murine, have significantly increased levels of nuclear translocated
Nrf2 induced by incubation with ultrafine diesel particles, as compared to the larger PM2.5s or PMio
particles®®. Therefore, our model will be critical in defining the role Nrf2 may play in combatting
the combined assaults of in utero PM exposure and neonatal RSV infection.

Nrf2 is a powerful antioxidant-inducing transcription factor. Normally bound and led to
proteasome degradation by Keapl, numerous stimuli such as reactive oxygen species alter the
confirmation of the binding sites between the two molecules and lead to the release of Nrf280. Nrf2
then proceeds to the nucleus to promote transcription of numerous genes that can regulate
antioxidant production, apoptosis®®, inflammation’, and even metabolism®. The aromatic and
polar groups of UFPs specifically interfere with the proteasomal degradation of Nrf2, allowing for
a greater oxidative stress response, compared to larger particulate matter, which generally has a
lower organic carbon content®®,

The study of Nrf2 as a potential therapeutic target greatly appeals to many researchers and
pediatricians. Nrf2 expression significantly increases in the lungs of wildtype mice with RSV

infection®”. If Nrf2 proves to be a vital anti-inflammatory component of the immune response to
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RSV in neonates as well, then the logical conclusion would be to promote overexpression of Nrf2
before and during RSV infection. Nrf2 activators such as sulforaphane, curcurmin®-!, and BHA
(butylated hydroxyanisole) #7 have been used with variable efficacy in murine models and humans,
but the usage in neonates of any species lacks empirical data.

PM exposures, both pre- and post-natal, are linked to a number of respiratory diseases in
children and murine models, such as childhood asthma®®32°792, Risk factors for increasingly
severe RSV disease in young children include low birth weight, preterm birth, and lung under
development’3; this is an almost complete overlap with the most common effects on fetuses with
prenatal PM exposure, aside from stillbirth®*33¢, RSV infection has shown to induce significant
decreases in Nrf2 in human infant nasopharyngeal secretions, as well as adult murine lungs, by

promoting degradation of the transcription factor”!.

1.8 Significance

Gestational and neonatal clinical research and therapy is safeguarded to protect the
vulnerability of the mother and child. Yet, pregnancy remains one of the most immunologically
susceptible windows for both patients. Thus, murine models like ours provide one of the safest
approaches for studying toxicologic exposures in utero and neonatal disease, providing critical
knowledge for pediatricians. Our long-term goal is to develop a murine model to closely examine
the interplay between aerosolized UFP exposure and the fetal immune system, and particularly,
how this affects the neonatal response to respiratory infection.

Our central hypothesis is that in utero UFP exposure will enhance the severity of
respiratory infection in the neonatal period, which will be further compounded when the host

cannot mount a sufficient antioxidant response. Indeed, polymorphisms in maternal genes related
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to oxidative stress response pathways, such as the nuclear factor erythroid 2-related transcription
factor (Nrf2), have been shown to significantly increase lower respiratory tract infection risk in
infants exposed to PM during the prenatal period.®® The role of Nrf2 in host protection against
respiratory infection has been demonstrated in adult mouse models of RSV infection, but
information on unique maturation-related neonatal responses are lacking.

The objective of the proposed research is to define the mechanisms by which UFPs affect
the neonatal immune system to enhance RSV severity, to elucidate how these exposures might be
counteracted or combated. Furthermore, by establishing mechanisms by which UFPs alter the
immune system, it may be possible to influence and expedite regulations regarding UFPs. Our
rationale is based on preliminary data showing a dose response increase in RSV severity and viral
load that correlates with increased levels of UFP exposure in utero. Research in this proposal will
enhance understanding of the neonate’s immune response following UFP exposure, and
sequentially examine the effects of RSV within exposed neonates and the role of protective
antioxidant genes.

While both placental UFP exposure and neonatal RSV have both been studied, our
approach is highly innovative in combining both disease mechanisms to further highlight the toxic
potential of UFPs and ultimately promote regulation of these particles. Additionally, our study of
neonatal RSV disease severity with Nrf2 deficiencies may provide insight on future therapeutic

options, such as supplements or antioxidants given pre- or postnatally to the mother or child.
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CHAPTER II
BUILDING A MOUSE MODEL OF PRENATAL ULTRAFINE PARTICULATE MATTER

EXPOSURE TO EVALUATE RESPIRATORY DISEASE RISK IN NEONATES

2.1 Introduction

Generally, early life exposure to particulate matter air pollution is associated with
respiratory disease in children. Prenatal exposure has been linked with low birth weight and
preterm birth37-%3, two factors that commonly lead to increased risk of comorbidities later in life.
Moreover, early life exposure has also been associated with increased lower respiratory tract
infections in children, and? childhood asthma. Numerous experimental models have evaluated
offspring responses to different allergens following exposure to prenatal PM exposure.>%-3%57
Offspring response to viral infection following in utero PM is not as well characterized.

Respiratory syncytial virus, or RSV, is a major pediatric disease that causes bronchiolitis
and wheezing in children, particularly under the age of 2. Though it most commonly manifests as
a mild lower respiratory tract infection in young children, and rarely affects adults, its most
severe characteristic is the blockage of small airways by mucus and sloughed cells, explaining its
biased impact on smaller children. Children are also at a disadvantage due to their slightly Th2-
biased immune system; this immune environment predisposes a more severe RSV infection and
can be further skewed by PM exposure. No vaccine or efficacious therapy exists for RSV, only
symptomatic treatment’®, making therapeutic advancements in this field an ongoing, urgent
necessity.

Animal models of prenatal PM exposure and of RSV infection exist in current literature,

however, they are infrequently combined. Lee et al made a robust model of neonatal exposure to
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free radicals, showing an increased severity of influenza infection afterwards, but this lacks the
prenatal component we wish to examine. Prenatal PM exposure in animals has predominantly
focused on coarse or fine PM regarding neonatal health, although UFP exposure models are
increasing. Wu et al showed UFP prenatal exposure altered metabolism and aortic function in
neonates’®, Morales-Rubio et al demonstrated that exposure altered placental function and
increased inflammation on both the maternal and fetal side*, and Kulas et al exhibited
neurological changes in offspring after prenatal exposure®. Our group looked at prenatal UFP
exposure and its suppression of the allergic response due to an upregulation of T regulatory cells,
which correlates with Jaligama et al.’s findings of immunosuppression in free radical-exposed
neonates, causing an increased severity of influenza.'*! Yet the direct correlation of prenatal
UFP exposure and neonatal respiratory disease requires more research, not to mention
understanding the mechanics behind such susceptibility.

We hypothesized that increased exposure would correspond to increased severity of
disease, and to test this hypothesis, we created a mouse model of gestational exposure and
neonatal viral challenge. We conducted two different consecutive pilot studies that exposed
pregnant mice to varying levels of PM, after which we challenged the neonates with RSV and

examined them at various time points to ascertain degrees of viral load and pulmonary changes.

2.2 Methods
2.2.1 PM Generation and Mouse Exposure Model

PM generation followed methods developed by Rychlik et al. '4, with adaptations to
accommodate individual housing within whole body exposure chambers and two doses detailed

by Behlen et al®. Briefly, HEPA filtered air was continuously pumped into three separate
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chambers (FA, LD, or HD) within which pregnant dams were group housed. For LD and HD
chambers, UFPs were generated using two home-built constant output atomizers where the
concentrations of atomizer solutions were adjusted for respective dose. Pilot study 1 exposed
dams to FA and LD, while Pilot study 2 exposed dams to FA and HD. We employed a
multicomponent aerosol mixture consisting of ammonium nitrate, ammonium sulfate, diesel
exhaust PM (NIST, SRM 2975), and potassium chloride, with the mass fractions of 44, 39, 10,
and 7%, respectively. Real-time particle size distribution was monitored using a differential
mobility analyzer (DMA) in tandem with a condensation particle counter (CPC) where the
particle mass concentration was calculated using an average particle density of 1.63 g cm™. The
flowrate of HEPA was adjusted to ensure consistent particle concentrations within chambers
throughout the exposure duration. Particle size ranged from 0.02 to 0.5 um for both LD and HD
chambers. The peak particle diameter was 0.049 and 0.066 um (or 49 and 66 nm) for LD and
HD, respectively, over the entire exposure period within the UFP range.

Mice were housed in a climate-controlled room with 12/12h light/dark cycle at an AAALAC
approved facility at Texas A&M University. Mice had access to standard chow, 19% protein
extruded rodent diet (Teklad Global Diets), and water ad libitum except during exposure periods.
Male and female BALB/c 8- to 10-week-old mice (Jackson Laboratory, Bar Harbor, ME) were
time-mated. The presence of a vaginal plug defined gestational day (GD) 0.5. A schematic of our
exposure timeline is shown in Figure 1. Beginning on GD0.5, dams were randomized and placed
into exposure chambers where they were exposed to either FA (n=14), LD (n=12), or HD (n=13)
from 0800 to 1400 hours (6 hours) daily through GD17.5. Following exposure on GD17.5, mice

were removed to individual housing and allowed to deliver spontaneously.
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2.2.2 Offspring RSV Challenge

Litters from all three prenatal exposure groups (FA, LD, or HD) were randomly allocated
to postnatal groups, including experimental (RSV-exposed) or control (sham-exposed). A
chimeric strain of RSV, rA2-19F, previously shown to elicit an aberrant immune response in
neonatal mice mimicking human infant infection®, was provided by Dr. Martin Moore
(University of Emory, Atlanta, GA). This strain was passaged in our laboratory in HEp-2 cells
(ATCC, Manassas, VA) in serum-free-media (SFM4MegaVir, Hyclone, Logan, UT). The day
of birth was defined as postnatal day (PND) 1. On PNDS5, offspring were briefly anesthetized
with 4.5% isofluorane in oxygen and infected intranasally with either 10 uL RSV (10° virus
particles/mL) in culture media or 10 puL culture media alone, 5 pL in each nostril for both dosing
groups. Body weights were recorded daily. Male and female offspring within each litter were
randomly assigned to evaluate viral load 3 days post-infection (dpi) (n=61) and pulmonary
immune responses 9 dpi. Immune responses included collection of bronchoalveolar lavage fluid
(BALF) (n=71), lung inflation for fixation and subsequent histological analysis (n=65), and T
cell profiling via flow cytometry (n=21). Additional collection details provided in supplemental

methods.

2.2.3 Pulmonary Viral Load

To determine the number of infectious virus particles in RSV-challenged offspring, 3 dpi
pup lungs were quickly excised, frozen in liquid nitrogen, and stored at -80°C until median tissue
culture infectious dose (TCIDso) analysis. The TCIDso assay®® was performed by growing Vero
cells (ATCC, Manassas, VA) to confluency in 96 well plates. Media was removed, and 90 L

infection media was added to the wells. Offspring lung tissue was homogenized in 1 mL cold
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cell culture media, filtered with a 40 um cell filter, and the homogenate was added to the wells in
duplicate. Samples were serially diluted, and plates were incubated at 37°C with 5% CO: for 7
days. Wells were checked at days 4 and 7 for cytopathic effect (CPE), and TCIDso/mL was

calculated as previously described.

2.2.4 Pulmonary Immune Responses

BALF cellularity was assessed 9 dpi. Briefly, BALF was collected by tracheal
cannulation and washing the lungs with 0.25 mL sterile PBS. Total leukocyte counts and
differentials were determined by a board certified veterinary clinical pathologist blinded to
treatment group. Additionally, 9 dpi in a separate subset of offspring, lungs were excised,
inflated at a constant pressure of 25 cm, and fixed with zinc formalin for histological assessment.
Nasal tissues were collected and decalcified in Davidson’s solution for 3 days. After fixing, lung
and nasal tissue were placed in 70% EtOH and processed and stained with hematoxylin and
eosin (H&E) to identify cellular infiltrates and periodic acid-Schiff (PAS) for goblet cell
analysis.

All histological assessments were carried out by a board-certified anatomic pathologist
blinded to treatment groups. A scoring system, designed by our pathologists, was used as follows
to rate inflammation severity: 0 (none to minimal), 1 (mild), 2 (moderate), and 3 (marked). A
different scoring system was used to assess the number of goblet cells in 20 different 10x fields
corresponding to the percentage of goblet cells in the bronchiolar epithelial cells, as previously

described”’.

2.2.5 Statistical Analysis

-23 -



Statistical analysis was performed using Prism (v8, GraphPad Software, San Diego, CA)
to determine differences in offspring outcomes based on exposure group. One-way analysis of
variance (ANOVA) with Tukey’s multiple comparisons tests were conducted. An adjusted p

value of <0.05 was considered statistically significant.

2.3 Results

2.3.1 Pilot Study 1 — BALB/c Dams were Exposed to FA and PM (now designated LD) and
Neonates Examined on 6 dpi after RSV Challenge

Our initial pilot study was designed to mimic the World Health Organization standard for
PM2.5, which is 25 m3/day; we initially referred to it as PM, but with our second pilot study
including a higher dose, all graphs and tables have been relabeled as LD for clarity in the context
of Aim 1.

Maternal metrics were not significantly altered during their gestational exposure to LD
(Fig. 1A-B), in either weight gain or final gestational weight. Initial pup metrics also did not
differ significantly between dams in different exposure groups, in initial dosing weight (PNDS5),
number of pups per litter, or average weight of pups per litter (data not shown).

At 6 dpi, weights of the neonates were taken again before pups were collected either for
BALF or histology, with the lungs of the BAL used for the TCIDso assay afterwards. The
weights of the neonates did not differ significantly between the prenatal exposure groups or the
RSV versus sham infected groups (Fig. 1C), not in the combined data nor in sex separated
groups. BAL fluid collected from the pups was analyzed for both total number of leukocytes and

a leukocyte differential count. The total leukocyte count did not differ by exposure group or viral
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group (Fig. 1D); the differentials showed a predominant mononuclear population with small
numbers of the remaining types of leukocytes, but again, no significance was noted (data not
shown). The TCIDso assay was unsuccessful, as the LD RSV neonatal lungs showed no
cytopathic effect (CPE), while some of the sham-infected samples had CPE, likely a result of
contamination either from RSV or some other pathogen (data not shown). Selected
representations of the histology examined (Fig. 1E-G) showed what we hoped to be the trend in
the data, but unfortunately, overall levels of inflammation were minimal even in the PM-

exposed, RSV-challenged groups.
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Figure 1. Pilot 1 study wherein BALB/c dams were exposed to either FA (filtered air) or LD
(low dose particulate matter) during gestation, pups were challenged with RSV at PND5
(postnatal day), and tissues were collected at 6 dpi (days past infection). Maternal weight gain
over gestation (A) and final gestational weight on GD17.5 (gestation day) (B) were not
significantly different between the two exposed groups. Neonatal weights taken at collection (C)
were not significantly different between any groups. Bronchoalveolar lavage (BAL) fluid

showed no significant trends in total numbers of leukocyte per mL (D). Selected histologic
sections from the FA-sham (E), FA-RSV (F), and LD-RSV (G) groups were not representative of
histologic trends in each group, but rather represent the ideal inflammatory response

hypothesized in each group.

2.3.2 Discussion of Pilot 1 Study

As in many pilot studies, our first foray into modeling prenatal exposure and neonatal
disease did not yield the results we had hoped. While not entirely surprising that the maternal
data showed no differences, it was surprising that the neonatal weights after exposure did not
show any differences, as low birth weight is a common consequence of human prenatal air
pollution exposure. To not see differences in the weights after infection with RSV signaled a
problem in our model, particularly when the lack of trends in the BALF and histology data also

confirmed this lack of significance.
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Due to the complexity of the model, several factors had to be altered and/or analyzed to
determine the true cause of insignificant data. The first parameter to be altered in the second pilot
was the PM dosage; we increased the amount of PM exposure by five-fold (thus creating the
high dose, HD, group) to simulate a densely polluted environment and hopefully stimulate a
more robust response from the neonates. Secondly, we learned that though viral titer of RSV
often peaks in neonatal mice at 2-3 dpi, 6 dpi may not be an adequate amount of time in which to
see changes in the BALF or histology samples. In our pilot 2 study, we analyzed the mouse
samples at 3, 6, and 9 dpi for peak viral load and peak inflammatory presence. We reproduced
another FA group in Pilot 2 study, knowing that seasonality can affect the breeding and weights
of pregnant mice. With the increased dosage and larger array of endpoints, we hoped to
determine the optimal endpoints at which to examine the neonates that represent the most severe

peaks of viral load and inflammation.

2.3.3 Pilot Study 2 — BALB/c Dams were Exposed to FA and HD and Neonates Examined on 3,
6, and 9 dpi after RSV Challenge
Our second pilot study mirrored the first study but increased the dose received from 100
ug/m?3/6 hours to 500 ug/m>/6 hours, five-fold higher than the WHO recommendation for daily
exposure to PMa2s. To find the best timepoints at which to analyze the neonatal samples for our
Aim 2 study, we looked at BALF, histology of lung and nasal tissue, and viral load across 3, 6,
and 9 dpi after RSV challenge to the neonates on PNDS5.
Again, maternal metrics were not significantly altered during their gestational exposure to

HD (Fig. 2A-B), in either weight gain or final gestational weight. Initial pup metrics also did not
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differ significantly between dams in different exposure groups, in initial dosing weight (PNDS),

number of pups per litter, or average weight of pups per litter (data not shown).
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Figure 2. Pilot 2 study wherein BALB/c dams were exposed to either FA (filtered air) or HD
(high dose particulate matter) during gestation, pups were challenged with RSV at PND5
(postnatal day), and tissues were collected at 3, 6, and 9 dpi (days past infection). Maternal
weight gain over gestation (A) and final gestational weight on GD17.5 (gestation day) (B) were
not significantly different between the two exposed groups. Neonatal weight taken at collection
(C) did not significantly differ between any groups at any timepoint, although at 9 dpi the HD-
exposed groups appear to have slightly reduced weight gain. Bronchoalveolar lavage (BAL)
fluid (D) showed no significant differences between groups between days. TCIDso assay (E)
showed cytopathic effect (CPE) in RSV and some sham infected groups; the viral titer appears to
peak somewhere around 6 days. A representative section of nasal histology (F) shows mild

neutrophilic inflammation, but this was a non-specific reaction seen in multiple groups.
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In the weights taken after infection, though no significance is seen, trends can start to be seen
by 9 dpi, where both HD RSV and HD Sham groups seem to have reduced weight gain as
compared to the FA groups (Fig. 2C). However, those trends are not seen in the BAL fluid (Fig.
2D), which has no discernible patterns within or between dpi endpoints for total numbers of
leukocytes. As in Pilot 1, the differential counts of the leukocytes were predominantly
mononuclear cells, and there was no significant difference in differential distribution between
any of the groups (data not shown). The TCIDso assay showed a trend of increasing titers in the
RSV mice that were HD-exposed, and the titers seemed to possibly increase from 3 to 6 dpi but
did not appear to change at 9 dpi (Fig. 2E). However, these trends are not significant. RSV-
infected mice occasionally showing no titers and sham-infected mice having occasional CPE;
again, this could demonstrate either cross-contamination, contamination by another pathogen, or
simply user error. The nasal and lung histology were even less rewarding than the Pilot 1
samples, showing very mild histiocytic and eosinophilic inflammation in 5 of 32 mice, not
correlated to exposure or viral group. The nasal histology occasionally showed neutrophilic
infiltrates (Fig. 2F), but again, these findings were not specifically associated with either

exposure or viral group.

2.3.4 Discussion of Pilot Study 2

Similar to the first pilot study, we did not observe any significant changes in the maternal
data between groups exposed to PM and HD. However, in this pilot study, we started to note a
slight decrease in the weight gain in the 9 dpi HD-exposed neonates as compared to the FA-

exposed neonates, regardless of viral status. While the lack of weight reduction in the viral
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groups is surprising, the reduction caused by exposure, even though not significant, mirrors those
trends in human infants where prenatal exposure can frequently cause low birth weight, which
can predispose to many other morbidities later in life, not necessarily respiratory-related.

The BALF and histology results remained frustratingly mild and non-significant even at
the high dose and varying time points. The viral load assay did successfully show CPE in both
FA- and HD-exposed groups at all three time points for RSV challenged neonates. Cormier et al.
found that neonates tended to have a peak viral load in the first 2 days after infection, which our
results are not consistent with, showing a peak and possibly a plateau around 6 dpi. This could
have been due to sampling technique, as lungs washed for BAL were also used for viral load to

maximize tissue use; our next studies separated the two end points to ensure no skewing of data.

2.4 Conclusions

We learned several valuable lessons from both pilot studies that we applied in aims 2 and 3.
First, though the low dose may stimulate a small response, a higher concentrated dose of the
ultrafine particles is necessary to see more overt changes in the neonatal lungs. We learned that it
would be possible to expose the dams to GD18.5, instead of GD17.5 as previously thought, as
our mice rarely gave birth until GD19.5. We learned that timing of the various endpoints is
critical, such that viral load should be taken earlier and BALs and histology should be measured
later, when inflammation has had time to set in. Though our data would suggest that 6 dpi is the
optimum time to measure viral load, according to Cormier’s group and by understanding the
pathophysiology of most viral diseases, it is likely that 3 dpi would be a more appropriate time

point for us to evaluate.
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During critical evaluations of our pilot studies, we noticed that the dams in the exposure
chambers tended to cluster in one or more corners together, particularly in the HD exposure
chambers. This caused major concerns as to whether the dams were getting equally exposed to
the aerosol, and whether communal grooming and oral ingestion of the ultrafine particulate
matter might be increasing exposure in an unquantifiable manner. The corners where the dams
congregated also naturally accumulated solid and fluid waste material, of which the volatile
gases may have also contributed to exposure. Our solution was new, individual mesh housing
units into which mice were placed for the duration of exposure, with units being elevated on
racks so that no dam was resting in her own waste. Though these do not remove the confounding
factor of the mouse being able to groom herself and have oral exposure to the particulate matter,
it does allow for a more consistent exposure and is less stressful than a head or nose-cone type
apparatus.

Our last, and most pressing, concern is that of strain. We had chosen the BALB/c mouse
because it is a moderate to strong responder to RSV and should be naturally predisposed to more
severe pulmonary damage due to the Th2-biased immune system. However, our group
previously found that the C57BL/6 strain had a stronger immune response to prenatal exposure
than the BALB/c. This is likely due to the fact that C57BL/6 mice have a more profound
response to oxidative stress. Therefore, in aim 2, we use only C57BL/6 mice, and in aim 3, we
will work with a knockout mouse on this background as well to keep the maximum sensitivity to
the PM exposure.

Overall, our pilot studies were beneficial in defining and reshaping our murine model of
gestational air pollution exposure. These studies were necessary in determining changes to the

mouse strain, pollution levels, and endpoints for maximizing exposure and capturing the highest
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severity of changes. Aims 2 and 3 take a definitive look at the effects of combining PM exposure
and RSV challenge, as well as beginning to look at the mechanisms behind the prenatal exposure

to ultrafine particulate matter.
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CHAPTER III
IN UTERO EXPOSURE TO ULTRAFINE PARTICLES EXACERBATES SEVERITY OF

NEONATAL RESPIRATORY SYNCYTIAL VIRUS INFECTION

3.1 Introduction

Maternal exposure to air pollution (such as particulate matter or PM) represents a major
cause of global infant morbidity and mortality, which are driven by preterm birth, infant low birth
weight, and lower respiratory tract infections (LTRIs)*737°%%  For example, early life exposure
to fine PM (diameter smaller than 2.5 pm or PM25) impacts fetal lung development and pulmonary
health in a variety of ways that may persist throughout childhood*?. Epidemiological studies have
demonstrated that children are subjected to high susceptibility for severe respiratory infections

3100 Darrow et al. observed significant

following early childhood and prenatal PMa2s exposure
associations between the organic carbon fraction of PM2.s and hospitalizations for pneumonia and
upper respiratory infections (URIs), suggesting associations with bronchiolitis/bronchitis among
children aged 1-4 years'%. Correlations were also observed between the sulfate fraction and URIs,
also in association with bronchiolitis/bronchitis, which had notably lower cases of hospitalization.
Jedrychowski et al. observed an increased risk of recurrent broncho-pulmonary infections in
children correlated with prenatal PM2 s exposure in a dose-response manner, highlighting the 24-
h mean level 20 pg/m? could better protect infants in comparison to the U.S. EPA standard (35
ng/m’)’.

Fine PM is either directly emitted (primary) into or formed via gas-to-particle conversion

(secondary) in the atmosphere!?!. For example, sulfate represents a key ingredient for secondary

PM primarily from coal-fired power plant emissions. Also, while contributing negligibly to the
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total PM mass concentration, ultrafine particles (diameter less than 100 nm or UFPs) typically
exist in high concentrations from direct emissions and new particle formation!°%19, In particular,
traffic emissions represent a major source for UFPs under urban environments'®. Currently, there
are no regulatory standards for the UFP fraction, despite evidence that UFPs can penetrate through
the placental barrier and directly reach fetal circulation in humans and animal models’-+105-106,
The underlying mechanisms on how in utero exposure enhances infant respiratory morbidity risk
remain uncharacterized in response to viral infections.

Previous in vivo models probing mechanisms of skewed immune responses have combined
neonatal PM (mean diameter 0.2 um, with or without an environmentally persistent free radical
component) with influenza infection. Lee et al. showed neonatal exposure to radical containing-
PM significantly enhanced pulmonary oxidative stress and influenza infection severity via
increased presence of regulatory T cells (Tregs)®. In follow up work, increases in the
immunosuppressive cytokine IL-10 and pulmonary Tregs were confirmed to suppress adaptive T
cell responses, this suppression likely underlying enhanced infection severity'>. Analogous to these
findings, our laboratory developed an in utero exposure model, wherein pregnant mice were
exposed to 100 pg/m*® UFPs (ranging in size from 20-200 nm, with a peak diameter ~50 nm)
generated from diesel exhaust PM, ammonium nitrate, ammonium sulfate, and potassium
chloride'®. In this model, offspring prenatally exposed to UFPs and challenged with an allergen
demonstrated an immunosuppressive phenotype, evidenced by histopathology and loss of IL-13
and IL-17 pulmonary cytokine expression and increased IL-10 levels in serum. Building off our
model, the objective of this study was to evaluate the impact of in utero UFP exposure on disease
severity in response to respiratory syncytial virus (RSV) infection, an important cause of infant

bronchiolitis/bronchitis.
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RSV is an enveloped, single stranded, negative sense RNA virus that has a high morbidity and
significant mortality among pediatric patients characterized by bronchiolitis and respiratory
failure’>7476, RSV infection is the leading cause of infant hospitalization, and it has been estimated
that 2.1 million children in the U.S. alone require medical attention for RSV infection every year’!.
The global burden of disease is estimated at 64 million cases and 160,000 deaths each year’>.
Children are much more susceptible due to their diminutive bronchi and bronchiolar diameter that
easily become obstructed with mucus, inflammatory cells, and sloughed epithelium’?. Moreover,
infant RSV infection presents with increased Th2 cytokine production and decreased Thl

response’?7476

, which has been modeled in neonatal mice to replicate key features of infant viral
infection®®. We hypothesized in utero UFP exposure may alter offspring pulmonary immune
responses, and possibly enhance RSV disease severity. To assess this hypothesis, we exposed time-
mated C57BL/6N mice to filtered air (FA) or UFPs at a low dose (LD, 100 pg/m?) and high dose
(HD, ~500 pg/m?) and challenged their offspring with RSV or sham (control) shortly after birth.
Exposure levels for LD and HD equate to 24-hour average values of 25 ug/m?® and 125 pg/m’,
respectively. The low dose, previously employed by Rychlik et al., is at the acceptable level set by

the World Health Organization guidelines for PMa.s and under the 35 pg/m? limit for PMas set by

the U.S. EPA'%. In addition, our study included 500 ug/m* (HD) to evaluate dose responses.

3.2 Methods
3.2.1 PM Generation and Mouse Exposure Model
PM generation followed methods developed by Rychlik et al. 4, with adaptations to

accommodate individual housing within whole body exposure chambers and two doses detailed
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by Behlen et al®®. Briefly, HEPA filtered air was continuously pumped into three separate
chambers (FA, LD, or HD) within which pregnant dams were individually housed. For LD and
HD chambers, UFPs were generated using two home-built constant output atomizers where the
concentrations of atomizer solutions were adjusted for respective dose. We employed a
multicomponent aerosol mixture consisting of ammonium nitrate, ammonium sulfate, diesel
exhaust PM (NIST, SRM 2975), and potassium chloride, with the mass fractions of 44, 39, 10, and
7%, respectively (Fig. 3). Real-time particle size distribution was monitored using a differential
mobility analyzer (DMA) in tandem with a condensation particle counter (CPC) where the particle
mass concentration was calculated using an average particle density of 1.63 g cm™. The flowrate
of HEPA was adjusted to ensure consistent particle concentrations within chambers throughout
the exposure duration. Particle size ranged from 0.02 to 0.5 pum for both LD and HD chambers.
The peak particle diameter was 0.049 and 0.066 pm (or 49 and 66 nm) for LD and HD,
respectively, over the entire exposure period within the UFP range.

Mice were housed in a climate-controlled room with 12/12h light/dark cycle at an
AAALAC approved facility at Texas A&M University. Mice had access to standard chow, 19%
protein extruded rodent diet (Teklad Global Diets), and water ad libitum except during exposure
periods. Male and female C57BL/6N 8- to 10-week-old mice (Jackson Laboratory, Bar Harbor,
ME) were time-mated. The presence of a vaginal plug defined gestational day (GD) 0.5. A
schematic of our exposure timeline is shown in Figure 1. Beginning on GDO0.5, dams were
randomized and placed into exposure chambers where they were exposed to either FA (n=14), LD
(n=12), or HD (n=13) from 0800 to 1400 hours (6 hours) daily through GD18.5. Following
exposure on GD17.5, mice were removed to individual housing and allowed to deliver

spontaneously.
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Figure 3. Experimental timeline for mouse exposure model. Each dam had a one-week acclimation
period to exposure system (with filtered air) before time-mating. Upon the presence of plug
(termed GD 0.5), dams were randomized into an exposure group, filtered air (FA) or UFPs at a
low dose (LD, 100 pg/m?®) or high dose (HD, 500 ug/m?), and exposed throughout gestation until
GD 18.5. After delivery, offspring were infected with culture media (sham) or a chimeric RSV
strain, rA2-19F via intranasal (i.n.) instillation. Endpoints, including pulmonary viral load and
pulmonary inflammation/flow cytometry were determined at 3- and 9-days post infection (dpi),

respectively. GD: gestation day; PND: postnatal day; RSV: respiratory syncytial virus.

3.2.2 Offspring RSV Challenge

Litters from all three prenatal exposure groups (FA, LD, or HD) were randomly allocated
to postnatal groups, including experimental (RSV-exposed) or control (sham-exposed). A chimeric
strain of RSV, rA2-19F, previously shown to elicit an aberrant immune response in neonatal mice

mimicking human infant infection®®, was provided by Dr. Martin Moore (University of Emory,
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Atlanta, GA). This strain was passaged in our laboratory in HEp-2 cells (ATCC, Manassas, VA)
in serum-free-media (SFM4MegaVir, Hyclone, Logan, UT)%. The day of birth was defined as
postnatal day (PND) 1. On PNDS, offspring were briefly anesthetized with 4.5% isofluorane in
oxygen and infected intranasally with either 10 uL RSV (109 virus particles/mL) in culture media
or 10 puL culture media alone, 5 puL in each nostril for both dosing groups. Body weights were
recorded daily. Male and female offspring within each litter were randomly assigned to evaluate
viral load 3 days post-infection (dpi) (n=61) and pulmonary immune responses 9 dpi. Immune
responses included collection of bronchoalveolar lavage fluid (BALF) (n=71), lung inflation for
fixation and subsequent histological analysis (n=65), and T cell profiling via flow cytometry

(n=21). Additional collection details provided in supplemental methods.

3.2.3 Pulmonary Viral Load

To determine the number of infectious virus particles in RSV-challenged offspring, 3 dpi
pup lungs were quickly excised, frozen in liquid nitrogen, and stored at -80°C until median tissue
culture infectious dose (TCIDso) analysis. The TCIDso assay®® was performed by growing Vero
cells (ATCC, Manassas, VA) to confluency in 96 well plates. Media was removed, and 90 uL
infection media was added to the wells. Offspring lung tissue was homogenized in 1 mL cold cell
culture media, filtered with a 40 pm cell filter, and the homogenate was added to the wells in
duplicate. Samples were serially diluted, and plates were incubated at 37°C with 5% CO2 for 7
days. Wells were checked at days 4 and 7 for cytopathic effect (CPE), and TCIDso/mL was

calculated as previously describeds.

3.2.4 Pulmonary Immune Responses
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BALF cellularity was assessed 9 dpi. Briefly, BALF was collected by tracheal cannulation
and washing the lungs with 0.25 mL sterile PBS. Total leukocyte counts and differentials were
determined by a board certified veterinary clinical pathologist blinded to treatment group.
Additionally, 9 dpi in a separate subset of offspring, lungs were excised, inflated at a constant
pressure of 25 c¢m, and fixed with zinc formalin for histological assessment. Nasal tissues were
collected and decalcified in Davidson’s solution for 3 days. After fixing, lung and nasal tissue were
placed in 70% EtOH and processed and stained with hematoxylin and eosin (H&E) to identify
cellular infiltrates and periodic acid-Schiff (PAS) for goblet cell analysis.

All histological assessments were carried out by a board-certified anatomic pathologist
blinded to treatment groups. A scoring system, designed by our pathologists, was used as follows
to rate inflammation severity: 0 (none to minimal), 1 (mild), 2 (moderate), and 3 (marked). A
different scoring system was used to assess the number of goblet cells in 20 different 10x fields
corresponding to the percentage of goblet cells in the bronchiolar epithelial cells, as previously
described”’. Lastly, lungs from a separate subset of offspring sacrificed 9 dpi were perfused with
sterile PBS for single cell suspension processing for flow cytometry analysis (details in
Supplemental Methods). Cells were stained with antibodies for CD3, CD4, CDS, IFNy and IL-4
to determine CD8+ and CD4+ Th1/Th2 responses, respectively. Additionally, to evaluate Tregs,
cells were stained with antibodies for CD25 and FOXP3. Stained samples were analyzed using a
Beckman Coulter Moflo Astrios high speed cell sorter. Data was analyzed using FlowJo Software.

Gating strategies are depicted in Supplemental Figures 5-8.

3.2.5 Gene Expression
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Total RNA was extracted from 9 dpi lungs using TRIzol reagent according to
manufacturer’s protocol (ThermoFisher Scientific). RNA was quantified with a DeNovix DS-11
FX+ Spectrophotometer/Fluorometer with >1.8 260/280 nm absorbance values. Following
purification, cDNA was reverse transcribed (Qiagen QuantiTect® Reverse Transcription), and
transcription levels of key genes related to oxidative stress (Nrf2, Ngol) and inflammatory
responses (NF-kB) were analyzed using SYBR Green qRT-PCR (Applied Biosystems™ Power
SYBR™ Green PCR Master Mix) on a Roche LightCycler® 96 System. Relative expression was

calculated using 2-24¢T with Gapdh as the reference gene.

3.2.6 Statistical Analysis

Statistical analysis was performed using Prism (v8, GraphPad Software, San Diego, CA)
to determine differences in offspring outcomes based on exposure group. One-way analysis of
variance (ANOVA) with Tukey’s multiple comparisons tests were conducted. An adjusted p value

of <0.05 was considered statistically significant.

3.3 Results and discussion
3.3.1 In utero UFP exposure and RSV infection suppresses weight gain in female offspring

Dams were exposed to one of three exposures throughout gestation (Fig. 3), including FA,
LD, or HD. The mean PM mass concentration for the LD and HD exposures over the time course
of each exposed pregnant dam averaged 101.40 £ 2.76 (mean + SEM) and 492.47 £+ 10.53 pg/m?
as determined by our real-time mass concentration system (Appendix 1, Sup. Fig. 1). Our initial

murine
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Figure 4. Offspring weights measured 9 days post-infection expressed as mean = SEM. (A)
Overall, offspring body weights were significantly lower in the LD RSV group, as compared with
the HD RSV group (p=0.0324). (B) Differences between body weights post-infection were not
significantly different in male offspring. (C) In females, offspring from the LD RSV group
weighed significantly less than the FA Sham group (p= 0.0132) highlighting RSV morbidity after
UFP exposure sex-specific differences. Offspring sample sizes from 3-6 litters, listed (n=Male,
Female), include FA Sham (9, 2), LD Sham (16, 15), HD Sham (10, 9), FA RSV (16, 8), LD RSV
(20, 13), and HD RSV (16, 16). Data analyzed using one-way ANOVA with Tukey’s multiple

comparison test (*P<0.05; **P<0.01).

model created by Rychlik et al. established a daily UFP exposure (low dose, LD, 100 ug/m?)
throughout gestation, which is an equivalent dose of 25 pug/m>/24 hours'#. In that model, offspring
challenged with house dust mite allergen demonstrated an immunosuppressive phenotype, more
pronounced in the C57BL/6 strain than the BALB/c strain. We adapted this model to our current

study utilizing C57BL/6 mice by adding in a five-fold increase in exposure (HD), exposed to an
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equivalent of 125 ug/m?3/24 hours. Maternal exposure in the LD and HD groups were maintained
close to their target levels of ~100 ug/m® and ~500 pg/m?3, respectively, with slightly more
variability in the HD group.

The average litter size of the LD-exposed dams (9.1%+2.2 pups) was significantly higher
than HD-exposed dams (6.710.8 pups) (P=0.028). However, average maternal weight gain did not
vary significantly across exposure groups (P=0.107, Appendix 1, Sup. Fig. 2). We have
consistently observed no impact on maternal weight gain in our other exposure experiments
employing LD and HD exposures %%, Initial offspring body weights measured on PND 5 showed
no significant differences among mean pup weights across exposure groups (P=0.899, Appendix
1, Sup. Fig. 3). This was surprising because human observational studies support an impact on
infant birth weight®®. Rychlik et al. also did not observe offspring weight changes in response to
in utero UFPs, and Behlen et al. only noted reduced female fetal crown to rump lengths in the LD-
exposed group. Weights evaluated at the time point in the current model (PNDS5) could be more
affected by litter size or do not manifest at this stage.

Offspring body weight was also measured after viral (or sham) challenge at either 3 dpi or
9 dpi, corresponding to PND 8 or 14, respectively. No significant differences were detected 3 dpi
among exposure groups, even when sex was taken into consideration (P=0.340, data not shown).
Notably, 9 dpi mean pup body weight (6.1540.16 g) in the LD RSV group was significantly lower
than the HD RSV group (6.86+0.20 g) (P=0.032, Fig. 4). This was reflected in the female
offspring, which showed a significant decrease (~12.9%) in the LD RSV mean weight in
comparison to the experimental control (FA Sham, 7.06+£0.36 g) (P=0.008). In their model of
neonatal PM exposure and influenza infection, Lee et al. also noted PM-exposed pups gained

significantly less weight in comparison to control groups, highlighting enhanced morbidity®®.
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Interestingly in our model, we did not observe a linear dose-response relationship in decreased
weight gain. The non-monotonic dose-response with sex-specificity indicating female
susceptibility was also pronounced according to Behlen et al. using the same exposures paradigm.
The authors indicate distinct changes in placental morphology and signaling pathways related to
lipid homeostasis in placental tissue in the female LD-exposed offspring that was modulated in the
HD group®>. This U-shaped curve or a potential threshold effect is also observed for some, but not

all, of the additional phenotypes described below.

3.3.2 In utero UFP exposure induced higher pulmonary viral load in offspring and caused
enhanced inflammation

The TCIDso assay, evaluating the presence of replicating RSV, was assessed in offspring
lung 3 dpi, a time point selected due to peak levels based on viral load kinetics®®. As expected,
none of the sham-exposed pups across any PM exposure group showed evidence of any cytopathic
effect that would signify viral replication (data not shown). Overall, lungs from RSV -infected
offspring demonstrated an increasing trend in TCIDso/mL in correlation with exposure: FA-RSV
(6,576+5,020), LD-RSV (14,326+6,240), and HD-RSV (33,035+14,665 TCIDso/mL) (P=0.094,
Fig. 5). One outlier (56,2341 TCIDso/mL) within the LD-RSV group had an exponential difference
from the mean of the group and was removed. When separated by sex, this trend was observed
only in females (P=0.163), which overall had higher viral load as compared to males.

Allowing for time for a sufficient immune response, offspring BALF was collected 9 dpi
and evaluated for a total leukocyte count and leukocyte differentials. Overall, BALF from the LD

RSV group demonstrated the highest leukocyte/uL total (118.449.1), and although not

- 43 -



Overall Males Females
150000, 150000- 150000~
-
£ 1000004 = 100000 = 100000
= E E
8 =]
a a =
: 2 2
50000+ 50000+ 50000
o 3 5 5 o 3 3 Ky o Y Ky Ky
S S S
PSS & & & € & &
F P8 PN N O
Exposure group Exposure group Exposure group

Figure 5. Pulmonary viral load evaluated using the TCIDso assay in offspring lungs 9 days post-
infection expressed as mean £ SEM. (A) Overall, the number of infectious TCIDso/mL trended
higher in response to UFP dose (P=0.094). (B, C) This trend was mirrored in male and female
offspring; however, females exhibited higher infectious titers compared to males. Offspring
sample sizes from 4-6 litters, listed as (n=Male, Female), include FA RSV (3, 2), LD RSV (4, 3),
and HD RSV (5, 4). Data analyzed using one-way ANOVA with Tukey’s multiple comparison

test.

significant, varied the most drastically from the FA RSV group (81.0+£11.5) (P=0.268, Fig. 6A-
C). The total number of leukocytes within all sham groups were similar, all close to 100
leukocytes/uLL. The HD RSV group had a surprisingly lower total number of leukocytes in the
BALF. No significant differences were observed among any of the sex-separated groups, although

the female LD RSV (136.1+14.18) and HD RSV (102.54+29.59) groups were greater
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Figure 6. Pulmonary inflammation assessed in offspring lungs 9 days post-infection by
bronchoalveolar lavage fluid (BALF) cellular infiltrates expressed as mean + SEM. (A) Overall,
leukocyte infiltration was mild in BALF, indicating a slight increase in the LD RSV group
(P=0.268). (B, C) This trend was observed in male and female offspring, but mainly driven by the
female LD RSV group. (D) A pulmonary inflammation scoring system was applied to evaluate
severity. Overall, more severe inflammation was seen in response to increasing UFP dose as
indicated by average histology scores £ SEM (P=0.603). (E) Representative photomicrographs of
H&E-stained sections of lungs in offspring show no inflammation (grade 0) in the FA Sham group,
mild inflammation (grade 1) in the FA RSV group, moderate inflammation (grade 2) in the LD
RSV group, and marked inflammation (grade 3) in the HD RSV group. Scale = 100 um. Offspring
sample sizes from 3-6 litters, listed as (n= Male, Female), for BALF include FA Sham (6, 1), LD
Sham (4, 3), HD Sham (7, 8), FA RSV (8, 7), LD RSV (5, 4), and HD RSV (7, 4). Offspring
sample sizes for histopathology include FA Sham (7, 4), LD Sham (5, 4), HD Sham (5, 4), FA
RSV (3, 4), LD RSV (7, 3), and HD RSV (6, 5). Data analyzed using one-way ANOVA with

Tukey’s multiple comparison test.

- 45 -



than the FA RSV (75.33+£24.97) average level (P=0.293 and P=0.828, respectively). Leukocyte
differentials demonstrated a predominance of mononuclear cells, typical of BALF samples, with
lower and variable numbers of lymphocytes, neutrophils, and eosinophils (data not shown). No
statistical significances were observed across groups within the mononuclear cells, lymphocytes,
neutrophils, or eosinophils (P=0.718, P=0.734, P=0.342, P=0.342, respectively).

Histological score (Table 1, Fig. 6D) and representative images (Fig. 6E) overall indicate
in utero UFP exposure enhanced lung pathology. Peribronchiolar and perivascular infiltrates of
eosinophils and macrophages were the most common inflammatory finding, with eosinophilic
alveolar infiltrates and hyperplasia of the bronchiole associated lymphoid tissue (BALT) being
less common. Mild alveolar histiocytosis was seen in nearly every specimen (n=54), with moderate
alveolar histiocytosis (n=4) being associated with moderate to marked levels of inflammation in 3
of 4 samples. An increasing trend in average histology inflammation scores is seen in the FA RSV
(0.43£0.30), LD RSV (0.601+0.22), and HD RSV groups (0.7310.30), though no groups were
significantly different (P=0.603). In summary, the FA RSV group had 1/7 mice (14.3%) classified
as mild, 1/7 (14.3%) moderate, and 5/7 (71.4%) as no inflammation. The LD RSV group had 4/10
mice (40%) classified as mild, 1/10 (10%) as moderate, and 5/10 (50%) as no inflammation. The
HD group had 3/11 mice (27.3%) classified as mild, 1/11 (9.1%) as moderate, 1/11 (9.1%) as
marked, and 6/11 (54.5%) as no inflammation. In all of the sham-exposed groups, almost all mice
were classified with either mild inflammation (FA 27.0%, LD 22.2%, HD 22.2%) or no
inflammation (FA 73.0%, LD 66.6%, HD 77.8%), with the exception of 1 mouse in LD Sham
group that scored moderate (11.1%). No statistical differences were detected between males or

females for severity of inflammation (P=0.323 and P=0.7932, respectively).
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Lung sections were also stained with periodic acid-Schiff (PAS) stain to examine the goblet
cells and mucus production of the bronchi and bronchioles. The PAS stain infrequently highlighted
aggregates of mucus within the lumen of airways (n=2) but did not reveal any significant
association between severity of inflammation and mucus production (R>=0.145), nor were there
statistical differences between exposure groups (P=0.970, Sup. Fig 4). According to the scoring
system listed in the methods, the highest scoring group was LD-RSV (0.9140.17), followed by
HD-Sham (0.86+0.14) and LD-Sham (0.7940.15).

Our model demonstrated the successful infection of neonates with a chimeric strain of
RSV, with histologic evidence of an inflammatory response predominated with eosinophils and
mononuclear cells. RSV is historically problematic in inducing infection in mice, with most
researchers preferring to use the murine analogs such as Sendai virus '%7. However, the TCIDso
assay demonstrated cytopathic effect within cells cultured with infected lung homogenates,
indicating pathogenicity of the virus within our in vivo model. Both viral load (Fig. 5) and histology
(Fig. 6) showed a trend of increasing infection and severity in correlation with increasing in utero
UFP exposure (P= 0.094 and P=0.603, respectively). Higher histological scores in the male HD
and female LD groups dosed with RSV may suggest differential dose effects by sex, but repeating
the experiment with a higher number of pups would be necessary for confirmation. Overall, these
findings support prenatal UFP exposure enhances neonatal RSV infection severity. Outcomes from
our model corroborate findings from human observational studies®!%°. Importantly, our low dose
maternal exposure, under the U.S. EPA 24-hour exposure level for PM2s implied increased
offspring risk, as did findings from Jedrychowski et al. showing risk for acute bronchitis and
pneumonia in children prenatally exposed to levels below 35 pg/m?.> Moreover, our findings also

agree with associations observed by Darrow et al. citing increased risk of hospitalization for
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pneumonia and associations with bronchiolitis/bronchitis among children aged 1-4 years exposed
to various PM fractions, including organic carbon and sulfates, both represented in our exposure
model'®. A recent study published by Fang et al. showed increased childhood respiratory
emergency room visits among children under 14 years old living in Beijing in association with
exposures to particles in size fractions of 5-560 nm, mainly from traffic emissions'®®. Significant
associations of respiratory emergency room visits were also found to be associated with secondary
aerosols and emissions from gasoline and diesel vehicles. The findings by Fang et al. corroborate
our model findings specific to UFP-exacerbated childhood respiratory risks.

Early life UFP exposure may exert a detrimental influence over the neonate’s ability to
combat RSV infection. Mucous metaplasia and hypersecretion are commonly seen in children with
RSV and is one of the main components of airway obstruction 7>!%%; these findings are mirrored
in animal models ''°. However, in our model when comparing the goblet cell counts, no upward
trends were seen within the UFP-exposed groups (R>=0.142, Appendix 1, Sup. Fig. 4), though a
few individual mice were noted to have accumulations of mucin within bronchi. This lack of goblet
cell metaplasia is most likely due to the short duration of infection in mice, even with chimeric

strain of the virus, and would likely be more pronounced in a re-infection study #*.

3.3.3 In utero UFP exposure altered offspring T cell response to RSV infection

Offspring lungs challenged with RSV were also collected 9 dpi to evaluate T cell

differentiation (Fig. 7), with data represented as a percentage of each subset within the CD3 or

- 48 -



A CcD8 B CD4 C  Th2/1 ratio D Treg

60 60 20 60
[/ I ] o 15] &
w g 4 @ 40 ' 2 401
—l - - ® uo-
< 3 £ 1] &
= 3 8 8 a
;."g 20+ — = 20 £ 3i-gl 20
5' —
FA LD HD FA LD HD FA LD HD FA LD HD FA LD HD
| S ) S————
Exposure group IFN-y+ IL4+ Exposure group Exposure group
Exposure group
607 60 207 60
= 2 2 T &
w g 40 3 40 = S
w - - [ &
| - e
< 5 X = 101 3
a a E a8
= ?q 204 ; 20 = Q
i 5l =
(18
0 [} 0
FA LD HD FA LD HD FA LD HD FA LD HD
) —
Exposure group IFN-y+ IL4+ Exposure group Exposure group

Exposure group

Figure 7. Flow cytometry analysis of neonatal lungs of offspring 9 dpi dosed with RSV, separated
by sex. (A) CD8+ T cells. (B) CD4+ cells differentiated by Th1 (IFN-y+ cells) and Th2 (IL-4+
cells). (C) Th2/Thl ratios determined that all groups are minimally to moderately Th2 biased. (D)
T regulatory cells. Offspring sample sizes from 3-6 litters, listed as (n= Male, Female) for A-C and
D, respectively, include FA RSV (3, 5) and (4, 6), LD RSV (2, 2) and (6, 6), and HD RSV (6, 1)
and (3, 3). Error bars represent SEM. Data analyzed using one-way ANOVA with Tukey’s

multiple comparison test.

CD4 positive cells, where appropriate. Within the combined sex data (not shown), there were no

significant differences among the CD8+ T cell population among exposure groups, although a
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slight decrease in the LD group (12.5443.40) was observed as compared to the FA (19.51+2.80)
and HD (17.49+4.49) groups, indicating possible decreased Th1 response. This coincided with a
trend toward Th2 bias (i.e., increased CD4+IL4+ T cells), especially in the LD group. CD4+IFN-
y+ cell levels were consistently low across the FA, LD, and HD groups, and the percentage of
CD4+ cells staining for IL-4 was higher in all groups, with LD-RSV group average (26.0617.88),
higher than both the FA and the HD groups by 15% and 11%, respectively (P=0.057 and P=0.167,
respectively). Within the Treg panel offspring average CD25+Foxp3+ cells did not differ
significantly across groups overall (P=0.090, data not shown). However, a slight decrease in Tregs
was observed in the FA and HD groups as compared to the LD group (P=0.867 and P=0.101,
respectively). Sex-separated data (Fig. 7) show similar trends, with more pronounced reduction in
CD8+ cells in female (LD and HD groups), and more pronounced Th2 skewing in the LD female
group. Overall, the flow cytometry data mirrors our histopathological findings indicating again a
potential non-monotonic dose-response or “thresholding” effect. An altered Th1/Th2 ratio, skewed
toward Th2 response reflects the typical pattern of immune response in children who have

11 Human

increased RSV severity due to an enhanced Th2/allergic immunophenotype
observational studies support PMz s affects the immune system, although only a handful of human
studies relevant to early-life exposure are published to date*3*. Herr et al. observed that prenatal
exposure to PM2 s shifted lymphocyte distributions in umbilical cord blood, where exposure during
early gestation resulted in increased T lymphocytes, decreased B lymphocytes, and decreased
natural killer cells, and late gestation exposure was associated with decreased T lymphocytes,
increased B lymphocytes, and increased natural killer cells*. Evidence of shifting immune

responses over different developmental stages is also reflected in mouse models. Wang et al.

showed that gestational exposure to combustion-derived PMo.1 inhibited offspring pulmonary T
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cell development, with suppression of Th1, Th2, Th17, and Tregs at six days of age’®. Pulmonary
Th1 cells remained suppressed up to six weeks, leading to enhancement of postnatal allergic
responses to ovalbumin (OVA) evidenced by increased airway eosinophilia driven by Th2-bias
responses. In another model, Sharkhuu et al. demonstrated prenatal diesel exhaust (DE) exposure
caused sex-specific alterations in lung protein and inflammatory cells, as well as splenic T cell
subsets, even though allergen challenge did not enhance inflammation®?. These findings mirror
data in our previous UFP-allergen model (using 100 pg/m*® of UFPs and house dust mite
challenge), wherein Rychlik et al. also did not observe prenatal UFP to enhance inflammatory
response to allergen. Overall, this window of immune suppression may in fact underlie increased
susceptibly to viral infection. Findings from the current research add to the body of basic research
showing prenatal PMo.1 exposure alters offspring pulmonary immune system development,

signifying risk for acute respiratory infection risk.

3.3.4 Sex- and dose-specific effects of in utero UFP exposure on inflammatory and oxidative
stress-related gene expression

gRT-PCR was performed in lung samples collected 9 dpi to evaluate inflammatory (NF-
kB) and oxidative stress-related (Nrf2, Ngol) gene expression (Fig. 8). Expression was greater in
all three genes in male offspring across multiple exposure groups in comparison to female
offspring levels. For NF-kB expression, HD sham and HD RSV groups had significantly higher
expression (~4-fold) versus FA Sham control. Similarly, for Nrf2 and its downstream gene Ngol,
HD Sham and HD RSV male offspring had significantly higher expression as compared to FA

Sham. The females had notably lower gene expression in all exposure groups. NF-kB is a redox-
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Figure 8. Genes related to inflammation and oxidative stress were evaluated by qRT-PCR. HD
Sham and HD RSV males show significant increases in expression, up to 4-fold, from their
controls in NF-xB (A), Nrf2 (B), and NQO1 (C), while no groups of females displayed increased
or significantly different levels of expression. Offspring sample sizes from 3-6 litters, listed as
(n= Male, Female) include FA Sham (6, 1), LD Sham (4, 3), HD Sham (7, 8), FA RSV (8, 7), LD
RSV (5, 4),and HD RSV (7, 4). Error bars represent SEM. Data analyzed using one-way ANOVA

with Tukey’s multiple comparison test (*p<0.05; **p<0.01; ***p<0.001).

sensitive transcription factor that activates pro-inflammatory cytokines and other immune response
genes'!2. Activation of this pathway is associated with increased levels of the pro-inflammatory
enzyme COX-2 and cytokines like IL-1p and TNF-a. Since the HD RSV-infected male offspring
showed such a pronounced inflammatory response as indicated by histopathology score, perhaps
this is the main driver of inflammation. Nrf2 is a redox sensitive transcription factor regarded as
the master regulator of the antioxidant response®’. Nrf2 binding to the antioxidant response
element (ARE) in promoters upstream of phase Il enzymes and other oxidative stress-related
enzymes, including Ngol, drives transcription in response to oxidative stress. Disruption of Nrf2
has been shown to enhance susceptibility to allergic airway inflammatory responses induced by

chronic exposure to diesel exhaust PM®8. In our model,

-52 -



Table 1. Pulmonary inflammation following in utero exposure to UFPs and offspring RSV

challenge.
Overall Males Females
FA Sham 0.27+0.14 0.14£0.14 0.50+0.29
FA RSV 0.43 +£0.30 0.67 +0.67 0.25+0.25
LD Sham 0.44+0.24 0.60 £0.40 0.25+0.25
LD RSV 0.60 + 0.22 0.57+0.30 0.67 +0.33
HD Sham 0.22+0.15 0.20+£0.20 0.25+0.25
HD RSV 0.73 £0.30 1.17 £0.48 0.20 +0.20

Histological evaluation was performed on H&E stained slides using a scoring system ranging
from 0-3 (0-no lesions; 1-mild; 2-moderate; 3-marked). Average scores, shown above + SEM,
were compared among groups and sexes. Offspring sample sizes from 3-6 litters, listed as (n=
Male, Female) include FA Sham (7, 4), LD Sham (5, 4), HD Sham (5, 4), FA RSV (3, 4), LD RSV

(7, 3), and HD RSV (6, 5).

males appear to mount an effective Nrf2 antioxidant response, which is lacking in female
offspring. Data on differential effects of in utero UFP exposure on placental pathways highlight
the role of altered lipid metabolism, especially in female LD-exposed offspring (Behlen). Novel
pathways in the lung are yet to be validated and necessitate further research to identify
mechanisms. In this study, we only surveyed three candidate genes, so it is entirely possible that
another gene network not evaluated here is responsible for the unique effects observed in female

offspring.
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3.3.5 Implications for human health effects during early infancy

Our work demonstrates that in utero UFP exposure alters offspring pulmonary immune
responses in a sex- and dose-specific manner, exacerbating neonatal RSV infection in early
infancy. Our results show that offspring body weights are significantly reduced in response to
infection, markedly in the female LD group. Pulmonary viral load is higher in the LD and HD
groups and is greatest for females. Peribronchiolar and perivascular infiltrates of eosinophils and
macrophages represent the most prominent histopathological response to RSV. In both sexes,
increasing severity of inflammation correlate with increasing UFP exposure. Notably, the highest
degree of inflammation is observed in the HD group for males, whereas the LD group show the
most inflammation alongside increased leukocyte counts in bronchoalveolar lavage fluid for
females. Pulmonary inflammation is characterized by an enhanced Th2 but reduced Th1 cellular
response, particularly in the female LD group.

Our model has several advantages, including a controllable maternal inhalation throughout
gestation representing urban UFP exposure. This model lays the foundation for future mechanistic
investigations to characterize sex differences in respiratory responses to prenatal UFP exposure.
Likewise, there also exist limitations in our model, which require further investigation. For
example, a few of our measures with small sample sizes likely prevent robust statistical analysis,
especially sex-separated analysis. The selection of the background strain, the C57BL/6, likely
corresponds to a Thl-biased immune system. Our choice for this strain follows Rychlik et al.,
which showed higher strain susceptibility to prenatal UFP exposure. C57BL/6 mice are considered
moderate responders to RSV according to the ranking done by High et al !'3. The inherent Th1-

biased immunophenotype may mask the difference among various endpoints. On the other hand,
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the presence of statistical significance and trends demonstrates that UFPs exhibit notable effects
even in mice that may be less susceptible to exaggerated Th2 responses. In addition, the viral titer
employed in our work is slightly lower than that in other previous studies 8-

Since RSV infection represents a significant cause of infant morbidity and mortality, it is
imperative that future mitigation policies and interventions are developed and implemented to
reduce early life exposure to air pollution and to protect the health for the most vulnerable
population. Lastly, our findings of suppressed pulmonary immune response from in utero UFP
exposure likely have implications for other respiratory virus infections in early infancy, including
the novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)!"'4, which clearly

warrants future investigations.

-55-



CHAPTER IV
NRF2 PROTECTS AGAINST NEONATAL OXIDATIVE STRESS FOLLOWING IN UTERO

ULTRAFINE PARTICULATE MATTER EXPOSURE

4.1 Introduction

Early life exposure to particulate matter (PM) air pollution is linked with numerous adverse
developmental outcomes, impacting global neonatal morbidity and mortality, and increasing risk
for chronic health effects later in life.[1,2] PM is classified by size into coarse (PMio, <10 pm),
fine (PM2.5, <2.5 um), and ultrafine particles (UFPs, diameter <0.1 pm). The World Health
Organization recently lowered its guideline values for PM1oand PMz s aimed at promoting reduced
risks for acute and chronic health effects.[3] Conversely, no guidelines or regulations exist for
UFPs. The small diameter of the UFPs allows for a deeper penetration into airways, the ability to
translocate systemically, and a higher surface area to volume ratio that allows increased absorption
of potentially toxic chemicals generating systemic oxidative stress responses.[4] Evidence from
experimental models and human placentae demonstrates UFPs can cross the placental barrier into
fetal circulation.[5,6]

Since fetal development is a period of rapid differentiation and growth, in utero exposure to
UFPs, and also more broadly PM, represents a unique window of susceptibility. Prenatal exposure
to PM1o and PMa2:s has been consistently linked with preterm birth, infant low birth weight[7-9],
and respiratory morbidities, including risks for respiratory infection and childhood asthma[10—-12].
Emerging evidence supports prenatal UFP exposure is independently linked with childhood
asthma incidence.[13,14] Additional observation studies demonstrate early life exposure to various

PM fractions, including organic carbon and sulfates, and particles in size fractions of 5-560 nm
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mainly from traffic emissions, are associated with increased risk of hospitalization for respiratory
infections among children in the U.S. and in China.[15,16] In the latter study, significant
associations of respiratory emergency room visits were also found to be associated with secondary
aerosols and emissions from gasoline and diesel vehicles. Findings from a birth cohort study in
Korea demonstrate increased susceptibility of lower respiratory tract infections in infants
prenatally exposed to PM2.s and second-hand smoke was significantly modified by polymorphisms
in maternal genes related to oxidative stress response pathways, especially in the nuclear factor
erythroid 2-related factor (Nrf2) gene.

Nrf2 regulates and enhances the cellular response to oxidative stress.[17] A transcription
factor in the Cap n’ Collar family with a basic leucine zipper, Nrf2 is bound in the cytoplasm by
the Keap1-Cul3 complex.[18,19] In traditional canonical activation, oxidative stress initiates the
oxidization of cysteine residues of the dimerized Keapl protein, altering its conformation to
prevent it from binding Nrf2. The freed Nrf2 translocates to the nucleus, where it binds an
antioxidant response element (ARE) upstream numerous antioxidant-related genes.[18] In
experimental models, disruption of Nrf2 has been shown to enhance susceptibility to allergic
airway inflammatory responses induced by chronic exposure to diesel exhaust particulate
matter.[20] While the role of Nrf2 in standard, adult exposure models is well-studied, the impact
of Nrf2 signaling in maternal and fetal responses to in utero PM exposure, especially the ultrafine
fraction, is yet to be clarified.

Therefore, to evaluate the effect of UFP exposure during pregnancy on neonatal outcomes
in a model lacking an appropriate oxidative stress response, we exposed Nrf2 deficient (Nrf27)
and wildtype (WT) dams to filtered air (control) or aerosolized ultrafine PM containing diesel

exhaust. We evaluated the neonatal pulmonary immunophenotype and state of oxidative stress.
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We hypothesized offspring of exposed dams lacking Nrf2 would have a reduced capacity to

respond to the oxidative stress may be predisposed to enhanced respiratory morbidity.

4.2 Methods and Materials
4.2.1 Ultrafine Particle Exposure

Diesel Particulate Matter Standard Reference Material (SRM 2975) was purchased from the
National Institute of Standards and Technology (Gaithersburg, MD). All other chemicals and
reagents used were obtained commercially at the highest available purity. PM generation followed
methods developed by Rychlik et al. '4, with adaptations to accommodate individual housing
within whole body exposure chambers, as described by Behlen et al.®®> Briefly, HEPA filtered air
was continuously pumped into two separate chambers (FA and PM) where pregnant dams were
individually housed. For the PM chamber, UFPs were generated using a custom-built constant
output atomizer. We employed a multicomponent aerosol mixture consisting of ammonium nitrate,
ammonium sulfate, diesel exhaust PM (NIST, SRM 2975), and potassium chloride, with the mass
fractions of 44, 39, 10, and 7%, respectively. Real-time particle size distribution was monitored
using a differential mobility analyzer (DMA) in tandem with a condensation particle counter
(CPC). The flowrate of HEPA-filtered air was adjusted to ensure consistent particle concentrations
~100 pg/m?® within chambers throughout the exposure duration. This dose was selected based on
previous reports from our research showing marked placental changes and enhanced viral infection
severity in offspring.

Nrf2-deficient mice (Nrf2-/-) on C57Bl/6J background were obtained from Dr. Tom Kensler,
which were generated as previously described®. Genotyping for homozygous wildtype (Nrf2**)

and null (Nrf27") mice was carried out following established methods (see supplemental
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information). Mice were housed in a climate-controlled room with 12/12h light/dark cycle at an
AAALAC approved facility at Texas A&M University. All procedures were approved by the
Institutional Animal Care and Use Committee of Texas A&M University #2019-0025. Mice had
access to standard chow, 19% protein extruded rodent diet (Teklad Global Diets), and water ad
libitum except during exposure periods. A schematic of our exposure timeline is shown in
Supplemental Figure 1. Male and female WT or Nrf2”- mice were time-mated. The presence of a
vaginal plug defined gestational day (GD) 0.5. Beginning on GDO0.5, dams were randomized and
placed into exposure chambers where they were exposed to either FA (n=5;5) or PM (n=4,7), listed
as (n=WT; Nrf2"") respectively, from 0800 to 1400 hours (6 hours) daily through GDI18.5.
Following exposure on GD18.5, mice were removed to individual housing and allowed to deliver
spontaneously, denoted as PND1 (post-natal day). Pups were weighed and euthanized on PND5

for baseline evaluations.

4.2.2 Flow cytometry

PNDS5 lungs were perfused retrograde with sterile phosphate buffered saline for removal of
red blood cells, mixed with a Miltenyi Biotic Flow Cytometry kit (Auburn, CA), dissociated with
gentleMACS Octo Dissociator (Miltenyi Biotec, Auburn, CA), and strained through a 40-pum cell
strainer (MACS SmartStrainers, Miltenyi Biotec, Auburn, CA). The single cell lung suspension
was treated with RBC lysis buffer, washed, placed in 90% FBS and 10% DMSO freezing media,
and frozen in a Mister Frosty (ThermoFisher, cat#: 5100-0001) down to -80°C and held there until
later processing. Samples were
combined within litters and sexes to achieve appropriate cellularity. Processing was performed in

a 96 well plate. Cells were incubated with Golgi Plug for 5 hours, washed with cell staining buffer,
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blocked with anti-CD16/CD32 for 10 minutes, and incubated with cell surface fluorescent
monoclonal antibodies for 20 minutes with the panels listed below. Cells were washed twice with
cell staining buffer, resuspended in permeabilization wash buffer, incubated with intracellular
fluorescent antibodies for 30 minutes, then washed in buffer twice again. Cells were resuspended
in cell staining buffer and analyzed. All antibodies were obtained from BioLegend. T cell staining
used Alexa Fluor 488 anti-mouse CD3 [100210] and PE anti-mouse CD69 [104507]. Thl cell
staining used Alexa Fluor 647 anti-rat [FN-y [507809], APC/Fire 750 anti-mouse CD4 [100460],
and PE/Cy7 anti-mouse CD8a [100722]. Th2 cell staining used Brilliant Violet 421 anti-mouse
IL-4 [504119]. T regulatory cell staining used Alexa Fluor 647 anti-mouse CD25 [102019] and
Brilliant Violet 421 anti-mouse FOXP3 [126419]. FMOs and positive and negative compensation
beads were used to set gates for the above populations. Stained samples were measured using a

Beckman Coulter Moflo Astrios high speed cell sorter outfitted with 405nm, 488nm, and 640nm
lasers. The BV421 was excited using a 405nm laser and emission detected using a 448/59nm
bandpass filter. The Alexa Fluor 488, and PE- Cy7 were excited using the 488nm laser and
emissions were detected using 513/26nm, and 795/70nm bandpass filters, respectively. The Alexa
Fluor 647 and APC-Fire 750 were excited using a 640nm laser and emission detected with a
671/30nm and 795/70nm bandpass filters, respectively. The Live/Dead fixable Red stain was
excited using the 488 nm laser and emission detected using a 620/29nm bandpass filter. The
samples were run at a flow rate less than 3000 events per second. The flow cytometry data was
analyzed using FlowJo Software (Becton, Dickinson, and Company). Gating strategies are

depicted in supplemental figures (Appendix 2, Sup. Fig. 4-5).

4.2.3 Gene Expression
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Total RNA was extracted from PNDS5 lungs using TRIzol reagent according to the
manufacturer’s protocol (ThermoFisher Scientific). RNA was quantified with a DeNovix DS-11
FX+ Spectrophotometer/Fluorometer with >1.8 260/280 nm absorbance values. Following
purification, cDNA was reverse transcribed (Qiagen QuantiTect® Reverse Transcription), and
transcription levels of key genes related to oxidative stress were analyzed using SYBR Green qRT-
PCR (Applied Biosystems™ Power SYBR™ Green PCR Master Mix) on a Roche LightCycler®

96 System. Relative expression was calculated using 2-AACT with Gapdh as the reference gene.

4.2.4 Thiol Redox Analysis

4.2.4.1 Sample Preparation

Thiol redox analysis followed Jones and Liang with slight modifications.!?! PND3 livers were
snap frozen in liquid nitrogen until analysis. Approximately 10-50 mg of liver tissue was quickly
weighed before being homogenized in 1 mL of buffer solution containing an internal standard, y-
glutamylglutamate (y-Glu-Glu) and centrifuged at 10,000 g for 10 minutes at 4°C. 60 uL of 7.4
mg/mL iodoacetic acid (IAA) was added to 300 uL of the supernatant and immediately vortexed.
pH was adjusted to ~9.0 £ 0.2 with ~425 uL of KOH/tetraborate to precipitate proteins, then
incubated at room
temperature for 30 minutes before pH was confirmed. 300 pL dansyl chloride (DC) solution (20
mg/mL in acetone) was added to each sample, vortexed, and incubated at room temperature in
complete darkness for 16-28 hours. 500 pL of HPLC-grade chloroform was added to samples,
followed by vortexing and centrifugation. The upper aqueous layer was stored in -80°C until HPLC

analysis.
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4.2.4.2 HPLC Analysis

Samples were thawed on ice, centrifuged for 10 minutes, and aliquots were transferred to an
HPLC autosampler vial. 35 uL was injected on a Supelcosil LC-NH2 column with internal
dimensions of 5 um, 4.6 mm X 25 cm (Supelco, Bellefonte, PA). Column oven operating
temperature was held constant at 35°C. HPLC mobile phases included solvent A (80% v/v
methanol/water) and solvent B (acetate-buffered methanol). Initial solvent conditions were 80%
A, 20% B at 1 ml/minute for 10 minutes. A linear gradient to 20% A and 80% B was then run from
10-30 minutes. From 30 to 35 minutes, the flow gradient was maintained at 20% A and 80% B.
From 35 to 42 minutes, conditions were returned to 80% A and 20% B. Detection of desired thiols
was obtained by fluorescence monitoring. Approximate elution time frames of compounds of
interest were as followed: cystine (CySS) from 9 to 9.5 min; cysteine (Cys) from 10 to 10.5 min;
v-GluGlu from 12 to 13 min; glutathione (GSH) from 19 to 19.5; and glutathione disulfide (GSSG)

from 23.5 to 24 min.

4.2.5 Statistical Analysis

Statistical analysis was performed using Prism (v8, GraphPad Software, San Diego, CA) to
determine differences in offspring outcomes based on exposure group. Two-way analysis of
variance (ANOVA) with Tukey’s multiple comparisons tests were conducted. An adjusted p value

of <0.05 was considered statistically significant.

4.3. Results

4.3.1 In Utero UFP Exposure Alters Neonatal Weights Most Profoundly in Nrf2”~ Mice
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Low birth weight is one of the common perinatal effects in children born to mothers exposed
to particulate matter air pollution.[2,7] We monitored birth weights in neonates born to Nrf2”- and
wildtype (WT) dams exposed for the length of gestation to either filtered air (FA — 0 pug/m?) or
ultrafine particulate matter (PM, 111.87+4.40 ug/m?, mean+SEM) (Appendix 2, Sup. Fig. 1).
Regardless of exposure group or litter size, no statistical significance was detected between the
average daily maternal weight gain during gestation (P=0.560) or the final weights of the pregnant
dams before parturition (P=0.570) (Appendix 2, Sup. Fig. 2). Average litter sizes did not vary
between exposures or genotypes (P=0.809), nor was there any correlation between litter size and
pup weight (P=0.600) (data not shown). Initial weights of pups taken on PND5 showed Nrf2~-
pups with significantly reduced weight gain compared to WT pups (P=0.0001) (Fig. 9). PM
exposure significantly reduced weight gain within WT and Nrf2-/- (P=0.045), although the
reduction was milder compared to that induced by lack of Nrf2. Though both sexes mirror this
overall trend, the male pups are significantly driving the differences between the control WT FA-

exposed group and the Nrf2”- PM-exposed group (P=0.003).

A Overall B Males C Females

Exposure group Exposure group Exposure group

Figure 9: Neonatal weights taken at PNDS5 during collection (21 litters with total n=112). (A)

Nrf2- offspring showed significantly decreased body weights from their wildtype counterparts
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in both PM and FA exposed groups. Nrf2”- PM-exposed offspring showed significantly
decreased body weight versus the WT FA-exposed group. Male (B) and female (C) weight
changes reflect overall trends. Offspring sample sizes, listed as (n=Male, Female), from 4-7
litters, include WT FA (n=19,12), WT PM (n=16,12), Nrf2”- FA (n=14,12), and Nrf2”- PM
(n=17,12). Error bars represent SEM. Data analyzed using two-way ANOVA with Tukey’s

multiple comparison test. (*p<0.05; **p<0.01; ***p<0.001)

4.3.2 Nrf2”- Neonates Exhibit Th2 Pulmonary Immune Bias

Prenatal PM exposure is linked to a higher incidence of childhood asthma and respiratory
infections, often driven by or compounded by a Th2-skewed immune response.>'?> To evaluate
the differences in neonatal pulmonary immunity between Nrf2”- and WT FA- or PM-exposed
mice, lungs were taken at PNDS, and both a T regulatory panel and a Th1-Th2 panel evaluated all
samples to examine the effect that UFP exposure would elicit from the immune system,
particularly within its lymphocytes. The Thl and Th2 panel looked at multiple markers: CD3,
CD4, CD8, IFN-y, IL-4, and IL-17A. From these, a Th1/2 ratio was examined to look for T helper
cell bias. Overall CD4+ cell levels mildly, though not significantly, decreased in the Nrf2”- PM
group (P=0.100); CD8+ cells did not show any significant trends (P=0.315) (Appendix 2, Sup.
Fig. 3).
Nrf2”- PM-exposed neonates showed the highest numbers of both Th1 CD4+ cells, (positive for
IFN-y) and Th2 CD4+ cells (positive for IL-4). Within the Thl subset, the combined data
demonstrated that the Nrf2”- PM CD4+ average of 9.83+1.71% significantly outweighed the
3.55+1.07% average of the Nrf2”- FA group (P=0.025), a trend is also reflected in the sex-

separated data, although without significance (P=0.114 and P=0.132 for males and females,
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respectively) (Fig. 10A). The Nrf2”~ PM males and females averaged 9.87+2.38% and
12.1542.76%, respectively, as compared to the lower Nrf2”- FA males (3.4011.36%) and females

(5.09£0.92%). Within the Th2 subset, the Nrf2”- PM-exposed neonates, when combined, had
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Figure 10: Flow cytometry analysis of neonatal lungs at PNDS5. Percentages of CD4+ cells with
Thl (A) and Th2 (B) differentiation significantly increase in Nrf2”- PM-exposed mice. (C) Nrf2"-
mice experience a low Th1/2 ratio, indicating a Th2 bias, while the wildtype mice maintain a Thl
bias. (D) Th17 cells significantly increase in FA-exposed Nrf2”- mice. (E) T regulatory cells do
not differ significantly across groups. Th1/2 offspring sample sizes, listed as (n=Male, Female),
from 4-7 litters, include WT FA (n= 3,3), WT PM (n=3,3), Nrf2"* FA (n=5,3), and Nrf2"- PM

(n=6,3). Treg offspring sample sizes, listed as (n=Male, Female), from 4-7 litters, include WT FA
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(n=2,3), WT PM (n=4,1), Nrf2”- FA (n=2,3), and Nrf2”- PM (n=5,2). Error bars represent SEM.
Data analyzed using two-way ANOVA with Tukey’s multiple comparison test. (*p<0.05;

*4p<0.01)

significantly higher numbers of Th2 cells than the Nrf2”- FA-exposed (P=0.016), WT PM-exposed
(P=0.003), and WT FA-exposed groups (P=0.025) (Fig. 10B). The number of Nrf2”-PM Th2 cells
was significantly higher than the WT PM group in both males (6.57£1.79% versus 1.64+0.58%,
P=0.037) and females (4.9540.83% versus 2.30+0.45%, P=0.050).

These averages led the Th1/2 ratio to have a distinct separation by strain, wherein the ratio
of the WT groups was greater than those of the Nrf2”- groups, regardless of exposure group (Fig.
10C). A higher Th1/2 ratio represents skewing of the immune system towards a Thl response,
with the lower ratio conversely representing a Th2 biased immune response. Thus, the Nrf2”-
neonates display a Th2 immune bias by the Nrf2”- PM ratio of 1.714+0.27%, decreased in
comparison to the WT PM ratio of 5.73+1.26% (P=0.002) but similar to the Nrf2”~ FA ratio of
1.90£0.22%. The males’ ratios follow similar patterns at 1.561+0.34%, 5.10+0.91%, and
1.831+0.26%, respectively (P=0.002), but the female ratios showed no significant differences
(P=0.395).

Th17 CD4+ cells are most commonly recognized for their role in autoimmune phenotypes.
As seen in Figure 10D, this subset demonstrated the most varied trends of the CD4+ cells, with an
unexpectedly high count in the Nrf2”- FA males (3.14+0.80%) and females (3.77+0.76%), with a
combined average of 3.104+0.66%. This combined average is significantly higher than the Nrf2"-
PM and WT FA groups (P=0.008 and P=0.047, respectively), and the males in this group

significantly exceeded their Nrf2”- PM (P=0.009), WT FA (P=0.036), and WT PM (P=0.040)
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counterparts. These findings may suggest a constitutively high level of Th17 cells in the Nrf2-

strain that is suppressed by PM exposure.
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Figure 11: Pulmonary expression of oxidative stress-related genes. Nrf2”~ neonatal lung samples
generally show consistently lower expression of oxidative stress-related genes than their
wildtype counterparts. Females generally demonstrate higher expression in PM-exposed mice in
both strains. The males demonstrate high expression of oxidative stress-related genes in the Nrf2-
"~ mice exposed to FA, contrasted by low expression in the Nrf2”- PM-exposed males. Offspring
sample sizes, listed as (n=Male, Female), from 4-7 litters, include WT FA (n=19,12), WT PM
(n=16,12), Nrf2”~- FA (n=14,12), and Nrf2"- PM (n=17,12). Error bars represent SEM. Data

analyzed using two-way ANOVA with Tukey’s multiple comparison test.
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The T regulatory panel in both strains shows that PM exposed groups have increased Treg levels

compared to their FA strain counterparts (Fig. 10E), though there is no significance between
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Figure 12: Oxidative stress biomarkers depicting thiol ratios of glutathione (GSH) to glutathione
disulfide (GSSG) (A) and cysteine (CyS) to cystine (CySS) (B) in neonatal livers at PNDS5,
representing systemic oxidative stress. Higher ratios indicate an increased capacity for reduction
of reactive oxygen species. Though not significantly different, Nrf2”- neonates generally have
lower thiol ratios, and thus lower redox capacity, than their WT counterparts, and PM-exposed
neonates generally have increased thiol ratios versus their FA-exposed counterparts. Offspring
sample sizes, listed as (n=Male, Female), from 3 litters, include WT FA (n=5,5), WT PM
(n=5,5), Nrf2”~ FA (n=5,5), and Nrf2”- PM (n=5,5). Error bars represent SEM. Data analyzed

using two-way ANOVA with Tukey’s multiple comparison test.

any of the groups for combined averages (P=0.610), males (P=0.972), or females (P=0.324). The

combined data shows the Nrf2”- PM average of 35.00+8.34% to be higher than the Nrf2”- FA
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average of 25.324+4.21%, and the WT PM average of 32.901+9.90% to be higher than the WT FA

average of 20.71£8.25%.

Overall Male Female

WT FA WT FM Nrf2 FA Nril PM WT FA WT PM Nri2 FA Nri2 PM WT FA WT PM Nrf2 FA Nri2z PM

GSH 726711223 TRLETES33 43331991 47914432 | 9195£1984 B2 B4EE96 562841825 47144557 | 5379L988 6RESLI6NF 30381495 43681726

GS5G 330812495  2941+189 24651318 25504084 | 37531470 3170182 26d46t64d  MT5EI6R | 2644204 IFA11309 0 22R4FLSE 26354027

Cys L1240.25 1824063 0961040  0.70L0.08 1.4240.40 2014099 1.43+0.78 0641012 0824029 1.6440.90 050+0,07 0764012

Cy¥55 2484035 2511019 2411023 2764026 25840.58 2834032 2.504H0.43 2134014 1974027 21940.11 2324023 3394031

Table 2: Oxidative stress biomarkers depicting cysteine (CyS), cystine (CySS), glutathione
(GSH), and glutathione disulfide (GSSG) values in neonatal livers at PNDS, represented as mean

+ SEM.

4.3.3 UFP Induces Increased Oxidative Stress Responses while Nrf2”- Suppresses Overall
Response

gRT-PCR was performed in PNDS5 lungs to evaluate oxidative stress-related gene expression
(Fig. 11). We expected that Nrf2”~ neonates would have less ability to respond to oxidative stress
and that PM exposure would enhance the response. The females responded in a characteristic
manner, with the WT neonates exhibiting greater expression overall (vs. Nrf27") and PM eliciting
more expression in both strains. AZR and NOOI had the highest fold change difference in the PM
groups of both strains, in both males and females, but with no significance (44R.: Males, P=0.370,
Females, P=0.410) (NQO1I: Males, P=0.354, Females, P=0.379).
The males, however, demonstrated different responses, aside from the similar 42R and NQO1 data.
Within the WT neonates, the remaining four oxidative stress related genes of the PM group

exhibited either similar expression or mildly decreased expression to the FA group. The Nrf2”- FA
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males showed an unexpected trend of having similar or increased fold change compared to the WT
FA group. The Nrf2”- PM males had appropriately low expression, similar to the Nrf2”- PM
females. This may be a sex-specific, strain-specific response in which our Nrf2”- males have
alternate pathways, such as 4AR, used to activate an oxidative stress response. High variation may

be due to the pooling of samples within litters.

4.3.4 Nrf2”~ Neonates Mildly Suppress Thiol Redox Capacity

We extrapolated the neonatal systemic oxidative stress state by measuring thiol redox capacity
in PNDS5 livers by HPLC analysis. The ratios of glutathione (GSH) to glutathione disulfide
(GSSQG), and cysteine (CyS) to cystine (CySS) indicate the neonates’ ability to reduce reactive
oxygen species (ROS) by donating an electron from either GSH or CyS. The GSH/GSSG ratio
showed both males and females had slightly decreased ratios in the Nrf2”~ strain when compared
to their WT counterparts, but were not significantly different (Male, P=0.637; Female, P=0.745)
(Table 1, Fig. 12). The CyS/CySS ratios were similar in females (P=0.638). Except for the Nrf2"
males, all other FA/PM pairs showed a mild increase in ratios in the PM group, though not
significantly different. Significance level may have been hampered by small sample sizes, and

additional studies may be warranted.

4.4. Discussion

PM exposure confers significant detriments to human health, particularly during susceptible life
stages, such as fetal development, with consequent negative health effects during infancy and
childhood. The report on the State of Global Air 2020, included for the first time the burden of

neonatal mortality from PMa2 s exposure, largely driven through preterm birth and low infant birth
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weight[2]. Moreover, it was estimated that air pollution also contributed to as much as 30% of
lower-respiratory infections. Our previous research demonstrated offspring pulmonary immune
suppression due to in utero UFP exposure with implications for infection risk[21]. The role of the
current study was to elucidate the mechanisms by which in utero UFP exposure may predispose
the neonatal immunophenotype to a more susceptible state, of which oxidative stress often plays a
large role. Nrf2 is a key transcription factor that regulates over 1000 other genes and proteins to
produce a protective antioxidant effect.[18] By incorporating a Nrf2 knockout mouse model into
our established exposure paradigm, we demonstrated that the Nrf2 deficient neonates had an
exacerbation of the growth inhibitory parameters following prenatal UFP exposure.

Birth weight can be used as an indicator of health in the neonate, during childhood, and even
into adulthood, as low birth weight often accompanies numerous other comorbidities. Uwak et al.
performed a meta-analysis demonstrating consistent association of prenatal air pollution exposure
and low birth weight in numerous human case-control and cohort studies[7]. Our model
demonstrated that the lack of Nrf2 exacerbates the growth inhibitory effects of prenatal PM
exposure that was seen in both WT and Nrf2-/-. Previous literature has demonstrated that Nrf2
knockout mice had decreased fetal weights due to decreased placental efficiency[26], but Nezu et
al. found no difference in fetal weights when Nrf2 was nullified in their non-eclampsia pregnant
mouse model[27]. The role of Nrf2 within gestation is clearly intricate and requires further study,
yet our results indicate that not only does Nrf2 deficiency cause low birth weight, but its effects
can also be exacerbated by external factors such as UFP exposure.

A baseline pulmonary immunophenotype of the neonates was necessary to determine how
infection severity may be enhanced in response to early life exposure. No significant differences

in CD8+ or CD4+ cells were observed between any of the groups in combined or sex-separated
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data. Adult Nrf2”- mice also did not demonstrate differences in CD8+ cell expression in Ma et al.’s
study.[28] CD4+ subsets in our study had several notable changes though. In particular, the Nrf2-
/- PM-exposed neonates surpassed all other groups in increased levels of Thl and Th2
differentiated CD4+ cells. They presented a phenotype with a prominent Th2-biased immune
system, which can potentially predispose neonates to having more severe respiratory inflammation
if challenged with viral infections or allergens. Yang et al. demonstrated an association to prenatal
indoor PM2.s and tobacco smoke exposure and increased respiratory tract infections in children,
potentially modified by maternal Nrf2 status.[29] This suggests that the priming of the immune
system during prenatal exposure, plays an important role in the infant respiratory health. Two
studies conducted by Perveen et al. indicate a correlation in the levels of protein kinase C isozyme
zeta, found in cord blood T cells, and the risk of the neonate developing allergic-type symptoms
later in life.[30,31] These cord blood cells may be the first step in elucidating the priming of the
neonatal pulmonary T cells.

The balance between autoimmunity and immunosuppression is regulated by Th17 and T
regulatory cells, respectively. Abnormal or deficient Nrf2 signaling has been documented as a
contributor in some autoimmune diseases, such as asthma or multiple sclerosis.[32] Possible
mechanisms of functional Nrf2 protecting against autoimmunity range from suppression of Thl
and Th17 cells to the reduction of oxidative stress that may potentially reduce the production of
autoimmune self-antigens.[32] Adult Nrf2 deficient mice frequently develop lupus-like
autoimmune diseases.[28] In this study, we saw a mild increase in the Treg cells in the PM-exposed
neonates of both genotypes, but with no significant differences. Within the Th17 cells, we saw that

the lack of Nrf2 increased the percentage of this subset in neonates; however, this effect was

mitigated in the PM- exposed offspring, a finding that was also noted in our previous work by
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Rychlik et al. [21] This may suggest the propensity of the Nrf2 knockout mouse towards
autoimmune diseases naturally, with a potential mitigation of these effects by the PM by the
slightly increased numbers of Tregs.

PM exposure is well documented to generate reactive oxygen species and create a state of
oxidative stress in both humans and animal models. We evaluated six oxidative stress-related
genes to determine if oxidative stress is a prominent mechanism by which UFPs exert their
detrimental influence and which could be exacerbated by the lack of Nrf2. These genes are
classically known to be induced, though not exclusively, by Nrf2.[33] The three genes related to
glutathione (Gcle, Gelm, Gpxl1) generally demonstrated lower expression in the Nrf2 deficient
neonates, as expected, particularly in the females. Hmox/ demonstrated similar patterns. Both
NQOI and AhR demonstrated increased levels of expression in PM exposed mice in both
genotypes, indicating a response to oxidative stress in our model. However, in the Nrf2 FA-
exposed males, all oxidative stress related genes had a high level of constitutive expression, with
the expression in AhR, NOO01, and GpxI exceeding those levels of even the WT FA-exposed males.
The high expression of A4ZR may account for the increased expression of the other related genes,
as this gene can induce many other pathways, including upregulation of Nrf2 in WT mice.[34,35]
This finding exhibits a distinct sex specific response of the Nrf2 male neonates as compared to the
females, which will be crucial in interpreting future studies using Nrf2 deficient neonates. While
significant trends were neither seen within the males nor females, this data shows that our model
does induce oxidative stress and indicates lack of Nrf2 plays a role in such adverse health effects
such as the reduced weight gain.

By utilizing hepatic tissue, we evaluated the systemic state of oxidative stress in the offspring

compared to the pulmonary state. Though not significantly different, the lack of Nrf2 generally
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resulted in a lower GSH/GSSG ratio, indicating that more GSH is available in the WT mice for a
greater redox potential. Similarly, particularly in the female Nrf2 offspring, a decreased CyS/CySS
ratio indicated an increased amount of oxidative stress and lack of response. Given Nfr2’s key role
as an antioxidant, these results are expected. Interestingly, however, in the Nrf2 FA-exposed
males, a higher ratio was seen as compared to the PM exposed counterparts, similar even to the
WT males. This mirrors the pulmonary gene expression data for the Nrf2 FA-exposed males and
may reflect the alternative pathways utilized by these neonates to actually enhance their response
to oxidative stress in the absence of Nrf2, which may be particular to our knockout genotype or to

male Nrf2 neonates.

4.5. Conclusion

We demonstrated that the lack of maternal Nrf2 response enhances the growth inhibitory
effects induced by gestational PM exposure, skews CD4+ T lymphocyte differentiation toward
Th2, and reduces the capacity for oxidative stress responses. This information will be vital to
further elucidating the mechanisms behind prenatal PM exposure, particularly how it predisposes

children to future respiratory tract infections or conditions such as asthma.
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CHAPTER V
SUMMARY OF KEY FINDINGS
Our research focused primarily on building on a robust prenatal UFP murine exposure model
that would expose mice in a manner representative of what human mothers may face, with an
additional viral challenge to mimic childhood respiratory disease. We hoped to establish a
connection between prenatal UFP exposure and negative neonatal respiratory effects, with an
initial effort to elucidate some of the possible mechanisms by which UFPs may exert their negative

effects on the fetus through the mother.

5.1 Aim 1

In Aim 1, we performed two pilot studies while we refined our murine exposure system to
maximize the amount of UFP exposure and examine the neonates at the optimum time for viral
load and inflammatory changes. Though we started with a single dose of 100 ug/m?3/6 hours, a
rough correlation to the WHO standards for PM2:s, we realized that we needed a higher dose to
stimulate exaggerated changes, and therefore added a five-fold dose level, HD. We altered the
structure of the exposure chamber so that dams were individually housed and could no longer
aggregate in corners of the chamber. We determined that 3 dpi was the optimum time to look for
peak viral load and that 9 dpi was the optimum time to evaluate for more subacute inflammatory
changes. We extended the exposure period to GD18.5, since mice could handle the stress of
exposure for another day and rarely gave birth before GD19.5. Lastly, we switched from the
BALB/c strain to the C57BL/6 strain, despite the Thl nature of the latter since they are more

sensitive to oxidative stress and thus were more likely to demonstrate changes from prenatal UFP
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exposure. All of these changes were incorporated into our exposure model for Aim 2 to increase

the neonatal response to UFP and maximize significant findings.

5.2 Aim 2

In Aim 2, we performed a full exposure study, wherein we exposed pregnant C57BL/6 females
to UFPs throughout gestation, then infected the neonates with RSV at PND5. We successfully
saw RSV pathogenicity in this strain of mouse, with effects compounded by UFP exposure.
Histologic inflammation and viral load both had a positive association with increasing amounts of
UFP exposure, though not significant. In the LD RSV group, particularly in the females, we saw
an unusual thresholding trend, in which the LD RSV group frequently demonstrated an increased
response as compared to the FA and HD RSV groups. The LD RSV group had an increased
Th2/Thl ratio, meaning a more Th2-biased immune response, and increased levels of T regulatory
cells. The females in this group showed a reduced weight gain and an increased number of
leukocytes in the BAL fluid. This thresholding effect was seen in a placental study done in our lab
as well. This suggests that there may be an unknown mechanism that is activating between the low
and high doses of UFP and provides a level of protection in the HD group not available in the LD
group. Overall, we successfully developed a murine model in which prenatal PM exposure did

enhance the severity of the RSV disease seen in the neonates.

5.3 Aim 3
In Aim 3, we strove to elucidate some of the mechanisms by which the prenatal UFP exposure
may exert its effects on the neonate by examining the role of Nrf2 in protection against prenatal

PM. Using a Nrf2 deficient mouse strain on a C57BL/6 background, we exposed this strain and a
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wildtype strain to prenatal UFPs but did not challenge with RSV in this aim. We demonstrated that
the Nrf2”- neonates indeed had a reduced ability to respond to the pulmonary oxidative stress
induced by the UFP exposure, though UFP exposure in both strains induced higher levels of
oxidative stress. The hepatic redox capacity, taken as a representative of the systemic oxidative
state, showed that Nrf2”- neonates also had a reduced capacity to respond overall. Pulmonary flow
cytometry demonstrated several distinct alterations in the PM-exposed groups. Nrf2”" neonates
overall had a more Th2 biased immune system. PM-exposed Nrf2”- neonates showed increased
levels of both Th1 and Th2 cells, so while their FA-exposed counterparts had a similar Th1/Th2
ratio, the PM-exposed group had a higher level of inflammation primed by the exposure. T
regulatory cells were increased slightly in PM-exposed neonates regardless of strain, similar to a
previous finding in our lab. Lastly, the Nrf2”- FA-exposed neonates showed significantly higher
levels of Th17, a cell type involved in autoimmunity, but these levels were suppressed by PM,
again similar to previous findings in our lab. Overall, these findings show that UFP exposure does
alter pulmonary T cell differentiation, likely leading to a more inflammatory cellular milieu that
may explain the higher susceptibility of neonates to respiratory infection in early life. We
demonstrated that Nrf2 plays an important role in the neonatal response to oxidative stress in

response to prenatal UFP exposure.

5.4 Overall significance

Overall, we have demonstrated that prenatal UFP exposure has a negative effect upon neonatal
health, particularly in response to respiratory infections. We have showed that Nrf2 plays a role in
the protection of the infant against the oxidative stress and pulmonary T cell changes induced by

prenatal UFP exposure. We hope that by demonstrating these findings, we can impress upon the
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scientific community of the detrimental effects of UFPs on pregnant mothers, and thereby
stimulate investigations into protective and preventative measures that women and children can

take to ameliorate these effects.

5.5 Future studies

With the prenatal UFP exposure model developed, the possibilities for future studies are nearly
boundless. First, the completion of the full prenatal UFP exposure and neonatal RSV challenge
should be performed on the Nrf2 deficient mouse strain to fully understand the role of Nrf2 not
only in PM exposure but in RSV challenge as well. Following this study, this model could be used
for nearly any type of PM exposure, since the aerosolization is much more representative of natural
human exposure. Other variables in this model that can be altered are exposures during various
trimesters, concentration of exposure, focus on different organ systems within the mother or fetus,
and of course, challenge with numerous different infectious agents, not necessarily viral or
respiratory.

With the establishment of Nrf2 as a vital protective factor in prenatal PM exposure, this
naturally brings to mind the possibility of increasing Nrf2 as a therapeutic or preventative measure
in pregnant women. Triterpenoids, curcumin, and sulforaphane are all naturally derived Nrf2
activators found in common foods. Our lab has begun to look at the possibility of giving
sulforaphane either during gestation, to protect against the PM exposure while it occurs, or during
lactation, to ameliorate the effects of prenatal exposure during early infancy. This would be a
simple addition to our model to give the pregnant or lactating dams sulforaphane in their diets

during exposure.
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Lastly, a popular field of research currently involves characterizing microbiomes, and it has
been found that a “gut-lung axis” exists, wherein the microbiome of the gastrointestinal system
and the microbiome of the lung have interplay with systemic mediators and can influence changes
upon each other. Therefore, repeating these experiments, but examining the microbiome in these
systems both before and after prenatal UFP exposure, both in the mother and the neonates, would
be highly interesting and potentially relevant to future therapies targeting negative populations of

bacteria in each system.
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APPENDIX 1

SUPPLEMENTAL FIGURES AND TABLES FROM CHAPTER III
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Supplemental Figure 1. Beginning on GDO0.5, dams were randomized and placed into exposure
chambers where they were exposed to either FA (n=14), LD (n=12), or HD (n=13) 6 hours daily
through GD18.5. Average maternal dam exposure to ultrafine particles (UFP) in the low dose

(LD) and high dose (HD) groups over the course of gestation averaged 101.70+2.76 ug/m? and
495.89+10.53 ug/m?, respectively. Error bars represent variation of exposure during the entire

length of gestation.

- 103 -



Maternal weight gain
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Supplemental Figure 2. Average maternal weight gain during gestation did not significantly

differ within or between exposure groups (P=0.107). Dam sample sizes included FA (n=14), LD
(n=12), or HD (n=13). Error bars represent SEM.
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Supplemental Figure 3. Neonatal weights at PNDS5 for males and females (n=257 from 39
litters). No significant difference was observed among groups (P=0.899). Offspring sample sizes,
listed as (h=Male, Female), from 10-12 litters, includes FA (54, 36), LD (53, 37), and HD (42, 35)

groups. Error bars represent SEM.
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PAS score

Histology score

Supplemental Figure 4. (A) A weak correlation of the PAS score of neonatal lungs with their

respective histologic inflammation score (R?=0.144). (B) A lung score of 1 (mild inflammation)

with a high PAS score.
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Supplemental Figure 5. CD8+ gating strategy, HD sample. Gating from left to right, top to
bottom: Cells, Singlets, Viable cells, CD3+ cells, CD8+ cells.
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Supplemental Figure 6. Thl gating strategy, FA sample. Gating from left to right, top to
bottom: Cells, Singlets, Viable cells, CD3+ cells, CD4+ cells, Thl-biased cells.
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Supplemental Figure 7. Th2 gating strategy, HD sample. Gating from left to right, top to

bottom: Cells, Singlets, Viable cells, CD3+ cells, CD4+ cells, Th2-biased cells.
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Supplemental Figure 8. T regulatory cell gating strategy, HD sample. Gating from left to right,
top to bottom: Cells, Singlets, Viable cells, CD3+ cells, CD4+ cells, CD25+FoxP3+ cells.
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Supplemental Table 1. Histologic PAS score was graded on a scale from 0-4 based on the
percentage of goblet cells per complete bronchiole °7. Scores are expressed as the mean + SEM.
Offspring sample sizes (n= Male, Female) from 3-6 litters include FA Sham (7, 4), LD Sham (5,

4), HD Sham (5, 4), FA RSV (3, 4), LD RSV (7, 3), and HD RSV (6, 5).

Overall Males Females
FA Sham 0.74 £0.13 0.84£0.16 0.62 +0.09
FA RSV 0.76 £0.16 0.71 +£0.28 0.68 +0.18
LD Sham 0.79+£0.16 0.89 £0.25 0.66+0.11
LD RSV 0.91+0.17 0.97 £0.24 0.77 £0.20
HD Sham 0.86 +£0.14 0.95+0.24 0.74+0.10
HD RSV 0.76 £ 0.19 0.93+£0.33 0.56 £0.17
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APPENDIX 2

SUPPLEMENTAL FIGURES AND TABLES FROM CHAPTER 1V
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Supplemental Figure 1: Experimental timeline for mouse exposure model. GD: gestation day;

FA: filtered air; PM: particulate matter; PND: postnatal day.
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Maternal average daily exposure
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Supplemental Figure 2: Average maternal exposure to particulate matter (PM) in the low dose
(LD) averaged 111.88+4.40 pg/m?. Error bars represent minimum and maximum variation of

exposure during the entire period of gestation.
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Gestation weights
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Supplemental Figure 3: Maternal weight gain during gestation did not significantly differ

within or between exposure groups. Dam sample size includes WT FA (n=5), WT PM (n=4),

Nrf27- FA (n=5), and Nrf2"- PM (n=7).
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Supplemental Figure 4: CD8+ (A) and CD4+ (B) cells separated by sex. No significant
differences are noted, though the overall level of CD4+ cells appears slightly lower in PM-
exposed Nrf2”- neonates (males and females) and WT neonates (males). Offspring sample sizes,
listed as (n=Male, Female), from 4-7 litters, include WT FA (n=3,3), WT PM (n=3,3), Nrf2""-
FA (n=5,3), and Nrf2”- PM (n=6,3). Error bars represent SEM. Data analyzed using two-way

ANOVA with Tukey’s multiple comparison test.

- 115 -



s i i
: i i i
i - f i
i ! H

i i

B t 3 f

Supplemental Figure 5: CD4+ subsets gating strategy, FA sample. Gating:,; Erom left to right, top

to bottom: Cells, Singlets, Viable cells, CD3+ cells, CD4+ cells, FoxP3+ cells (last two).
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Supplemental Figure 6: CD4+ subsets gating strategy, FA sample. Gating from left to right, top

to bottom: Cells, Singlets, Viable cells, CD3+ cells, CD4+ cells, FoxP3+ cells (last two).
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