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Effects of Early Life Environmental Tobacco Smoke Exposure

on Pulmonary Immunity

Abstract

There is a long history detailing the health hazards of cigarette smoking and secondhand, or
environmental tobacco smoke. More recently evidence has suggested that children that have
reduced pulmonary function are more likely to grow into adults with reduced lung function. Severe
respiratory infection and exposure to tobacco smoke are strongly associated with reduced lung
function in early childhood, and exposure to environmental tobacco smoke is a contributing factor
for increased number and frequency of respiratory infections. Despite declining tobacco usage in
the United States, smoking globally continues to be a major public health issue, and novel
inhalation exposures such as electronic cigarette usage and exposure to wildfire smoke from
wildland-urban interfaces have become an increasing burden on human health. Tobacco smoke
research is highly standardized and replicable, and tobacco smoke contains many classes of
chemicals that may be concern from novel exposures. In this study, we examine the persistent
impact of environmental tobacco smoke exposure on lung pathophysiology using a murine model
of neonatal exposure. We found neonatal environmental tobacco smoke exposure resulted in
sexually dimorphic responses with female but not male mice having increased lung damage and
airways immune cells in adulthood, and using RNA-sequencing, we found neonatal environmental
tobacco smoke exposure in female mice significantly altered Hallmark Pathways. We report a
mechanism by which neonatal tobacco smoke exposure transiently induces an IL-22* ILC3
population and that IL-22 modulates club cell secretory protein to alter lung function. Later in life,
we found that neonatal environmental tobacco smoke exposure resulted in elevated

macrophages in female but not male mice with novel alterations in gene expression in the lungs.
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Early Life Immune Mechanisms of Environmental Tobacco

Smoke

Nathan Eugene Haigh

1.1. Abstract

Tobacco smoke exposure is a known, preventable risk factor for several morbidities during
childhood. Children exposed to secondhand or environmental tobacco smoke (ETS) are more
likely to suffer from more frequent and severe respiratory infections, asthma exacerbations,
wheezing, and other health issues. Many of the respiratory issues induced by ETS are associated
with reductions in pulmonary function in children, and recent findings show that reduced lung
function as early as the first two months of life is associated with reduced peak lung function in
adulthood. Understanding how ETS elicits these effects is essential to remediating lung damage
caused by exposure, but the complex composition of ETS changes over time depending on
prevailing environmental factors, which can be a confounder in many models. Several
mechanisms have been documented that illustrate the impact of ETS on childhood health.
Understanding the mechanisms through which ETS alters immune and pulmonary functions is
important for mitigating and correcting dysfunction induced by tobacco smoke. In addition,
understanding molecular mechanisms of immune and pulmonary dysfunction can inform potential
mechanisms of action from other inhalation toxicants including novel toxicant exposures. This can
expedite the correct identification of novel toxicants and allow mitigation of the lasting effects on

health earlier than has previously been possible.



1.2. Introduction

Cigarette smoking remains the leading preventable cause of death in the United States with
approximately 14% of adults being cigarette smokers as of 2019 [1]. Tobacco was primarily used
in pipes and cigars, chewed, or as snuff until the advent of commercial rolled cigarettes in the
nineteenth century [2]. With the advent of the cigarette, tobacco use grew rapidly and was further
increased during first half of the twentieth century in part due to the inclusion of cigarettes in
soldiers’ rations. While other tobacco products including chewing tobacco, snuff, cigars, pipes,
hookahs, and loose smoking tobacco remain available, cigarettes are the most used tobacco
product. Cigarette use peaked in the 1960s with as much as 67% of males born 1911-1930 and
44% of women born 1931-1940 being cigarette smokers [3]. Smoking rates declined as
awareness improved of the danger posed by cigarette smoking for increased rates of many forms
of cancer, heart disease, respiratory diseases including chronic obstructive pulmonary disease,
and serious respiratory infections. This led to support for bans on smoking in public indoor spaces,
advertising bans for tobacco products, increased smoking cessation programs and products, and
education programs to reduce smoking uptake. However, reductions in smoking rates in the
United States have decelerated in recent years while developing countries see more smokers
than ever [4].

Of particular concern is the exposure of vulnerable populations to cigarette smoke.
Maternal smoking in the United States has decreased from 9.2% in 2010 to 6.9% in 2017, which
remains lower than the US average [5]. The reduced smoking rates from the first (7.1%) to the
third trimester (5.7%) suggests that expectant mothers generally understand the risk of their
smoking to the fetus [6]. Public health policies that increase awareness of the adverse impacts of
tobacco use in women and children are likely reasons smoking rates particularly among pregnant
women have decreased; however, this may also be resulting in discordance between self-
reported tobacco use and physiological measurements which were previously reliable [7, 8]. Many

smokers develop their habit between their teens to early twenties when their lungs are still



developing. Teen smoking in the United States has decreased dramatically since 2016, but use
of electronic nicotine delivery systems has replaced cigarette smoking with potentially devastating
future consequences [9]. Continued use of cigarettes presents a particular danger to vulnerable
populations, including children, who are exposed to secondhand or environmental tobacco smoke
(ETS), smoke both from the smoldering end of the cigarette and exhaled by smokers, at home or
indoor public spaces.

1.3. Cigarette Smoke and Childhood Health

The adverse health effects of environmental tobacco smoke (ETS) were the focus of the 1986
Surgeon General’s Report. Children are particularly vulnerable to ETS due to their respiratory
system continuing to mature into early adulthood. In utero exposure is correlated with increased
rates of miscarriage, preterm birth, reduced birth weight, and birth defects. Infants exposed to
ETS or that were exposed in utero have odds ratios at least double that of unexposed infants for
incidence of sudden infant death [10]. Children exposed to ETS experience increased rates and
severity of respiratory tract infections, wheeze, asthma, cognitive and behavioral problems, and
reduced pulmonary function [11]. In the United States in 2014-2015, 34.8% of expectant mothers
in the Population Assessment of Tobacco and Health Study reported exposure to secondhand
smoke [12]. Of those 38.8% reported being exposed to tobacco smoke at work, 54.4% reported
being exposed at home, and the rest reported both work and home exposure. Exposure rates in
other countries vary widely: 38.9%-75.1% between regions in China [13], 44.8% in Mongolia [14],
69.8% in India [15], and from 17.8% in Mexico to 72.3% in Vietnam in the home among 14 low
and middle income countries [16]. The amount of exposure is even higher in public indoor spaces
where the number of people sharing the space can generate upwards of 1 mg/m? of suspended
ETS particles. Public smoking bans in many states have reduced the incidence of childhood
exposure to ETS, yet exposure in the home environment remains a concern. Exposure to

secondhand smoke remains a concern in the home and cars for those children who live with the



estimated 34 million smokers in the United States and millions more around the world [17]. As
many as 77.8% of children in Europe are exposed to ETS in the home [18].
1.3.1. Preterm Birth/Low Birthweight

Tobacco usage was first shown to be associated with increased risk of pre-term birth in a
dose-dependent manner independent of maternal age in a retrospective study [19]. A large
prospective study showed 60% increase in very early preterm births among mothers that smoke
after adjusting for confounding factors [20]. The influence of smoking on birth weight is dose-
dependent [21-23]. Kleinman and Madans reported that the odds of low birth weight increases by
26% for every 5 cigarettes smoked per day for the duration of a pregnancy [22]. Additionally, in
utero tobacco smoke exposure has been shown to result in reduced fetal growth independent of
other factors including gestational age, maternal age, parity, or maternal weight [24]. Low
birthweight is associated with a variety of short-term and long-term health complications of the
pulmonary, gastrointestinal, cardiovascular, renal, and endocrine systems [25]. Pregnant women
who smoke cigarettes are more likely to experience premature membrane ruptures as pregnancy
complications, and when smoking women experience preeclamptic toxemia the rate of infant
mortality is more than twice as high as for babies of non-smokers [26]. Importantly, studies have
also shown adverse pregnancy related outcomes in women exposed to ETS [27-29]. Interestingly,
at least one study of women in Mumbai, India found reduced birthweight and increased risk of
preterm birth among smokeless tobacco users [30], but these results may be confounded by other
environmental exposures that were not accounted for in the study. A study of 23,524 live births in
Sweden found that the 789 expectant mothers who used snuff had increased rates of
preeclampsia and preterm birth compared to non-tobacco users [31]. However, expectant
mothers who smoked had larger reductions in birthweight compared to both snuff users and non-
tobacco users and similar odds of preterm birth with reduced risk of preeclampsia compared to
snuff users. This evidence suggests that combustion products from tobacco use may be important

drivers of birth complications leading to low birthweight separate from smokeless tobacco.



1.3.2. Respiratory Tract Infections

A systemic review of the effects of parental smoking on childhood health showed
increased odds ratios for lower respiratory infections, wheeze, asthma, middle ear disease,
sudden infant death syndrome, and reduced pulmonary function based on parental smoking
behaviors [32]. Another systemic review found ETS exposure resulted in increased odds ratios
for hospitalization or emergency department visit due to laboratory confirmed respiratory syncytial
virus (RSV) in 12 of the 14 studies included [33]. DiFranza et al also found ETS exposure resulted
in increased odds ratios for hospitalization or outpatient treatment for clinically diagnosed RSV in
6 of 8 studies which may be due other pathogens with similar symptom profiles, and they found
that ETS exposure increases hypoxemia among children hospitalized due to RSV in all 4 of the
studies that assessed clinical severity of infection. While severe RSV infections are a factor for
lifelong pulmonary function deficits, there are many other respiratory tract infections. ETS
exposure is also associated with increased odds of recurrent otitis media or middle ear infections
and need for tonsillectomy due to repeated tonsilitis as well as increased incidents,
hospitalization, and severity for bronchiolitis and pneumonia (reviewed in [34]). A study of children
admitted to a hospital in Rochester, New York with influenza found that patients with documented
history of ETS exposure were more likely to have a bacterial infection, be admitted to the pediatric
intensive care unit, require intubation, and have a longer hospital stay than unexposed children
admitted with influenza [35]. While most children will contract several respiratory infections,
severe respiratory infections are more common among children exposed to ETS and are
associated with altered lung function through the lifespan.
1.3.3. Asthma and Wheeze

Numerous epidemiological studies have shown an association between in utero and
postnatal exposure to smoke as a causative factor for childhood wheeze, a continuous high-
pitched sound emanating from chest during expiration caused by narrowed airways (reviewed in

[36]). Asthma is the reversible constriction of airways resulting in difficulty breathing and may be



the result of an allergic or hypersensitivity response. A study using data from the Southern
California Children's Health Study found that children exposed to tobacco smoke in utero but not
ETS only had higher asthma rates than unexposed children [37]. There were also associations
between in utero exposure to tobacco smoke or current ETS exposure with all measures of
wheezing assessed in the study. Both in utero and ETS exposure resulted in increased odds
ratios of an emergency department visit within the past year. The literature has been mixed in
whether ETS exposure is associated with asthma, but quantitative reviews of the literature by
Cook and Strachan have demonstrated significant associations between ETS exposure and
asthma incidence and wheezing [38, 39]. The discrepancies in findings between studies is likely
due to the difficulty of conducting human studies with a broad range of histories and behaviors
combined with relatively small numbers of subjects to assess risk for such a complex disease.
Asthma exacerbations in children have also been linked to ETS exposure [39]. A retrospective
study of 199 children age less than 1 to 13 found children with the highest ETS exposure had
odds ratio of 1.8 for asthma exacerbation and decreased FEV/FVC ratio and FEF2s.7s compared
to children without ETS exposure [40]. More recently, a large survey of the Easy Breathing
childhood asthma database found ETS exposure was associated with higher adjusted relative
risk ratios for asthma exacerbation and mild and moderate persistent asthma [41]. When they
accounted for public or private insurance, they found that only for children on private insurance
was ETS exposure associated with persistent asthma, which suggests that other factors besides
ETS exposure are influencing the natural history of asthma among lower income children. There
are known genetic and environmental factors relevant to asthma development that will be
discussed later. Childhood asthma may follow different courses with aging into adulthood. Atopic
children often stop experiencing asthma symptoms as adults, but childhood asthma that alters
pulmonary function may predispose those adults to lung disease later in life.

1.3.4. Altered Pulmonary Function



Exposure to ETS that results in severe or repeated respiratory tract infections or asthma
present both acute risks to health and lifelong alterations in lung function as shown by Stern et al
[42]. Their results Tucson Children’s Respiratory Study followed 123 children from infancy to age
22 and showed that infants with pulmonary function in the bottom quartile had forced expiratory
volume in one second to forced vital capacity (FEV1/FVC) ratio reduced 5.2%, forced expiratory
flow between 25% and 75% of the FVC (FEF2s-75) reduced 663 mL/s, and forced expiratory
volume in one second (FEV+) reduced 233 mL compared to all other subjects. As lung function
peaks in early adulthood before declining with age, the factors that contribute to reduced
pulmonary function in early life have been proposed to drive chronic lung disease including
chronic obstructive pulmonary disease (COPD). COPD is diagnosed as having FEV/FVC of less
than 70 percent of the predicted value based on age and sex [43]. The requirement of pulmonary
function testing for diagnosis of COPD combines with peak lung function in early life to confound
identification of COPD in young adults as evidenced by COPD rates over in those over 45 being
more than four times that under 45 while the 35-49 demographic having a diagnosed COPD rate
40% of the 50-64 age group [44]. Exposure to ETS a is preventable cause of adverse health
effects in children in much the same way smoking is the largest preventable cause of death in
adults.

1.3.5. Obesity

Early research on the effect of tobacco smoke on children focused on in utero exposures
of fetuses resulting in increases in low birthweight and early delivery [19], but the effect of tobacco
smoke exposure on children does not end at birth. Numerous studies have looked at the impact
of childhood ETS exposure on weight and found troubling trends of increased body mass and
incidence of obesity among children exposed to ETS. The Southern California Children’s Health
Study showed combined impacts of traffic related air pollution (TRAP) with ETS exposure on body
mass index (BMI) of children from age 10 to 18 that implicate both ETS and TRAP in increased

BMI compared to children with low exposure [45]. Importantly, there was not accounting for the



family income as a confounding factor in the study; however, exposure to increased amounts of
air pollution generally correlates with socioeconomic status within a geographical area. A study
of school aged children in Korea showed associations between concentrations of 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL) and cotinine in the children’s urine and BMI
particularly in the underweight and normal BMI groups. Only cotinine was significant in the
overweight group, and the authors speculated that cotinine from food sources may be a
confounding factor that needs further examination [46]. As school age children tend to spend
more time with parents, the association between BMI and cotinine levels may also be due to the
activity level of parents who smoke. A study that examined the results of the U.S. National Health
and Nutrition Examination Survey 2003-2008 took into account family income, parental
education, and the child’s activity and caloric intake when examining the role of polycyclic
aromatic hydrocarbons (PAHs) and ETS on BMI of children age 6-18 years [47]. Their findings
showed that higher levels of PAHs, which are found in ETS and TRAP as well as many other
sources, are associated with increased BMI and waist circumference even after accounting for
confounding variables. ETS exposure was also associated strongly with increased BMI and waist
circumference with combined high PAH and ETS exposure having the greatest effect on
childhood obesity. The dangers of childhood obesity extend well beyond childhood as obesity is
associated with increased risks for many other diseases including metabolic disorder,
hypertension, and many cancers.
1.3.6. Cognitive and Behavioral Effects

Studies examining behavioral changes in children exposed to tobacco smoke in utero or
postnatally are more recent. Nicotine acts on nicotinic cholinergic receptors in the central nervous
system results in release of dopamine leading to the addictive property of tobacco products [48],
so it is reasonable to expect behavioral modification in children exposed to nicotine through ETS.
Children exposed to ETS tend to exhibit increased rates of cognitive impairment, attention deficit

hyperactivity disorder, oppositional defiant disorder, and conduct disorder [49]. The effects of in



utero ETS has been reported in infancy with greater startle responses, tremors, hypertonicity, and
fussiness compared to unexposed infants. It is important to account for confounding factors
including socioeconomic status that is closely related to tobacco use and both in utero and
postnatal exposure to ETS because socioeconomic status is also closely linked to antisocial
behavior in children [50]. One study that conducted a regression analysis to account for
confounding factors of maternal smoking and ETS exposure found that child behavioral was
correlated to tobacco smoke exposure after accounting for the effects of income, parental
behavioral tendencies, and poor parenting practices suggesting a direct association between
tobacco smoke exposure and childhood behavior [51]. As with all human studies, there is
considerable variation in subjects between studies, and not all methodologies are designed to
account for confounding factors. This has left some debate over the effect size for cognitive and
behavioral issues due to ETS exposures during childhood. A meta-analysis has also linked
tobacco smoke with cognitive deficits in the elderly that puts smokers and those exposed to ETS
at greater risk of cognitive decline, dementia, and Alzheimer’s disease [52]. Given that similar
effects have been observed in India [53], China [54], and the UK [55, 56], it is concerning that
behavioral and cognitive issues begin during childhood as these may increase the risk for adverse
effects later in life.

1.4. Tobacco Chemistry

Tobacco smoke is an aerosol of liquid and solids suspended in gasses consisting of more than
7000 chemical constituents including more than 250 toxicants and carcinogens [57]. Cigarettes
are consumed primarily to deliver approximately 0.5 mg of the 1-2 mg of nicotine to the user.
Cigarette smoke is mostly gasses with approximately 8% particulate matter and 5% vapor phase
[57]. Along with nicotine, tobacco smoke also contains a variety of poisonous compounds,
polycyclic aromatic hydrocarbons (PAHSs), volatile organic compounds (VOC), metals, and
particulate matter that pose a hazard to human health [58].

1.4.1. Mainstream Smoke



Mainstream tobacco smoke is the portion that cigarette smokers inhale directly through the unlit
end of a cigarette. Nicotine acts on nicotinic cholinergic receptors in the peripheral and central
nervous system, where it results in release of dopamine leading to the addictive property of
tobacco products [48]. Cytochrome P450 Family 2 Subfamily A Member 6 (Cyp2A6) in the liver
converts nicotine to its primary metabolite cotinine. The half-life of nicotine is relatively short 1-2
hours while cotinine has a half-life of 15 to 20 hours [59]. Nicotine functions as a vasoconstrictor,
increases heart rate and blood pressure, and increased oxygen consumption. Nicotine is also
acutely toxic with a lethal dose to 50% (LD50) of the population between 30 and 60 mg in adults
and an LD 50 as low as 10 mg in children [60]. There are also reports of nicotine being a
carcinogen including through in vivo generation of nicotine nitrosamines N-nitrosonornicotine
(NNN) and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), which are known carcinogens
typically created during tobacco combustion. In addition, nicotine and its metabolites can activate
signal transduction pathways that signal through Bcl-2 and vascular epithelial growth factor
receptor 2 that promote growth and survival of malignant cells. The role of nicotine in smooth
muscle contraction in human airways was recently addressed in a report that examined
expression of nicotinic acetylcholine receptors on human primary airway smooth muscle from lung
biopsies of third to sixth generation bronchi from non-infectious patients [61]. Expression of
nicotinic a7 acetylcholine receptor (a7nAChR) by gPCR and Western blot showed human airway
smooth muscle cells express a7nAChR and that expression of a7nAChR is elevated in asthmatics
and smokers. In vitro a7nAChR expression in human airway smooth muscle cells can be induced
by as little as 1% cigarette smoke extract. As nicotinic acetylcholine receptors have roles in
bronchoconstriction and mucus secretion, the presence of increased a7nAChR on airway smooth
muscle cells of smokers suggests it is possible that nicotine directly reduces airflow contributing
to altered lung function seen in smokers.

Other acutely poisonous compounds in tobacco smoke include carbon monoxide and

cyanides. Carbon monoxide is generated from the incomplete combustion of organic matter,
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including tobacco, and is of concern due to acute toxicity and lingering hypoxia due to the high-
affinity binding to hemoglobin. Carbon monoxide forms carboxyhemoglobin when bound to
hemoglobin and is eliminated in an activity-dependent manner with half-life of 1-8 hours [62].
Carbon monoxide has been investigated in relation to intrauterine and postnatal exposures under
the premise that hypoxia may result in diminished fetal growth generally with reduced growth of
fetuses. This includes reduced fetal growth, increased fetal mortality and resorption, and reduced
growth prior to weaning [63]. Carbon monoxide poisoning can also cause memory lapse and
cognitive issues that are slow to resolve [64]. Hydrogen cyanide has been identified in tobacco
smoke at quantities as high as 30 to 200 ug per cigarette and is metabolized into thiocyanate in
the liver [62]. Thiocyanate has a half-life of about 3 days and is significantly less toxic than
cyanide; however, thiocyanate is still toxic particularly in inhibition of iodine transport. While
carbon monoxide limits the carrying capacity of oxygen by red blood cells, cyanide acts at the
other end of oxidative phosphorylation by the cytochrome complex where that oxygen could have
been used to generate cellular energy with blood levels as low as 0.2 mg/mL in the blood [65].
At least 16 priority polycyclic aromatic hydrocarbons (PAHSs) are found in tobacco smoke
including anthracene, benzo[a]pyrene, naphthalene, and chrysene [66]. PAHs are generated by
incomplete combustion of organic material including petrol products, wood, and tobacco. The
primary impact of PAHs from tobacco smoke has been as a carcinogen based largely on the
identification of benzo[a]pyrene from coal tar [67]. Different PAHs appear to have different
functions with benzo[a]pyrene being highly carcinogenic alone, but several PAHs and PAH
metabolites promote tumorigenesis in concert with other tobacco smoke constituents. The exact
amount of various PAHs changes between cigarettes based on the tar level, the curing process
for the tobacco, and the available nitrates during combustion [66]. While total PAH content from
burning various cigarettes has been shown to have a narrow range, the composition of specific
PAHSs can vary. There is a correlation between tar level in a cigarette and benzo[a]pyrene in the

smoke generated. However, air-cured tends to have more nitrates than flue- or sun-cured tobacco
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resulting in a reduction in the concentration of some PAHs in the smoke. Nitrates have been
shown to alter the combustion of organic compounds by forming free radical scavengers that
reduce the PAH levels from tobacco combustion. It should be noted that the increase in nitrates
is also correlated with increases in tobacco specific nitrosamines such as NNN and NNK
discussed above, which are also carcinogens generated during tobacco combustion. PAHs can
induce damage by binding purine bases in DNA to generate adducts [68]. Many PAHs are also
exogenous ligands for the aryl hydrocarbon receptor (AhR) and alter gene expression following
receptor binding [69]. There is substantial evidence that exogenous AhR agonists are detrimental
to health through the induction of genes that increase reactive oxygen species, which has long
been associated with exposure to tobacco smoke.

The gas phase of mainstream tobacco smoke contains hundreds of volatile organic
compounds (VOCs) and represents the major source of VOC exposure in the United States [66].
These VOCs are recognized as aromatic hydrocarbons, carbonyls, aliphatic hydrocarbons, and
nitriles based on their chemical structure. Aromatic hydrocarbons found in tobacco smoke are
structurally similar to, and including, benzene. Exposure to aromatic hydrocarbons has been
shown to have toxic effects that reduce immune function, disrupt development, and damage
multiple organ systems and in addition to some being carcinogenic [70]. Carbonyls are highly
reactive organic compounds consisting of aldehydes and ketones that are generated in
abundance during tobacco combustion [66]. Compounds such as formaldehyde and acetone are
well known acute respiratory irritants [71]. Chronic exposure to at least 60 parts per billion of
formaldehyde has been linked to increased rates of asthma and bronchitis in children with linear
correlation between level of formaldehyde exposure and reduction in peak expiratory flow rate
[72]. Formaldehyde also exacerbates asthma in children exposed to levels below 50 parts per
billion. Aliphatic hydrocarbons include saturated hydrocarbons, such methane and propane, as
well as unsaturated hydrocarbons, notably 1,3-butadiene and isoprene [66]. While there is little

evidence of adverse health effects from the short saturated hydrocarbons, 1,3-butadiene and
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isoprene have been identified as carcinogens in animal models [73]. The final major group of
VOCs common to tobacco smoke is nitriles, most prominent of which are hydrogen cyanide,
acetonitrile, and acrylonitrile [66]. As discussed above, cyanide is acutely poisonous by inhibition
of oxidative phosphorylation, and acetonitrile is metabolized into cyanide upon inhalation,
absorption, or ingestion [74]. Acrylonitrile is known to be a carcinogen in rats through ingestion of
inhalation [75].

Metals in tobacco smoke are generally due to presence of metals in the soil the tobacco
is grown in being taken into the plant and moved into the leaves through irrigation and ground
water [66]. As such, the quantity and species of metal in tobacco smoke will depend on the region
the plants were grown in as well as conditions during the growing period. It was noted that lead
levels in tobacco decreased as leaded gasoline was removed from the market, but cadmium,
lead, and mercury can all be found in trace amounts in the particulate phase of tobacco smoke
[66]. Cadmium accumulates throughout the lifespan due to reabsorption by the kidneys and
causes bone density loss and kidney damage [76]. Cadmium exposure has also been correlated
with lung cancer [77]. Lead is a toxic metal that damages the kidney and brain and causes anemia.
Studies have shown that blood lead levels are correlated to smoke exposure as lead absorbs
more readily through inhalation than through ingestion [78]. Exposure to metals through tobacco
smoke may increase reactive oxygen species either directly or by depleting reactive oxygen
species scavengers like glutathione. There are many more trace metals and compounds in
tobacco smoke with some estimating that as many as 10,000 species will eventually be identified.

Particulate matter (PM) is a term that describes suspended liquids and solids from a wide
range of natural and anthropogenic sources including tobacco smoke. Many constituents of
tobacco smoke can move between vapor and liquid or solid phase, and many of the constituents
already mentioned constitute a portion of the particulate matter from tobacco smoke. The
composition of particulate matter is important for understanding the effect it will have on the body

with carbonaceous and oily particulate generally having more adverse impacts than crustal
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particulate in the form or sand and dust. The size of particulate matter is important to understand
what region of the respiratory system may be affected by exposure [79]. Coarse particulate matter
is any suspended particles between 2.5 mm and 10 mm aerodynamic diameter and will generally
be deposited in the upper respiratory tract due to impaction, diffusion, and sedimentation. Fine
particulate matter is less than 2.5 mm aerodynamic diameter and is capable of diffusing into the
lower respiratory tract prior to deposition, and ultrafine particulate matter has an aerodynamic
diameter less than 0.1 mm, which facilitate diffusion through the alveolar wall into the bloodstream
[80]. The median particle size for tobacco smoke is 0.1 mm by count with a 2 mm geometric
standard deviation that indicates the majority of tobacco smoke particles are in the ultrafine and
fine particulate matter fraction [81]. These deposition patterns are important for understanding
where tobacco smoke constituents deposit, which dictates what cells are affected.
1.4.2. SideStream or Secondhand Tobacco Smoke

Environmental tobacco smoke (ETS) or secondhand smoke tobacco smoke is a
combination of firsthand tobacco smoke inhaled and subsequently exhaled by the smoker as well
as the smoke generated by the smoldering cigarette when not being puffed. The Surgeon
General's Report of 1986 focused on the health effects of ETS or passive smoking on
nonsmokers. ETS contains unique compounds due to the reduced oxygen levels and lower
burning temperature compared to mainstream smoke along with reactions between constituent
compounds in the air as ETS ages. The concentration of many of the compounds are higher in
ETS than in mainstream tobacco due to the longer time that ETS is generated [82]. Common
tobacco smoke constituents like nicotine 2.7-fold, carbon monoxide 2.5-fold, benzo[a]pyrene 3.4-
fold, 2-naphthylamine 39-fold, pyrene 3.6-fold, toluene 5.6-fold, phenol 2.6-fold, methylfuran 3.4-
fold, and acetonitrile 3.9-fold more abundant in ETS than mainstream tobacco smoke. Significant
research about the impact of secondhand smoke was carried out and hidden by cigarette
manufacturers that showed ETS was more hazardous than mainstream tobacco smoke [83].

1.4.3. Thirdhand Tobacco Smoke
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Thirdhand tobacco smoke refers to the components of tobacco smoke that settle on or are
absorbed and adsorbed into surfaces following exposure to tobacco smoke. Unlike secondhand
smoke that can be removed through ventilation, thirdhand persists long after visible smoke has
been cleared. Since thirdhand smoke persists for an extended period, thirdhand smoke ages with
exposure to heat, other chemical compounds, and light that generate compounds novel to
thirdhand smoke or increased concentrations of compounds compared to secondhand smoke.
Specifically, thirdhand smoke is shown to have increased levels of carcinogenic nitrosamines—
N-nitrosonornicotine (NNN), 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), and 4-
(methylnitrosamino)-4-(3-pyridyl)-butanal (NNA)—compared to secondhand smoke. Due to the
persistent nature of thirdhand smoke, smoke exposure can occur in buildings and cars that had
been used by smokers recently even though current occupants were nonsmokers [52].

The first study of thirdhand smoke examined dust from 72 houses, 34 with at least one
smoker and 38 with nonsmoker occupants and used gas chromatography to identify nicotine as
a marker for tobacco particulate in the dust. From surveys of smoking habits, the authors were
able to show a positive correlation between the mass of nicotine in the household dust and
the amount the occupants smoked [53]. While the authors concluded nicotine exposure from
household dust was small (<2%) compared to what a typical smoker experiences, nonsmokers
would have exposures even without secondhand smoke. Importantly, they did not account for any
other tobacco products. Subsequent studies have consistently found tobacco smoke constituents
in household dust particularly of homes of smokers [54].

1.5. Mechanisms of Tobacco Effects on the Lung

Proposed mechanisms for the effects of ETS in include altered neuroendocrine and
smooth muscle cell abundance and function, altered postnatal lung development in children,
decreased mucociliary clearance, excess mucus production and goblet cell hyperplasia, adenoid
hyperplasia, and altered club cell function. It is notable that several of these mechanisms are likely

related.
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Nicotine acts through nicotinic acetylcholine receptors on neurons as the primary cause
of addiction to tobacco products including cigarettes. The role of nicotine in smooth muscle
contraction in human airways was recently addressed in a report that examined expression of
nicotinic acetylcholine receptors on human primary airway smooth muscle from lung biopsies of
third to sixth generation bronchi from non-infectious patients [61]. Expression of nicotinic a7
acetylcholine receptor (a7nAChR) by gPCR and Western blot showed human airway smooth
muscle cells express a7nAChR and that expression of a7nAChR is elevated in asthmatics and
smokers. In vitro a7nAChR expression in human airway smooth muscle cells can be induced by
as little as 1% cigarette smoke extract. As nicotinic acetylcholine receptors have roles in
bronchoconstriction and mucus secretion, the presence of increased a7nAChR on airway smooth
muscle cells of smokers suggests it is possible that nicotine directly reduces airflow contributing
to altered lung function seen in smokers. Binding of nicotinic acetylcholine receptors in the brains
of people exposed to ETS for an hour in a car with a smoker has been shown using positron
emission tomography [84]. There are limits to studying increases in expression of nicotinic
acetylcholine receptors in humans exposed to ETS.

Elevated leukocytes in the blood [85-87] and lavage [88-90] have been reported in
smokers and people exposed to ETS. Wallace et al reported a survey of previous studies that
have shown macrophages in bronchoalveolar lavage fluid from smokers increased 4.5-9.6 fold
higher than that of nonsmokers [91]. Since smokers also have altered lung structure, the
frequency of macrophages per alveolar wall area and per airspace volume was determined from
lung biopsies for 12 smokers and 9 nonsmokers who were undergoing surgery. Consistent with
findings of altered lung architecture, lungs of smokers had reduced alveolar wall area per airspace
volume, similar to mean linear intercept. Even after correcting for alveolar wall area and airspace
volume there were more alveolar macrophages in the lungs of smokers than nonsmokers, and
smokers had more macrophages than nonsmokers with similar lung architecture. Since tobacco

smoke is known to induce changes in lung structure, it is important that those changes do not
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negate observations of elevated macrophages found in the BALF of smokers. There is an
association between numbers of macrophages, neutrophils, and NK cells in the lungs of smokers
with severity of disease and inverse correlations with FEV4 [92]. There is also evidence of
increased leukocytes in those exposed to ETS as seen by increased circulating neutrophils in
nonsmokers following exposure to secondhand smoke [86]. The tobacco smoke induced increase
in pulmonary macrophages is predictive of disease development, progression, and exacerbation.

The existence of a lung microbiome has only recently supported by evidence, and the
connection between ETS exposure and the pulmonary microbiome has not been adequately
addressed. One study recently examined the role of traffic related particulate matter under 2.5
mm in diameter on microbiota in both saliva and induced sputum in children age 14 [93]. There
were 34 subject sputum samples and 36 saliva samples analyzed for bacterial sequencing using
the V4 region of 16S. The induced sputum samples from subjects with higher exposure to traffic
related air pollution exposures had significantly greater Shannon diversity, observed amplicon
sequence variants, and Faith’s phylogenetic diversity compared to those from the lower exposure
group. These findings show that exposure to inhaled toxicants in children can alter the microbial
community in the respiratory tract, which is consistent with reports that suggest inhaled particulate
matter increases the ability of bacteria to stick to the epithelia. Given the increased frequency and
severity of respiratory infections in children exposed to ETS, an understanding of how ETS alters
the lung microbiome could provide crucial insights into reducing the harm caused by early life
ETS exposure and other pulmonary insults.

Many previous mechanisms have been shown to be reversible through tobacco cessation,
but some environmental exposures including tobacco smoke have been shown to alter gene
expression though the lifespan. Alterations in the genetic code may occur when compounds
covalently bind DNA or through intercalation between bases resulting in deformations of the helix
that hinder transcription and repair mechanisms. These can result in single nucleotide

polymorphisms, insertions, deletions, or large structural variations. Epigenetic modifications
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include changes in covalent binding of molecules such as methyl groups to the DNA itself,
alteration in covalent modification of histone tails, or by modifying transcription factors that are
responsible for regulating gene networks. Exposure to tobacco smoke including ETS has been
associated with changes to DNA methylation, histone 3 lysine 4 dimethylation, and 5-
methylcytosine levels in zebrafish (reviewed in [94]). A report that examined 348 5-7-year-old
children for global DNA methylation and another 272 children for targeted methylation based on
prenatal tobacco smoke exposure in the Children’s Health Study [95]. There was reduced
methylation of the retrotransposon AluYb8 in children exposed to prenatal tobacco smoke
compared to unexposed controls. Prenatally exposed children also had increased methylation in
the promoter regions for the extracellular matrix-detecting tyrosine kinase AXL and the receptor
tyrosine phosphatase PTPRO compared to the unexposed group. Children prenatally exposed to
tobacco smoke that expressed glutathione-S transferase Mu-1 (GSTM1) also had increased
methylation of LINE1 transposable elements compared to those without GSTM1. Of particular
concern is changes induced by exposure to toxicants that can persist not just through the lifespan
but can be passed to subsequent generations as well. Heritable changes occur through alteration
of the genetic code or by altering the pattern of expression of genes through epigenetic
modification. Genetic variability in humans and ethical questions about selected mating combine
with the persistence of and ethical questions that are involved in continuing environmental
exposures to make it difficult to assess transgenerational effects in humans.

Importantly tobacco smoke has been shown to alter expression of pulmonary surfactants
and homeostatic proteins. Club cell secretory protein (CCSP), also known as club cell 10 kDa
secretory protein, secretoglobin family 1A member 1, or uteroglobin, has been reported to be
altered in smokers and in humans and animal models exposed to secondhand smoke. The first
study to examine CCSP in prenatal tobacco exposure used timed-mated Sprague-Dawley rats
and exposed them to aged and diluted sidestream cigarette smoke for 6 hours/day, 7 days/week

from gestational day 5 until collection of samples at gestational day 14, 18, or 21 [96]. Control rats
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were housed in filtered air. The exposure system used a Teague smoking machine to generate
1.00 + 0.07 mg/m?® total suspended particles from 1RF4 research cigarettes by a 2 second, 35 mL
puff per minute per cigarette for 8 minutes per cigarette to fill a 0.44 m* exposure chamber. Rat
fetuses exposed to tobacco smoke showed CCSP in the airways beginning at gestational day 18
with increased CCSP mRNA by in situ hybridization and protein by immunohistochemistry and
increased abundance of CCSP positive cells in the bronchioles. Previous work by the same group
on the effect of postnatal aged and diluted sidestream cigarette smoke showed no difference in
CCSP protein levels by immunohistochemistry in Sprague-Dawley rats [97]. In that experiment,
male rat pups were exposed to 1 mg/m? total suspended particles from the same exposure system
with exposed dams rotated between filtered air and exposure groups. While no difference in
CCSP was found, pups exposed to aged and diluted secondhand cigarette smoke did have
reduced epithelial cell proliferation in the terminal bronchioles during the first 50 days of life and
increased Cytochrome P450 Family 1 Subfamily A Member 1 (Cyp1a1) in the exposed pups’
bronchiole epithelium.

One study divided mothers into nonsmokers, light smokers (<10 cigarettes/day), and
heavy smokers (>10 cigarettes/day) and found increased systolic to diastolic ratio in the umbilical
artery and fetal middle cerebral artery and presence of a diastolic notch, a sign of increased
resistance, in the uterine arteries of both groups of smokers compared to nonsmoking expectant
mothers [98]. Microscopic examination of the umbilical arteries of babies from smokers has shown
vascular endothelial alterations including swelling, blebbing, contraction, expansion of the
endoplasmic reticulum, and basement membrane widening compared to those born to non-
smoking mothers [99].

A small controlled study of men from rural areas showed that heavy smokers have reduced
inspiratory capacity, total lung capacity, and increased residual volume as a percentage of TLC
compared to non-smokers [100]. Tobacco use is associated with increased rupture of alveolar

septa and thickening of the pulmonary vasculature in an age and dose dependent manner that is
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not seen in non-smokers [101]. There is abundant evidence that tobacco smoke affects lung
function throughout the life with increased rates and severity of asthma and reduced lung function
in children and chronic lung disease in late adulthood.

1.6. Mechanisms of Tobacco Effects on the Inmune System

The number of circulating and airways leukocytes is elevated in smokers and those exposed to
ETS with neutrophilia driving increased circulating leukocytes and macrophages being the largest
portion in lavage while neutrophils and eosinophils were also significantly increased [85, 86, 89,
90]. The increased macrophage abundance may be restorative or an exacerbation of the disease
state.

Most epidemiological studies incorporate data on chronic exposures in populations and
are unable to assess acute effects of tobacco smoke exposure or provide for randomization of
subjects. Acute tobacco smoke exposure is when an individual or animal is exposed to tobacco
smoke for a defined amount of time when there has not typically been a history of exposure in
their life. Exposure to ETS in a small study that exposed adults to acute levels of secondhand
smoke in a controlled setting, circulating leukocytes, particularly neutrophils, were increased
following exposure compared to preexposure levels [86]. The study used two groups of 8
nonsmokers paired with 6 smokers for 3 hours in a 65.1 m® room. To generate secondhand
smoke, the smokers were encouraged to smoke as many cigarettes as they could, with 93 and
107 total cigarettes smoked during the 3-hour sessions. Average concentrations of CO were 17
£ 0.7 and 18 + 2.2 ppm, and particulate matter with a diameter less than 10 mm was 2.579 and
2.326 mg/m?. The neutrophils from smokers and nonsmokers exposed to secondhand smoke
were also more responsive to chemotaxis in response to N-formylmethionyl-leucyl-phenylalanine
and produced greater levels of reactive oxygen species when stimulated with phorbol myristate
acetate. The post-exposure responses in nonsmokers exposed to ETS were greater than
unexposed nonsmokers and generally similar to those of the smoker cohort. These data indicate

that exposure to acute levels ETS alters circulating cell counts and activity. A similar designed
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study evaluating sex and thyroid hormones found reduced testosterone and progesterone,
increased T3 and T4, and increased IL-1B and systolic blood pressure in men after exposure to
ETS for 1 hour compared to pre-exposure levels [102]. The study involved the exposure of 28
healthy young adults, half women, were exposed to 1 hour of ETS from various cigarette brands
with CO concentrations maintained at 22-24 ppm and 1 hour of room air in an exposure chamber
with blood drawn before and after each exposure. Women had reduced 17b-estradiol and
progesterone following ETS exposure.

Neutrophils of smokers and those exposed to ETS have an activated phenotype that is
not seen in healthy nonsmokers [86]. In healthy people exposed to secondhand smoke for 3
hours, neutrophil counts were elevated from baseline, and their neutrophils were more responsive
to chemotactic factors and produced more reactive oxygen species when stimulated with PMA.
In a smaller cohort, baseline blood draws were performed a week before exposure, after acute
secondhand smoke exposure, and a week after exposure. The tobacco smoke-induced immune
effects were transient with return to near baseline leukocytes, reactive oxygen species production,
and chemotaxis a week following acute ETS exposure.

All circulating leukocytes develop from progenitor populations within the bone marrow,
and at least a portion of tobacco smoke constituents reach the circulation. Consistent with
changes in circulating blood cells in smokers and those exposed to ETS, changes in the leukocyte
release from the bone marrow of smokers has been demonstrated. In a survey of 38
asymptomatic smokers who used at least 15 cigarettes per day for at least the past three years
compared with 15 age-matched controls increased leukocytes, neutrophils, and immature
neutrophils were noted [87]. There was also an increased mean fluorescence intensity for L-
selectin on leukocytes of smokers versus controls, which the authors attributed to immature
neutrophils. Neutrophils from smokers also had higher levels of myeloperoxidase compared to
those from nonsmokers, and smokers with more reduced diffusing capacity for CO compared to

predicted had higher myeloperoxidase levels than did smokers with less impaired diffusing
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capacity for CO. The neutrophils with higher myeloperoxidase also had higher levels of L-selectin
indicating a neutrophil phenotype that is both primed to release reactive oxygen species and more
capable of attaching to vessel walls in capillary beds including the lung.

Macrophage phenotype and number have been seen to be altered in COPD and other
chronic lung conditions. An examination of macrophages in 84 subjects—22 never smokers, 17
smokers with COPD, 25 former smokers with COPD, and 20 asymptomatic smokers—of whom
10-16 had bronchoalveolar lavage done found more cells and specifically more macrophages in
the BALF of COPD patients and smokers compared to never smokers [89]. The macrophages
from BALF of smokers and COPD patients also had reduced capacity to phagocytose dead cells
compared to the never smokers. The reduced phagocytosis in smokers with COPD and
asymptomatic smokers was explained by reduced expression of markers important for
macrophage interaction with cells for their role as scavengers including CD91 (a collectin-binding
receptor), CD31 (PECAM), and CD44 (a hyaluronic acid receptor). Macrophages in smokers with
COPD and asymptomatic smokers have decreased levels of maturity marker CD71 as well as
increased Ki-67 staining compared to the never smokers suggesting macrophages in the lungs
of smokers are proliferating more rapidly than in nonsmokers. Expression of macrophage surface
marks was inhibited in vitro by addition of 2.5 or 10% cigarette smoke extract to macrophages
from never smokers showing a direct effect of tobacco smoke constituents on macrophages. The
attenuation of macrophage phagocytic capacity due to tobacco smoke exposure may increase
the instances of bacterial infection as well as reduce efferocytosis.

The human body hosts a collection of microbiomes consisting of bacteria and viruses that
varies by body region and with age. While many organisms in the microbiome are beneficial,
dysbiosis can involve the introduction in pathogenic microbes or opportunistic infections of
otherwise symbiotic members of the microbiome. An indication of persistent infection is the
formation of bacterial biofiims on mucosal surfaces as biofilms provide protection for resident

microbes from host defenses and antibiotics. One study of children age 6-12 years who were
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undergoing surgery to reduce blockages of the nasal airways looked at biofilm formation on the
inferior nasal turbinate [103]. The authors collected biopsies during surgeries from 20 children
who had been exposed to ETS for a prolonged time and another 20 children without a history of
ETS exposure and validated tobacco exposure through urinary cotinine levels. Of the 20 biopsies
from children with ETS exposure, 11 had biofilms primarily for Staphylococcus aureus compared
to just one of the biopsies from the unexposed children. There were significant correlations
between number of cigarettes smoked per day in the house, duration of ETS exposure, and
urinary cotinine level and presence of biofilms from nasal biopsies. Many reports have shown
correlations between exposure to ETS and increased frequency and severity of respiratory
infections in children. This report shows a relationship between ETS exposure and formation of
biofilms, which are indicators of established bacterial colonies that may progress into infections
with higher risk of severe infection.

The role of lymphocytes in COPD has also been investigated. Hodge et al looked at
peripheral blood and bronchoalveolar lavage from 30 smokers with COPD, 30 former-smokers
with COPD, 20 asymptomatic smokers, and 30 never smokers [88]. Peripheral blood and
bronchoalveolar lavage fluid were collected with leukocyte cell differentials, and lymphocyte
phenotype was determined using flow cytometry. The authors found that current smokers and
smokers with COPD had elevated leukocytes and both all smokers and former smokers with
COPD had elevated CD8" lymphocytes in BALF. A greater percentage of peripheral blood and
BALF cells from COPD patients were positive for granzyme b and perforin in both the CD8" and
CD3" populations compared to never-smokers. The increased frequency of cytotoxic t-cells may
represent either a mechanism by which lung epithelia is destroyed leading to disease or a
response to increased damaged lung epithelial cells.

A recent study showed elevated BMP2 transcript was important for reducing beta-tubulin
protein levels in coculture of THP-1 macrophages and BEAS-2B bronchial epithelial cells [104].

The number of macrophages was elevated in mice exposed to tobacco smoke for 4 or 16 weeks
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which is consistent with findings in human smokers. The role of tobacco smoke in modulating the
immune system is clearly shown in the literature. The immune system has roles in modulating
many systems throughout the body, and dysfunction of the immune system is associated with
many chronic conditions.

1.7. Conclusion

While the effects of smoking cigarettes in adults abates and some may be reversible if tobacco
cessation is initiated before the onset of chronic disease, the impact of ETS exposure on children
is less clearly reversible. During early childhood the size and complexity of the lung increases
substantially in a short period of time, and the lungs continue to grow into early adulthood.
Exposure to ETS causes changes to the lung at the cellular level that do not appear to be
reversible and may be a factor in lung disease later in life. Many questions remain about the
mechanisms by which the complex mixture of chemicals that comprises ETS initiate the damage
caused during early life, and a greater understanding of these mechanisms may provide

opportunities to halt damage only among children and possibly reverse damage in adults.
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Chapter 2

Differential effects of environmental tobacco smoke exposure

on lung injury and immune function due to age and sex

2.1. Abstract

Exposure to environmental tobacco smoke (ETS) is a known risk factor for increased rates and
severity of respiratory infection and reduced pulmonary function. There are significant differences
between the sexes regarding both immune response and sensitivity to ETS. There are many
unknowns in how ETS effects males and females differently during early development. We
hypothesize that neonatal ETS exposure induces persistent changes to the lung that correspond
to altered gene expression in a sex-dependent manner. We used a murine model of neonatal
ETS exposure to evaluate lung injury, immune cell recruitment following LPS challenge, and
transcriptomic changes in adulthood. We evaluated gene ontology biological processes, KEGG
pathways, and Hallmark Pathways. Female but not male mice showed elevated lavage protein
an increased macrophages following neonatal ETS exposure. There were significant differences
in gene expression in response to LPS challenge between the sexes. Male mice neonatally
exposed to ETS had reduced resolution of inflammation compared to control males following LPS
challenge. Female mice had significantly upregulated Hallmark Pathways based on neonatal ETS
exposure with control mice having increased allograft rejection and oxidative phosphorylation
pathways following sham and LPS challenge, respectively. These findings show mechanisms
through which neonatal ETS exposure alters pulmonary gene expression and induces lung injury

in a sex-dependent manner.
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2.2. Introduction

Despite smoking continuing to decline in the United States for over 50 years, exposure to
environmental tobacco smoke (ETS) remains a significant problem with millions of children
exposed annually [1, 2]. Exposure to ETS is associated with increased rates of metabolic disorder,
behavioral and cognitive issues, asthma, wheezing, and respiratory infections as well as asthma
exacerbations and more severe respiratory infections [3]. Both exposure to ETS and severe
respiratory infections are associated with reduced lung function during early life, which is then
correlated with reduced lung function into adulthood and may contribute to increased rates of
chronic lung disease [4]. There are several mechanisms through which tobacco smoke alters lung
function: altering epithelial cell phenotype, inducing immune responses, and cytotoxicity.
However, patterns of disease are not uniform across exposed populations. There are relevant
sexual dimorphisms in some respiratory diseases. Asthma is more prevalent in boys than girls,
but more common in women than men [5]. Men tend to have obstructive apnea than women in
part due to morphological differences in the upper respiratory tract [6]. Essential to understanding
the role of environmental exposures on pulmonary diseases is an understanding of pulmonary
development.

The lungs begin development in utero as a lung bud off the foregut. As the fetus grows
the lungs progress through organogenesis to the pseudoglandular, saccular, and finally alveolar
stages of growth, which in humans begins during the third trimester. By contrast, rodents are born
in the saccular stage and begin bulk alveolarization during the first postnatal week. The role of
sex in lung development begins in utero where androgens and female sex hormones have been
shown to have opposing effects on lung development with estrogens inducing the production of
surfactants [6]. The expression of surfactant is one of the final stages of preterm lung development
and is an indicator of reduced morbidity in late preterm births. The lungs continue to grow with
increasing alveolarization and size into early adulthood. Boys then tend to have larger lungs with

more total alveoli and alveolar surface area than girls throughout development, and males have
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larger lung volumes and flows than women in all parameters except resistance as women have
relatively larger airways [6]. Whether these differences confer an advantage to either sex is
unclear. Chronic obstructive pulmonary disease is a leading cause of death with men traditionally
having more diagnoses [7]; however, physician bias may be an important factor in
underdiagnosing women with COPD particularly in the absence of spirometry [8]. The primary
causative agent of COPD is smoking, and women who smoke are more likely than male smokers
to develop COPD [9]. When normalized for confounding factors, women are more likely than men
to develop COPD while other diseases such as pulmonary hypertension and pregnancy related
asthma exacerbation occur primarily or exclusively in women [10]. How sex impacts disease
progression during early life remains unknown.

Several reports have shown alterations in pulmonary cellular phenotype due to exposure
to inhaled toxicants including ETS during the in utero and early postnatal periods. Ji et al showed
that prenatal exposure to aged and diluted sidestream smoke increased expression of club cell
secretory protein, a major homeostatic protein in the lung lining fluid and the principle marker for
club cells, by gestational days 18 and 21 [11]. Similarly, tobacco smoke has been shown to induce
goblet cell hyperplasia in rats [12] and induces expression of mucin 5ac, produced by pulmonary
goblet cells during stress, in human bronchial epithelial cells in vitro by activating transcription
factor Sp1 [13]. And several reports show induction of immune responses in the lung due to
mainstream tobacco smoke and ETS [14-18]. Little work has assessed sexual disparities
alongside the impact of ETS during development.

We hypothesized that neonatal ETS exposure produces persistent changes in pulmonary
pathophysiology that is associated with an altered transcriptome. We sought to assess lung injury
and immune recruitment in adult lungs using a neonatal murine model of ETS exposure. To
assess immune responses and resolution, mice were challenged with lipopolysaccharide by
oropharyngeal aspiration and assessed 24 hours later. Additional samples were collected for

transcriptome sequencing and downstream analysis. To assess the impact of sex on early-life
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ETS exposure, both male and female animals were included in all experiments and data
segregated by sex in all analysis. These studies show important differences in pulmonary

response to ETS between males and females even after exposure to inhaled toxicants ends.
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2.3 Methods
2.3.1. Animals

All experiments were performed under the auspices of the Animal Care and Use
Committee of the University of California at Davis (protocols 19980 and 21794). Gestational day
8 C57BL/6J dams were purchased from the Jackson Laboratory (Sacramento, CA) and allowed
to acclimate at the California National Primate Research Center for 14 days until pups were 3
days old prior to treatments. Pups were maintained with their dams until weening at postnatal day
21. As controls, five-week-old male and female C57BL/6J (000664) mice were purchased and

allowed to acclimate 1 week prior to treatment.

2.3.2. Environmental Tobacco Smoke Exposures

Starting at postnatal day 3, C57BL/6J mouse pups housed with dams or six-week-old adult
controls co-housed up to 4 per cage were exposed to filtered air or whole-body tobacco smoke.
Exposure was performed for 6 hours/day for 5 days at a concentration of 1-2 mg/m?® total
particulate matter. Tobacco smoke was generated using a TE10 cigarette smoking machine
(Teague Enterprises, Woodland, CA) with a 35-mL puff volume, a 2-second puff duration, once
per minute (Federal Trade Commission smoking standard) on two 3R4F reference cigarettes
(Center for Tobacco Reference Products, University of Kentucky) at a time for 10 puffs per
cigarette [19]. Total suspended particles were measured twice daily during the exposure by
drawing air from the exposure chamber at a known rate and collecting particulate matter on a
submicron filter for 1-hour and calculating the mass difference. Chamber carbon monoxide
concentration was measured and recorded continuously during the week of exposure to assess
consistency of exposure conditions. Following exposure, some mice were allowed to recover for

5 weeks in filtered air.

2.3.3. Oropharyngeal Aspiration of Lipopolysaccharide
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Mice that were exposed to ETS or FA and allowed to recover were challenged by oropharyngeal
aspiration of 0.25 ug LPS or sterile PBS and necropsied 24 hours later [20]. Briefly, mice were
anesthetized by whole body exposure to 2% isoflurane in oxygen and then suspended by the
cranial incisors by a silk suture tied to a slanted board. Anesthesia was maintained by continued
administration of isoflurane through a nosecone. The tongue was pulled out and to the side to
control the swallow reflex before 50 uL of LPS or PBS was injected into the pharynx with a
micropipettor. The nose was held closed to force inhalation through the mouth. The fluid level and
respiration were observed to ensure aspiration into the lungs which was accompanied with an

audible crackling sound.

2.3.4. Bronchoalveolar Lavage Cell Count and Differential

Following exposure, mice were euthanized with an overdose of >100 mg/kg sodium
pentobarbital diluted to 39 mg/mL in sterile PBS by intraperitoneal injection. The renal artery was
severed, and lungs were perfused with 3 mL saline injected into the right ventricle. The trachea
was cannulated, and 1 mL PBS was injected into the lungs and lavage was recovered
immediately. Lavage was repeated with another 1 mL of PBS and both portions were pooled as
bronchoalveolar lavage fluid (BALF).

BALF volume was measured with a serological pipet. BALF cellularity was determined by
addition of 10 uL BALF to 10 uL trypan blue, and cells were counted on a Countess automated
cell counter. Total BALF cells was calculated as the product of recovered volume and cell count.
Cytospins were prepared by adding 100 uL BALF to a cytospin funnel and centrifuged onto slides
for 5 minutes at 800 RPM in a Cytospin 4 (ThermoFisher, Waltham, MA). Slides were stained with
Shandon Kwik-Diff (Thermo Shandon, Kalamazoo, MI) using manufacturer’s protocol and
differentials were counted by counting 300 cells per slide on an Olympus BH-2 polarizing

trinocular microscope (Olympus Scientific Solutions Americas, Waltham, MA). Percent differential
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is the quotient of number of each type of leukocyte and total leukocytes counted. Total leukocyte

differential is the product of the percent and the total BALF cells.

2.3.5. Bronchoalveolar Lavage Protein Concentration

Collected bronchoalveolar lavage was centrifuged at 300 rcf for 5 minutes at 4° C to pellet
lavage cells. BALF was removed to separate tubes and stored at -80° C. Protein concentration
was determined using Pierce BCA protein assay (ThernoFisher) using manufacturer’s protocol.
Briefly, standards and samples were added to duplicate wells with working reagent and incubated
for 30 minutes at 37° C before optical density was measured at 562 nm on a microplate reader.
Protein concentration of samples was calculated by subtracting the optical density of the blank

and multiplying the optical density by the slope of the standard curve.

2.3.6. Bulk RNA Sequencing and Analysis

At necropsy, lungs were perfused with 3 mL of saline injected into the right ventricle to
remove circulating blood cells. The trachea was then canulated and 1 mL of RNALater was
injected to permeate the lung tissue and preserve RNA integrity. The lungs were excised and
stored with additional RNALater first at 4° C overnight and then at -80° C until RNA was isolated.
RNA was isolated using a RNeasy Mini Plus kit and RNase-free DNase | (Qiagen, Germantown,
MD) according to manufacturer’s protocol. Purity of samples was determined using a Nanodrop
ND-1000 (ThermoFisher). RNA was quantified using Qubit RNA broadrange kit and a Qubit 4
fluorometer (Invitrogen, Carlsbad, CA). RNA integrity was determined on a LabChip analyzer by
the DNA Technologies and Expression Analysis Core at the UC Davis Genome Center. Libraries
were prepared for lllumina NovaSeq 6000 S4 sequencing by the DNA Technologies and

Expression Analysis Core. The sequencing was carried by the DNA Technologies and Expression
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Analysis Core, supported by NIH Shared Instrumentation Grant 1S100D010786-01. Initial QC
was performed using the default lllumina chastity filter and data is exported as FASTQ files.

Once RNA counts were obtained, analysis was run by the UC Davis Bioinformatics core.
Libraries were normalized in edgeR using the trimmed means of M-values, or TMM, method and
genes with fewer than six counts per million reads in all samples were filtered out. Differential
expression analysis was conducted using Limma-Voom to obtain differentially expressed genes
between treatments and values for their logFC, average expression across all samples, and raw
p-values. Adjusted p-values were calculated using the Benjamini-Hochberg method.

Further analysis was done by analyzing associated hallmark gene sets in the Molecular
Signatures Database using the Gene Set Enrichment Analysis (GSEA) software (UC San Diego
and the Broad Institute) [21-23]. Count data for each group and metadata were loaded into GSEA
software and pairwise comparisons of relevant groups were carried out. Gene Ontology (GO)
enrichment analysis of biological process pathways was done using GeneOntology with the
PANTHER tool [24-26]. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway and
reactome analysis were carried out using gProfiler [27]. Venn diagrams of differentially expressed

genes were generated using GeneVenn [28].

2.3.7. Statistical Analysis
Statistical analysis was performed using Prism 9.0 software (Graphpad, San Diego, CA).
Significance was determined with one-way ANOVA with Tukey post-hoc comparison of multiple

means or student’s t-test.
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2.4. Results
2.4.1. Neonatal environmental tobacco smoke exposure induces lung injury

Tobacco smoke exposure during early life is associated with increased rates and severity
of respiratory infections [29]. To understand how neonatal environmental tobacco smoke (ETS)
exposure effects the lungs in adulthood, postnatal day 3 mice were exposed to mixed mainstream
and sidestream smoke (ETS) for 6 hours each day for 5 days along with 6-week-old adult controls
and allowed to recover for 5 weeks in filtered air before immune challenge with 0.25 ug
lipopolysaccharide in sterile PBS 24 hours prior to necropsy (Figure 1A). To administer a
physiologically relevant LPS challenge, an LPS dose response was carried out prior to exposures
(Supplemental Figure 1). A typical dose of LPS ranges from 1-10 ug based on our review of the
literature, so single doses of 1, 5, and 10 ug were administered as well as titration down to 0.25
Mg LPS. As the lowest dose showed induction of an inflammatory response as shown by
increased neutrophils in the lavage fluid (Supplemental Figure 1G-H) that dose was used.
Neonatal exposure to ETS resulted in increased protein concentration in the bronchoalveolar
lavage fluid (BALF) in sham challenged (Figure 1B) and LPS challenged mice (Figure 1C)
compared to age-matched and adult controls. We separated the mice by sex to determine if there
was a difference between the response to neonatal ETS exposure between males and females.
Female neonatally ETS exposed mice had significantly more BALF protein compared to age-
matched and adult control in both sham (Figure 1D) and LPS challenge (Figure 1E). While male
neonatally ETS exposed mice had more BALF protein than adult controls in sham challenge,
there was no significant difference from age-matched controls (Figure 1F). There was no
difference between BALF protein in LPS challenged males regardless of exposure or age. These
findings suggest a sex-dependent effect of neonatal ETS exposure on lung injury.
2.4.2. Neonatal environmental tobacco smoke exposure results in elevated lavage cells

Lung injury involving increased BALF protein often also involves altered immune cells

within the lung. We examined the abundance of BALF cells collected at necropsy. More BALF
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cells per volume were recovered from the lungs of neonatally ETS exposed mice challenged with
LPS compared to adult controls (Figure 2A). This difference was primarily attributable to
neonatally ETS exposed female mice (Figure 2B) while male mice had no difference between
treatments (Figure 2C). The abundance of BALF cells recovered was not significantly different
between groups with sham challenge or by sex (Supplemental Figure 2C-E). The volume of
lavage fluid recovered was not significantly different between groups (Supplemental Figure 2A-
B). The total number of cells recovered from sham challenged, neonatally ETS exposed mice was
higher than in age-matched controls and adult ETS exposed controls but not adult filtered air
controls (Figure 2D). Neonatally ETS exposed female mice given sham challenge had more total
cells than adult exposed ETS controls and a not significant trend over age-matched controls
(Figure 2E). There was no difference between males on the total cells recovered based on
exposure (Figure 2F). Neonatally ETS exposed mice challenged with LPS had more total cells
than adult controls but not significantly more than age-matched controls (Figure 2G). When
divided by sex, neonatally ETS exposed females had significantly higher total BALF cells than
age-matched and adult controls (Figure 2H) while there was no difference in males between
exposure groups following LPS challenge (Figure 2I). These results show a sex difference in total
immune cells in the lung based on neonatal ETS exposure.
2.4.3. Neonatal environmental tobacco smoke exposure alters pulmonary immune composition
The typical composition of cells recovered from BALF in a resting state is predominantly
macrophages with humans having 85% [30] and C57BL/6 mice having 94% macrophages [31].
To determine the effect of neonatal ETS exposure on BALF cell composition, cytospin slide were
created with lavage fluid and fixed and stained for cell differential. With sham challenge, there
was no difference between neonatally ETS exposed mice and age-matched or adult controls in
the percent of lymphocytes (Figure 3A), macrophages (Supplemental Figure 3J-L), or neutrophils
(Supplemental Figure 3P-R). When separated by sex, neonatally ETS exposed female mice had

a reduced percentage of lymphocytes compared to adult ETS exposed mice with a trend toward
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reduced lymphocytes compared to age-matched controls (Figure 3B) while there was no
difference among males (Figure 3C). LPS challenge resulted in no differences in percent
differential between neonatally ETS exposed and age-matched control in lymphocytes
(Supplemental Figure 3G-lI), macrophages (Supplemental Figure 3M-O), or neutrophils
(Supplemental Figure 3S-U). Total lymphocytes (Supplemental Figure 3A-C) and neutrophils
(Supplemental Figure 3D-F) were not different between exposures in sham challenged mice.
Sham challenged neonatally ETS exposed mice had elevated macrophages compared to age
matched and adult ETS exposed controls (Figure 3G) with females being significantly elevated
over adult controls (Figure 3H) while there was no difference in males (Figure 3l). When
challenged with LPS there was no difference in total lymphocytes (Figure 3D), but female
neonatally ETS exposed mice had elevated lymphocytes compared to adult controls (Figure 3E)
while males did not (Figure 3F). Neonatally ETS exposed mice challenged with LPS had elevated
macrophages (Figure 3J) and neutrophils (Figure 3M) compared to adult controls. Only females
had significantly higher total macrophages (Figure 3K) and neutrophils (Figure 3N) while no
differences existed between males (Figures 3L, O). Collectively, this shows a sex-dependent
dysregulation of the pulmonary immune profile in adulthood following neonatal ETS exposure.
2.4.4. Neonatal environmental tobacco smoke exposure alters pulmonary transcriptomics
Macrophages are known regulators of tissue function, so we performed paired-end
transcriptomics on whole lung homogenate RNA using the Illlumina NovaSeq platform to assess
differences between the lungs of neonatally ETS exposed mice and age-matched filtered air
controls in adulthood after either sham or LPS challenge. Differential gene expression was carried
out using edgeR and Limma-Voom. Both males and females separated based on sham or LPS
challenge (Figure 4A, D). Interestingly, neonatally ETS exposed female mice grouped more tightly
than filtered air controls after sham challenge (Figure 4A). The sham challenge females from both
exposures also grouped more closely together than the LPS challenge controls and ETS exposed

females did (Figure 4A). By contrast the LPS challenged males did not cluster independently by
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exposure (Figure 4D). The top 50 differentially expressed genes in sham challenged female
(Figure 4B), LPS challenged female (Figure 4C), sham challenged male (Figure 4E), and LPS
challenged male (Figure 4F) were generated using Gene Set Enrichment Analysis (GSEA). There
was little overlap between the top 50 genes of males and females for each exposure and
challenge (Figure 4G-J). Neonatally ETS exposed males and females given sham challenge have
increased Hoxd4 (Figure 4H). LPS challenged filtered air control male and female mice have
increased Cyp1a1, Cyp1b1, and Trdv2 (Figure 41). Neonatally ETS exposed males and females
have increased Proc (Figure 4J).

Differential gene expression using edgeR showed no significantly upregulated genes
between control and neonatally ETS exposed mice following either sham or vehicle challenge.
However, edgeR is relatively conservative in identifying differentially expressed genes relative to
other commonly used software returning a moderate number of differentially expressed genes
with a modest sensitivity due to a low false discovery rate [32]. In order to understand changes
that result in the observed phenotype, we compared control sham and LPS challenged female
mice to see the top differentially expressed genes in GSEA (Figure 5A) and compared those with
neonatally ETS exposed sham and LPS challenged female mice (Figure 5B). There were 5931
differentially expressed genes between sham and LPS challenge in filtered air and 5161
differentially expressed genes between sham and LPS challenge in ETS with adjusted p-values
below 0.05, and 3668 of those genes overlapped (Figure 5C). To further refine the comparison,
a fold-change cut-off of 2 was used, which returned 893 differentially expressed genes in filtered
air and 955 differentially expressed genes in neonatally ETS exposed female mice with 693 genes
common between the exposures (Figure 5D). These results were further refined to show 713
differentially expressed genes up in filtered air and 781 differentially expressed genes up in
neonatally exposed females with 603 overlapping due to LPS challenge (Figure 5E). Sham
challenge resulted in 180 differentially expressed genes in control and 174 differentially expressed

genes in neonatally exposed females with 90 overlapping (Figure 5F). Male filtered air control
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(Figure 5G) and neonatally ETS exposed mice (Figure 5H) had more variation in their top
differentially expressed genes. This carried over with 6654 differentially expressed genes in
control and 1132 differentially expressed genes in neonatally ETS exposed male mice with 1066
common between the exposures (Figure 5l1). There were 2341 differentially expressed genes in
filtered air and 579 differentially expressed genes in neonatally ETS exposed males with 517 gene
overlapping (Figure 5J). Of those, filter air control had 922 differentially expressed genes and
neonatally ETS exposed male mice had 484 differentially expressed genes that were up due to
LPS challenge (Figure 5K). By contrast, 1419 differentially expressed genes in filtered air control
and only 95 differentially expressed genes in neonatally ETS exposed male mice were up due to
sham challenge (Figure 5L). This shows a differential effect of neonatal ETS exposure on the lung
transcriptome by sex.
2.4.5. Sexual dimorphism in Hallmark Pathways following neonatal ETS exposure

To further understand the changes in gene expression and how they may manifest as a
phenotype, we ran Hallmark Pathway analysis within GSEA on the sequencing reads. Hallmark
Pathway analysis uses defined sets of genes that are associated with specific phenotypes and
relevant biological states [23]. We used the standard cutoff false discovery rate of 0.25 to identify
Hallmark Pathways that are upregulated within each condition. In control females, LPS challenge
resulted in 27 Hallmark Pathways being upregulated over sham challenge (Table 1) while there
were no upregulated Hallmark Pathways due to sham challenge. Enrichment plots (Supplemental
Figure 4) and core enrichment genes (Supplemental Figure 5) show LPS challenge increased
gene expression of coherent gene sets in filtered air exposed female mice. Neonatal ETS
exposed female mice challenged with LPS had 28 upregulated Hallmark Pathways compared to
sham challenge (Table 2) while there were no upregulated pathways in sham challenged females.
Enrichment plots (Supplemental Figure 6) and core enrichment gene sets (Supplemental Figure
7) show the pattern of genes upregulated by LPS challenge following neonatal ETS exposure in

female mice. Between filtered air and neonatal ETS exposed females there were three unique
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Hallmark Pathways. Filtered air females upregulate the oxidative phosphorylation pathway while
neonatally ETS exposed females upregulate the estrogen response late and apical junction
pathways.

In control males there were no Hallmark Pathways upregulated by either LPS and sham
challenge. Neonatally ETS exposed males had 24 Hallmark Pathways upregulated by LPS
challenge compared to sham (Table 3) while sham challenge upregulated no pathways.
Enrichment plots (Supplemental Figure 8) and core enrichment gene sets (Supplemental Figure
9) show patterns of gene expression that define neonatally ETS exposed males in the response
to LPS challenge. Interestingly, there are several unique Hallmark Pathways when comparing
males and females. Beside the absence of Hallmark Pathways regulated by LPS challenge in
control males compared to 27 pathways in control females, neonatally ETS exposed males
surprisingly had upregulated spermatogenesis compared to sham challenge males. LPS
challenge in neonatally ETS exposed females upregulated apical junctions, estrogen response
late, glycolysis, epithelial mesenchymal transition, and angiogenesis while males did not.

When neonatally ETS exposed female mice were compared with filtered air controls with
sham challenge, the allograft rejection Hallmark Pathway was upregulated in control female mice
(Figure 6A-B). Following LPS challenge, filtered air control female mice had upregulated oxidative
phosphorylation Hallmark Pathway compared to neonatally ETS exposed female mice (Figure
6C-D). No Hallmark Pathways were significantly enriched in male mice between the filtered air
and neonatally ETS exposed chorts. These findings show biologically meaningful changes in
groups of genes between males and females based on neonatal ETS exposure.

2.4.6 Differences in gene ontology, KEGG Pathways, and Reactome on the basis of sex

To further understand the changes in lung transcriptome due to neonatal ETS exposure,
differentially expressed genes with at least 2-fold difference in expression were used to determine
gene ontology biological processes. Gene ontology assigns genes to tiers of biological processes

that range from broad to concise without determining dependency [24]. Differentially expressed
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genes from filtered air control female mice challenged with LPS generated many gene ontology
biological processes (GO:BP). The top 20 are in Table 4 and include regulation of MyD88 toll-like
receptor signaling pathway and several other pathways expected to be upregulated following LPS
challenge. The differentially expressed genes up in sham challenge control female mice only
returned 18 GO:BP annotations (Table 5) including neuronal action potential, drug metabolic
process, sodium ion transport, fatty acid metabolic process, and inorganic cation transmembrane
transport. Differentially expressed genes from the lungs of neonatal ETS exposed female mice
given LPS challenge returned many GO:BP. The top 20 GO:BP for ETS exposed females
challenged with LPS is Table 6. Like control females challenged with LPS, many GO:BP are
related to the immune response. The top differentially expressed genes from neonatally ETS
exposed female mice given sham challenge returned only 10 GO:BP (Table 7).

in control males challenged with LPS, many GO:BP were returned (top-20 Table 8).
However, the results for males is not predominantly immune responses as seen in females.
Control males given sham challenged also generated many GO:BP with the top-20 in Table 9.
Differentially expressed genes in neonatally ETS exposed males challenged with LPS generated
many GO:BP with many immune responses represented (Table 10) similar to female mice under
the same exposure and challenge (Table 6). Neonatally ETS exposed male mice given sham
challenge also generated many GO:BP (top-20 Table 11) with response to oxygen deficit and
toxicant metabolism seeming to be important. These shows a clear pattern of altered immune
response following LPS challenge between males and females neonatally exposed to ETS.

We also examined the Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathways
using differentially expressed genes with at least 2-fold difference. Sham challenge of control
female mice resulted in upregulation of only the drug metabolism — cytochrome P450 KEGG
Pathway (Figure 7A). By contrast LPS challenge of control female mice resulted in upregulation
of 52 mostly immune related KEGG Pathways (Figure 7B). Sham challenge in neonatally ETS

exposed female mice resulted in upregulation of the valine, leucine, isoleucine degradation and
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metabolic pathways as well as the drug metabolism — cytochrome P450 KEGG Pathway in control
females (Figure 7C). And neonatal ETS exposed female mice challenged with LPS produced 56
mostly immune related KEGG Pathways (Figure 7D). In control males given sham challenge there
were 43 KEGG Pathways representing a variety of cellular responses (Figure 7E). Control males
given LPS challenge had 40 mostly immune related KEGG Pathways (Figure 7F). Neonatally ETS
exposed males given sham challenge had only the drug metabolism — cytochrome P450 and
metabolism of xenobiotics by cytochrome P450 KEGG Pathways (Figure 7G) while LPS challenge
again resulted in 38 mostly immune KEGG Pathways (Figure 7H). This suggests an interesting
counter regulation of cytochromes during immune response to LPS in addition to the differences
between exposure-challenge cohorts on the basis of sex.

Finally, we looked at reactome pathways using the differentially expressed genes from
each exposure challenge cohort. Reactome pathways are curated networks that represent our
current understanding of the effect of an entity on the biological system it effects, such as a drug,
vaccine or pathogen [33]. No reactome pathways were indicated in control females given a sham
challenge. Control female mice challenged with LPS demonstrated 37 reactome pathways that
include many immune responses (Figure 8A). Neonatally ETS exposed sham challenged female
mice only upregulated the FMO oxidises nucleophiles and cysteine formation from homocysteine
reactome pathways (Figure 8B) while LPS challenge resulted in 37 predominantly immune related
reactomes (Figure 8C). Sham challenge of control male mice resulted in only 9 upregulated
reactome pathways (Figure 8D) while LPS challenge resulted in 100 reactome pathways being
upregulated (Figure 8E). Neonatally ETS exposed male mice given a sham challenge only
upregulate the FMO oxidises nucleophiles reactome pathway (Figure 8F) while LPS challenge
resulted in 30 mostly immune related reactome pathways to be increased (Figure 8G). This
indicates additional differences between males and females based on early-life exposure and

immune challenge.
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2.5. Discussion

We demonstrate that neonatal ETS exposure in this murine model is sufficient to induce
lung injury detectable by elevated BALF protein that coincides with altered immune cells profile
and abundance in the lungs of females but not males in adulthood. Female mice exposed to ETS
neonatally have elevated macrophages in their lungs and exacerbated immune responses to LPS
with increased macrophages and neutrophils. Immune challenge with LPS also exacerbated lung
injury with markedly increased BALF protein. This phenotype correlates to changes in the
pulmonary transcriptome that are also sex dependent. Specifically neonatal ETS exposure results
in reduction in genes in the allograft rejection Hallmark Pathway at rest and reduction in gene in
the oxidative phosphorylation Hallmark Pathway following LPS challenge compared to age-
matched controls. Males and females exhibit different clustering patterns based on neonatal ETS
exposure following LPS challenge with males exposed to ETS clustering with males only exposed
to filtered air. These differences also manifest in differences in Hallmark Pathways, KEGG
Pathways, and reactome pathway between males and females depending on their ETS exposure.
Interestingly we also note that immune challenge with LPS seems to be counter-regulated with
cytochrome P450 responses that are important for xenobiotic metabolism and detoxification.

Lung injury is commonly associated with increased protein levels in the lung lining fluid
due to disruption in the epithelium with increased abundance of serum protein which can be
detected by lavage; however, protein level alone is insufficient to determine the relevance of lung
injury as many homeostatic lung proteins are in found in high abundance in the lung lining fluid
including surfactant proteins and club cell secretory protein [34]. Recent proteomic approaches
have attempted to identify and quantify proteins in the lung lining to improve the diagnostic value
of lavage samples. One study of BALF from 36 acute respiratory distress patients found 114
differentially abundant proteins between survivors and non-survivors that mapped to pathways
such as coagulation/thrombosis, acute phase response signaling, and complement activation

[35]. While we did not attempt to quantify any proteins in the lavage fluid from our subjects, we
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did identify upregulation of complement and coagulation Hallmark Pathways following LPS
challenge. A recent meta-analysis of protein abundances in lavage fluid found increased lavage
fluid protein, albumin, phospholipase A2 activity, Serpine1, soluble receptor for advanced
glycation end products, and platelet activating factor-acetyl choline to be predictive of acute
respiratory distress syndrome [36]. The female neonatally exposed mice had elevated lavage
protein and five not-significantly upregulated phospholipase A2 genes while serpine1 was not
significantly downregulated compared to filtered air controls. As phospholipase A2 production of
platelet activating factor is a common pathway in immune cells, which were elevating in the lungs
of neonatally ETS exposed female mice, this may indicate a sex-dependent predisposition to
future acute respiratory distress. Proteomic evaluation of lavage fluids from patients exposed to
ETS in early childhood or in animal models may provide evidence of lasting pre-disposition to lung
injury following neonatal ETS exposure.

Differences between male and female pediatric populations have been observed with
regards to respiratory infections, asthma, wheezing, respiratory distress syndrome, and chronic
lung diseases of prematurity [37]. Males have increased rates of most pediatric lung diseases
including acute respiratory illness and interstitial lung disease during early life [37] while females
have higher asthma rates and greater severity in adulthood [38]. Exposure to intrauterine tobacco
smoke influences lung growth in females such as to increase airways resistance, which is
normally much lower than males [39]. These sex differences that seem to favor females during
early life may be largely attributable to the larger airways relative to lung volume in females relative
to males [40]. This makes conditions such as common respiratory infections that can restrict
airflow less pronounced in pediatric females relative to males despite males and females having
equivalent rates of infection [37]. However, puberty is associated with the end of lung growth and
the beginning of lung function decline in females at an earlier timepoint than males which may
partially explain the increased asthma rates of women compared to men, whose lung continue

growing for a lunger duration [40]. There is evidence that sex hormones also play an important
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role in lung diseases. Immune cells express estrogen, androgen, and progesterone receptors and
experiments have shown that estrogen signaling increases the number of macrophages as well
as their expression of toll-like receptors and phagocytosis [41]. The increased number of
macrophages found in neonatally ETS exposed mice may also contribute to sex hormone
dependent effects due to their production of aromatase, which converts testosterone to estradiol
[41]. As estrogen receptor signaling can recruit a variety of histone modifying enzymes including
acetyl and methyl transferases [42], it is unclear if the altered immune response observed in
neonatally ETS exposed females is caused by the presence of predominantly female sex
hormones or if inflammation causes the generation of female sex hormones. Further research will
need to be done to assess hormone levels and chromatin configurations in the lung through such
exposures.

Studies have shown that ETS exposure alters pulmonary immune function in adults [43,
44] and children [45-48]. We found increased immune cells in the lavage fluid of neonatally ETS
exposed females in adulthood that indicates lasting effects of such an exposure. By contrast no
difference in lavage cells was seen in males. Increased immune cells, particularly neutrophils and
polarized macrophages, in the lungs have been associated with a number of diseases including
asthma [49, 50], chronic obstructive pulmonary disease [51, 52], and acute respiratory distress
syndrome [53, 54]. Interestingly control males had no distinguishing Hallmark Pathways between
sham and LPS challenge while neonatally ETS exposed males did. LPS challenge has been
shown to induce gene transcription in waves with early response genes such as tumor necrosis
factor alpha and interleukin 6 peaking within the first 4 hours post-challenge [55]. This study also
found that interleukin 8 (IL-8) rose in the first wave and again in a second wave that peaked at
the end of 24 hours. The cxcl8 gene that encodes IL-8 does not exist in the murine genome with
other genes—cxcl1 and cxcl2—performing similar roles in immune cell recruitment. This
confounds studying human lung diseases using a murine model. One study that examined

expression of human Cxcl8 in murine bronchial epithelium found reduced mortality from
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Pseudomonas aeruginosa with concurrent lung remodeling, elevated inflammation, and leaky
tight junctions. They showed elevated neutrophils and TNF-a and reduced macrophages. While
IL-8 was associated with increased TNF-a, there was no significant change in CXCL1, CXCL2,
or IL-6. Importantly, they also found increased TGF-b1, Foxp3, Tbet, and IL-10 suggesting an
induction of regulatory T helper cells [56]. A study in healthy human male adults age 18-40 years
old found that gene expression largely returned to normal by 24 post LPS challenge using 2 or 3
ng/kg body mass of LPS intravenously [57]. It is difficult to associate human and mouse LPS
dosing due to varying sensitivity to LPS between species with humans being at least a thousand
times more sensitive to LPS than mice [58]. However, we intentionally used the lowest dose to
produce a detectable immune response in the lungs in healthy adult mice for our study, and our
dose is over 3000 fold less than the lethal dose for fifty percent (25.6 mg/kg) of similarly aged
wild-type mice [59]. We assessed immune responses 24 hours post challenge when responses
should be resolving, but female mice and neonatally ETS challenged males had increased
expression of immune-related genes. The absence of Hallmark Pathways between sham and
LPS challenged male mice is consistent with findings in healthy adult males. This failure to resolve
immune responses following neonatal ETS exposure may represent a pathway in which ETS
exposure exacerbates respiratory infections in males that are already more common than in
females [60]. The induction of many of the same pathways seen in both control and neonatally
ETS challenged females suggests both an important sex difference in response to immune
challenge and a shift between the typical resolution of the immune response due to early life ETS
in males. How this is controlled is an important question to answer given the higher mortality in
infant males.

We found Hallmark Pathways upregulated in female but nor male mice in the control group
compared to the neonatally ETS exposed cohorts. The increase in allograft rejection in the sham
challenge group may indicate an impaired immune response following neonatal ETS challenge.

The Hallmark Pathway for allograft rejection is itself composed from 200 genes from 190
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collections generally associated with immune function [23]. Females of many species including
mice and humans exhibit a different pattern of response to stimuli including immune responses
that begin prior to sexual differentiation and is effected by sex hormones [61]. In general, females
have more robust immune responses [62] and adaptive immune responses but also experience
higher levels of autoimmune disease [63]. The downregulation of immune pathways following
neonatal ETS exposure in females may predispose females to increased frequency or severity of
respiratory infections [60]. In comparison of female mice challenged with LPS between control
and neonatal ETS exposure, the control females had increased oxidative phosphorylation
Hallmark Pathway. The oxidative phosphorylation hallmark pathway is 200 genes derived from
93 gene sets that are part of the oxidative phosphorylation pathway, which is the major source of
cellular energy during respiration [23]. One study that examined human females found that
increased oxidative phosphorylation Hallmark Pathway was associated with a longer reproductive
age between menarche and menopause [64]. Maintenance of energy metabolism is important for
brain health and cognitive function with several chronic neurological diseases being associated
with disruptions to the cellular machinery essential for oxidative phosphorylation [64]. The
oxidative phosphorylation Hallmark Pathway has also been shown to be decreased by estrogen
receptor positive cancer cells lines treated with all-trans retinoic acid, the active metabolite of
vitamin A [65]. In the context of cancer, all-trans retinoic acid is viewed as an effective disruptor
of cellular processes that allow the cancer to grow [66]. There is evidence that ETS exposure
does increase cancer rates [67] and particularly among women [68]. Recent studies have shown
the oxidative phosphorylation Hallmark Pathway to be regulated in breast [69] and colon cancers
[70]. Whether the increase in oxidative phosphorylation following neonatal ETS exposure is
indicative of any predisposition to cancer would be entirely speculative at this point but may be of
value as cancer remains the second leading cause of death.

Of interest is that we observed increased drug metabolism cytochrome P450 Kyoto

Encyclopedia of Genes and Genomes (KEGG) pathways in sham challenged females compared
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wot those challenged with LPS and sham challenged neonatally ETS exposed males compared
to LPS challenge. Cytochrome P450 drug metabolism is an important pathway for metabolism of
drugs as well es xenobiotics [71]. ETS contains several toxicants that require enzymes to detoxify
and allow excretion from the body. The active addictive compound in tobacco smoke, nicotine, is
metabolized by cytochrome family 2 subfamily A member 6 (CYP2A6) which is part of the drug
metabolism cytochrome P450 KEGG pathway [72]. Another cytochrome P450, Cyp1A1 has been
shown to be associated with sex differences in DNA alterations in smokers with females having
more Cyp1A1 and more DNA adducts in non-tumor lung tissue [73]. Smokers are known to have
increased Cyp1A1 expression compared to nonsmokers [74]. A study in rats showed that
pulmonary Cyp1A1 can be induced by ETS as early as after one day of exposure in neonates
[75]. One study showed that LPS reduced Cyp1A1 in bovine mammary epithelial cells [76] while
another showed that LPS in conjunction with the plant oil constituent phenanthrene induced
Cyp1A1 in Atlantic cod [77]. In the latter report, LPS was shown to induce expression of aryl
hydrocarbon receptor, which then may be responsive to phenanthrene resulting in expression of
Cyp1A1. This is supported by the finding that LPS-induced tumor necrosis factor alpha (TNFa)
suppressed Cyp1A1 production in a mouse hepatoma cell line while LPS did not [78]. It has also
been shown that LPS induction of aryl hydrocarbon receptor is dependent on nuclear factor kappa
B in human dendritic cells with increased Cyp1A1 only following administration of 2,3,7,8-
tetrachlorodibenzo-p-dioxin [79]. Other reports show that cytochrome family 2 subfamily C
member11 and cytochrome family 2 subfamily B member 1 may also be suppressed by LPS in
the liver [80]. In the lung, cytochrome family 2 subfamily C member 44, cytochrome family 2
subfamily J member 9, cytochrome family 4 subfamily A member 12a, cytochrome family 4
subfamily A member 12b, cytochrome family 4 subfamily F member 13, and cytochrome family 4
subfamily F member 16 were shown to be downregulated following intraperitoneal LPS challenge
but the regulation of cytochromes differed by organ [81]. In our model, there was no administration

of exogenous aryl hydrocarbon ligand and a reduction in the drug metabolism by cytochrome
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P450 KEGG pathway. While Cyp1A1 is inducible by compounds in ETS while being immediately
downregulated by LPS, other cytochromes may only be downregulated by inflammation. This
introduces the possibility that exposure to ETS reduces immune responses that reduce gene
expression of cytochromes that are required for clearance of inhaled toxicants creating a vicious
cycle of toxicant and pathogen mediated lung damage.

Our study varied from a typical human exposure as we only exposed the neonatal mice to
ETS for 5 days. Many children that are exposed to ETS are exposed in the home for the duration
of their childhood for several hours each day [82, 83]. Our exposure model covered the period of
rapid alveolarization that begins postnatally until postnatal day 7 in mice [84] but begins prenatally
and lasts until age 3 in humans [85]. The mice were also moved out of ETS exposed cage
immediately following exposure removing residual thirdhand tobacco smoke except what was on
the pups and their dam. It is possible that increasing the duration of the exposure would alter the
findings of the study. ETS is a known source of endotoxin (LPS) and studies have shown that
sensitization with LPS reduces subsequent responses resulting in endotoxin tolerance [86]. We
do not see evidence of endotoxin tolerance and used low endotoxin paper bedding to reduce
exposure outside the experimental procedures [87]; however, we do not assess the activity of
immune cells recruited to the lung directly. Sex differences in lung function may also contribute to
differential responses to neonatal ETS, and this is an important question to answer by monitoring
ETS dose during exposures which was outside the scope of this project.

The lungs continue to grow beyond the alveolar period. In mice the lungs continue to grow
into adulthood with maximal size achieved at various ages depending on the strain [88]. One
possible confounding factor in comparison of neonatally exposed versus adult controls is the
smaller area of the lungs in younger mice making recovery of more cells per volume easier.
Higashimoto et al found the number of lavage cells recovered from 26-month-old geriatric
C57BL/6 mice to be not significantly higher than those in 6-week-old young adult mice [31];

however, 24-month-old C57BL/6 mice have reduced lung volume compared to 6-month-old mice
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[89]. While the volume recovered did not change between exposure groups, we cannot be sure
that the abundance of cells per surface area of lung did not influence the results. In humans, the
lungs continue to grow into early adulthood when maximal lung function is achieved [3].
Measuring lung growth and density of lung immune cells in situ during or following neonatal ETS
exposure could answer questions of whether there are changes to these parameters that impact
the number of cells recovered by lavage.

Our study shows that neonatal ETS exposure produces lasting and sexually dimorphic
effects on the immune system in a murine model. The findings suggest that exposure to ETS can
affect immune resolution in males and strength of immune responses in females. In addition, we
found evidence that immune responses and xenobiotic metabolism may be counter regulated,
which may predispose ETS exposed children to a vicious circle of infection and reduced capacity
to detoxify inhaled particulate from ETS. The result of such a cycle could be the significant
decrease in pulmonary function seen in children exposed to ETS which is linked to reduced

maximal lung function and reduced quality of life.

61



2.6. Figures and Tables

Figure 1:
A filtered air
bronchoalveolar lavage
: recover 5 cell count and differential
o 6 hours/day weeks in 0.25 pg LPS 2 .
3days for 5 days filtered air 24 hours T protein concentration
o o o
1-2 mg/m* ETS
= transcriptomics
3 days
B (o4 *
__ 15004 1500+ * | *
H )
2 2
2 10004 | < 1000+
= * %k * K k =
2 11 S
o u o
S 500 " 5 5004 N
g i - E 4 r‘%:é:*
S N 1Ly A AAAL
2 s L 2 t'1 e
0 T T T T 0 T T T T
FA ETS FA ETS FA ETS FA ETS
Neonate-Exposed Adult-Exposed Neonate-Exposed Adult-Exposed
D E * %k
1500 . 1500 * % | *
) ) 10
£ * %k E A A
2 c
Z 10004 | < 1000
= * * <
2 I ko
g 500 - g 500 2
& 1 = T AA A
L, T . Wy — lamet
| [} |
— b — -ﬂ-l — Axa
g H é A A
3 T T T T c T T T T
FA ETS FA ETS FA ETS FA ETS
F Neonate-Exposed Adult-Exposed G Neonate-Exposed Adult-Exposed
15004 15004
) )
£ £
=) * =)
Z 10004 2 1000+
< * <
Q Q
s I s
£ £
2 500 [ L 2 500 AA
[T [T
4 =8 Y = o
—— = I —= A — 2
g el x ry
0 T T T T 0 T T T T
FA ETS FA ETS FA ETS FA ETS
Neonate-Exposed Adult-Exposed Neonate-Exposed Adult-Exposed

Figure 1: Early-life ETS Exposure Increases BALF Protein in Adult Mice After LPS and

Vehicle Challenge Consistent with Lung Injury. Mouse pups at postnatal day 3 and 6-week-
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old adult controls were exposed to ETS or filtered air for 6 hours per day for 5 days and then
allowed to recover for 5 weeks in filtered air before oropharyngeal challenge 24 hours prior to
bronchoalveolar lavage fluid being collected at necropsy (A). Protein concentration was
determined by BCA assay. Neonatally exposed mice had elevated lung proteins in BALF
compared to age-matched and adult control mice when challenged with vehicle (PBS) (B) or 0.25
ug LPS (C). The increase in BALF proteins was more pronounced in female mice challenged with
vehicle (D) or LPS (E) than in males challenged with vehicle (F) or LPS (G). * p<0.05, ** p<0.01,

*kk

p<0.001, **** p<0.0001 by ANOVA with Tukey post-hoc correction for multiple comparisons.
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Figure 2: Abundance of Immune Cells in the BALF of Adult Mice Exposed to ETS During
the Early Postnatal Period is Altered Compared to Age-Matched and Adult Controls. BALF
cells were counted, and total BALF volume measured. Total cells were the product of cell
concentration and BALF volume for samples with 50% recovery or greater. Following LPS
challenge, neonatally ETS exposed mice had more cells/mL than adult controls (A), which was
drive by female neonatally ETS exposed adult mice (B) not males (C). Neonatally ETS exposed
mice had more total cells in their BALF when challenged with vehicle than age-matched or adult
controls (D) which was driven by increased numbers of cells in females (E) not males (F).
Following LPS challenge, more BALF cells were recovered from neonatally ETS exposed mice

than adult controls (G) and females had more BALF cells than age-matched or adult controls (H)
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while males did not (I). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 by ANOVA with Tukey

post-hoc correction for multiple comparisons.
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Figure 3: BALF Cell Differentials are Altered by Early-life ETS Exposure in Adult Mice. BALF

cells were fixed to cytospin slides and stained using KwikDiff. Cell differentials were determined

by counting 300 cells per slide and calculating percentage of each cell type. Total cell differentials

were the product of the percent differential and total cells for samples with 50% or greater

recovery. Vehicle challenged neonatally exposed adult mice trended toward reduced lymphocytes
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as a percent of BALF cells compared to adult controls (A), and female neonatally ETS exposed
(B) but not male (C) adult mice had reduced lymphocytes as a percent of BALF cells compared
to adult controls. Total lymphocytes were not different between groups when challenged with LPS
(D); however, female neonatally ETS exposed adult mice had more lymphocytes in their BALF
than female adult control mice (E) while males did not (F). Neonatally ETS exposed adult mice
had more macrophages when challenged with vehicle than age-matched and adult controls (G),
which was more pronounced in females (H) than males (I). Neonatally ETS exposed adult mice
had more macrophages when challenged with LPS than adult controls (J) which was more
pronounced in females (K) than males (L). Neonatally ETS exposed adult mice had more
neutrophils when challenged with LPS than adult controls (M) which was more pronounced in
females (N) than males (O). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 by ANOVA with Tukey

post-hoc correction for multiple comparisons.
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Figure 4:
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Figure 4: Early-life ETS Exposure Alters Gene Expression Profiles in the Lungs of Adult
Mice Compared to Control. Total RNA from lung plucks of 6-week-old mice exposed to ETS or
filtered air from for 5 days starting at postnatal day 3 and allowed to recover in filtered air for 5
weeks was isolated and used for transcriptomic analysis. Differentially expressed genes (DEGs)
were determined from count data using edgeR and Limma-Voom. Multidimensional scaling plot
shows that ETS-exposed female mice cluster more closely with filtered air controls when
challenged with vehicle than when challenged with LPS (A). Top 50 DEGs for filtered air control
and ETS exposed female mice challenged with vehicle (B) and LPS (C). Multidimensional scaling
plot shows neonatally ETS exposed mice are virtually indistinguishable from filtered air mice 24
hours after LPS challenge (D). Top 50 DEGs for filtered air control and ETS exposed male mice
challenged with vehicle (E) and LPS (F). Common genes between female and male filtered air
sham challenged (G), ETS exposed sham challenged (H), filtered air LPS challenged (l), and ETS

exposed LPS challenged mice (J).
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Figure 5:
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Figure 5: Indirect comparison of transcriptomes from early-life ETS exposed lungs to
controls shows additional differences. DEGs from female mouse lungs from vehicle-LPS FA
(A) and ETS (B) were compared to determine differences between the regulated genes. There
were 5,161 DEGs in ETS exposed mice and 5,931 DGEs in FA exposed female mice when
comparing vehicle and LPS challenges (C). A cut-off of 2-fold expression was used to focus on
the highest differentially expressed transcripts induced by LPS challenge (D). There were many
more DEGs upregulated by LPS and a greater percentage of shared DEGs between control and
ETS exposed female mice (E) than in PBS between control and ETS (F). DEGs from male mouse
lungs from vehicle-LPS FA (G) and ETS (H). There were 1,132 DEGs in ETS exposed mice and
5,654 DGEs in FA exposed male mice when comparing vehicle and LPS challenges (I). A cut-off
of 2-fold expression was used to focus on the highest differentially expressed transcripts induced
by LPS challenge (J). LPS challenge resulted in upregulation of more genes in neonatally ETS

exposed males (K) than PBS, which resulted in significant upregulation of genes in control males

(L).
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Figure 6:
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Figure 6: Gene Set Enrichment Analysis Reveals Significant Differences in Hallmark
Pathways Between Adult Mice Neonatally Exposed to ETS compared to Controls. Trimmed
counts and sample metadata were used to determine differential Hallmark Pathways using Gene
Set Enrichment Analysis (GSEA). Hallmark Allograft Rejection pathway is upregulated in female
mice exposed to FA compared to ETS with vehicle challenge illustrated by the enrichment score
(A) and core enrichment genes (B). Hallmark Oxidative Phosphorylation pathway is upregulated
in female mice exposed to FA compared to ETS with LPS challenge (C) with core enrichment

genes (D).
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Figure 7:
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Figure 7: KEGG Pathway Analysis Reveals Altered Metabolic Pathways in ETS Exposed
Lungs Compared to Control. DEGs with adjusted p-values < 0.05 and at least 2-fold expression

difference were entered into gProfiler to determine KEGG pathways that are distinct between
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treatments. Only one pathway was upregulated by vehicle challenge versus LPS challenge in
control female mouse lungs (A). By Contrast 52 KEGG pathways were upregulated by LPS
challenge versus vehicle challenge in control female mouse lungs (B). Early postnatal ETS
exposure resulted in 3 KEGG pathways being significantly upregulated in female mice following
vehicle challenge (C) and 56 KEGG pathways due to LPS challenge following early postnatal ETS
exposure (D). Male control mice had 43 KEGG pathways upregulated by sham challenge (E)
compared to LPS challenge with 40 KEGG pathways upregulated (F). Neonatally ETS exposed
males had only 2 upregulated KEGG pathways with sham challenge (G) compared to 38 with LPS

challenge (H).
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Figure 8: Reactome Analysis Reveals Altered Metabolic Pathways in ETS Exposed Lungs
Compared to Control. DEGs with adjusted p-values < 0.05 and at least 2-fold expression
difference were entered into gProfiler to determine Reactomes that are distinct between
treatments. LPS challenge in control female mouse lungs resulted in 37 reactomes being
upregulated compared to vehicle challenge (A). In early-life ETS exposed female mice, only 2
reactomes were upregulated by vehicle challenge compared to LPS (B) LPS challenge resulted
in upregulation of 37 reactomes compared to vehicle challenge (C). Sham challenge in male
control mice resulted in 9 reactomes being upregulated (D) compared to LPS challenge, which
had 100 upregulated reactomes (E). Neonatally ETS exposed males with sham challenge only

had one upregulated reactome (F) while LPS challenge resulted in 30 upregulated reactomes (G).
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Table 1: Distinct Hallmark Pathways Signature is Generated Following LPS Challenge in

Control Female Mice

NAME SIZE |ES NES [NOM p-val |FDR g-val
HALLMARK_COMPLEMENT 193] 0.5877| 1.5379 0.0000 0.0998
HALLMARK_KRAS_SIGNALING_UP 199] 0.4720| 1.6524 0.0000 0.1104
HALLMARK_INFLAMMATORY_RESPONSE 198] 0.7036| 1.4943 0.0000 0.1202
HALLMARK IL2_STATS_ SIGNALING 199] 0.5159| 1.5777 0.0000 0.1257
HALLMARK_APOPTOSIS 161] 0.4528| 1.4518 0.0000 0.1442
HALLMARK_MTORC1_SIGNALING 199 0.6142] 1.3816 0.0000 0.1542
HALLMARK_MYC_TARGETS_V1 200] 0.7002( 1.2778 0.0000 0.1568
HALLMARK_MYC_TARGETS V2 571 0.6784| 1.3283 0.0990 0.1600
HALLMARK_REACTIVE_OXYGEN_SPECIES_PATHWAY 49(0.5722| 1.2787 0.0978 0.1613
HALLMARK_PI3K_AKT_MTOR_SIGNALING 105] 0.4493| 1.3874 0.0000 0.1629
HALLMARK_TNFA SIGNALING_VIA NFKB 198] 0.6490| 1.4577 0.0000 0.1634
HALLMARK_GLYCOLYSIS 200] 0.3766( 1.2960 0.0000 0.1638
HALLMARK IL6_JAK STAT3_SIGNALING 87]0.7577| 1.3937 0.0000 0.1644
HALLMARK_ANGIOGENESIS 36| 0.3963]| 1.3842 0.0000 0.1648
HALLMARK P53_PATHWAY 200] 0.3742( 1.2869 0.0000 0.1663
HALLMARK_INTERFERON_ALPHA_RESPONSE 95| 0.8286] 1.2541 0.0000 0.1665
HALLMARK_UNFOLDED_PROTEIN_RESPONSE 112] 0.5374| 1.3304 0.2169 0.1666
HALLMARK_HYPOXIA 198] 0.3239] 1.2975 0.0000 0.1694
HALLMARK_DNA_REPAIR 149] 0.5444| 1.3349 0.0000 0.1712
HALLMARK_COAGULATION 138] 0.4494| 1.4043 0.0000 0.1721
HALLMARK_OXIDATIVE_PHOSPHORYLATION 198 0.5642] 1.2510 0.1118 0.1746
HALLMARK_UV_RESPONSE_UP 156 0.3856]| 1.3002 0.0000 0.1754
HALLMARK_E2F_TARGETS 200] 0.6666| 1.3078 0.0858 0.1778
HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION 196] 0.3473| 1.3351 0.0996 0.1794
HALLMARK_G2M_CHECKPOINT 196] 0.5553| 1.3624 0.1824 0.1869
HALLMARK_ALLOGRAFT_REJECTION 196] 0.7596| 1.3354 0.0000 0.1888
HALLMARK_INTERFERON_GAMMA RESPONSE 195] 0.8208] 1.3390 0.0000 0.1955
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Table 2: Distinct Hallmark Pathway Signature is Generated Following LPS Challenge in

Neonatally ETS Exposed Female Mice

NAME SIZE |ES NES [NOM p-val |FDR g-val
HALLMARK_ P53 PATHWAY 200] 0.4379( 1.5549 0.0000 0.0822
HALLMARK_INFLAMMATORY_RESPONSE 198] 0.7413| 1.5669 0.0000 0.0881
HALLMARK IL2_STATS_SIGNALING 199] 0.5470| 1.6105 0.0000 0.0892
HALLMARK_KRAS_SIGNALING_UP 199] 0.4760| 1.6019 0.0000 0.0960
HALLMARK_APOPTOSIS 161] 0.4449| 1.6128 0.0000 0.1013
HALLMARK_UNFOLDED_PROTEIN_RESPONSE 112 0.5237| 1.4757 0.0000 0.1208
HALLMARK_COAGULATION 138 0.4802] 1.6157 0.0000 0.1214
HALLMARK_TNFA_SIGNALING_VIA NFKB 198] 0.6859| 1.7060 0.0000 0.1287
HALLMARK_PI3K_AKT_MTOR_SIGNALING 105] 0.4353| 1.4802 0.0000 0.1288
HALLMARK DNA_REPAIR 149] 0.5328| 1.4583 0.0875 0.1318
HALLMARK IL6_JAK STAT3_SIGNALING 87]0.7772| 1.4867 0.0000 0.1386
HALLMARK_INTERFERON_GAMMA RESPONSE 195] 0.7953] 1.3486 0.0000 0.1500
HALLMARK_E2F_TARGETS 200] 0.6922| 1.3695 0.0000 0.1542
HALLMARK_G2M_CHECKPOINT 196 0.6045] 1.3915 0.0000 0.1544
HALLMARK_REACTIVE_OXYGEN_SPECIES_PATHWAY 491 0.5313| 1.3488 0.2179 0.1558
HALLMARK_UV_RESPONSE_UP 156] 0.4131] 1.3830 0.0000 0.1586
HALLMARK_MTORC1_SIGNALING 199] 0.5128] 1.3509 0.0000 0.1595
HALLMARK_APICAL_JUNCTION 198] 0.3754| 1.3569 0.0000 0.1599
HALLMARK_COMPLEMENT 193] 0.5881| 1.6726 0.0000 0.1616
HALLMARK_ALLOGRAFT_REJECTION 196] 0.7901] 1.3942 0.0000 0.1631
HALLMARK_ESTROGEN_RESPONSE_LATE 197/ 0.3810] 1.3215 0.0000 0.1644
HALLMARK_MYC_TARGETS_V1 200] 0.6263| 1.2972 0.0000 0.1704
HALLMARK_INTERFERON_ALPHA_RESPONSE 95| 0.8235| 1.2987 0.0000 0.1763
HALLMARK_MYC_TARGETS V2 571 0.6236 1.2902 0.1030 0.1771
HALLMARK_GLYCOLYSIS 200] 0.3571 1.2329 0.2317 0.2182
HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION 196] 0.4761] 1.2351 0.2398 0.2234
HALLMARK_HYPOXIA 198] 0.3092| 1.2143 0.0000 0.2314
HALLMARK_ANGIOGENESIS 36| 0.5000] 1.2045 0.0922 0.2444
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Table 3: Distinct Hallmark Pathway Signature is Generated Following LPS Challenge in

Neonatally ETS Exposed Male Mice

NAME SIZE [ES NES NOM p-val |FDR g-val
HALLMARK_INFLAMMATORY_RESPONSE 198]-0.6711]-1.6619 0.0000 0.1247
HALLMARK_TNFA_SIGNALING_VIA_NFKB 198]-0.5768|-1.6581 0.0000 0.0894
HALLMARK_COMPLEMENT 191[-0.5074[-1.5842 0.0000 0.0894
HALLMARK_G2M_CHECKPOINT 196(-0.6134[-1.5594 0.0000 0.0805
HALLMARK_E2F _TARGETS 200(-0.7120[-1.5274 0.0000 0.0894
HALLMARK_APOPTOSIS 161]-0.3832]-1.5077 0.0000 0.0894
HALLMARK_IL6_JAK_STAT3_SIGNALING 87(-0.6893[-1.5052 0.0000 0.0843
HALLMARK_IL2_STAT5_SIGNALING 199]-0.4338]-1.4915 0.0000 0.1132
HALLMARK_INTERFERON_GAMMA_RESPONSE 195(-0.7737[-1.4706 0.0000 0.1309
HALLMARK_DNA_REPAIR 147]-0.4840(-1.4524 0.0000 0.1344
HALLMARK_ALLOGRAFT_REJECTION 196(-0.7368(-1.4402 0.0000 0.1329
HALLMARK_MTORC1_SIGNALING 199(-0.4894(-1.4391 0.0000 0.1263
HALLMARK_INTERFERON_ALPHA_RESPONSE 95]-0.8207]-1.4263 0.0000 0.1266
HALLMARK_UNFOLDED_PROTEIN_RESPONSE 112]-0.4084]-1.4103 0.1751 0.1280
HALLMARK_KRAS_SIGNALING_UP 199]-0.4038]-1.4010 0.0000 0.1290
HALLMARK_MYC_TARGETS_V1 200(-0.6491[-1.3464 0.0000 0.1723
HALLMARK_MYC_TARGETS_V2 57(-0.5502| -1.3440 0.0876 0.1701
HALLMARK_OXIDATIVE_PHOSPHORYLATION 197[-0.4338[-1.3119 0.0994 0.1792
HALLMARK_PI3K_AKT_MTOR_SIGNALING 105[-0.3431[-1.3028 0.0876 0.1792
HALLMARK_SPERMATOGENESIS 134)-0.3443]-1.3025 0.0905 0.1729
HALLMARK_REACTIVE_OXYGEN_SPECIES_PATHWAY 49]|-0.4257|-1.2976 0.2154 0.1689
HALLMARK_COAGULATION 138[-0.3763[-1.2682 0.0856 0.1870
HALLMARK_UV_RESPONSE_UP 156(-0.3061(-1.2604 0.1751 0.1883
HALLMARK_P53_PATHWAY 199(-0.3042[-1.2283 0.0866 0.2017
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Table 4: Top 20 Gene Ontology Biological Processes Upregulated in Control Female Mouse

Lungs by LPS Challenge Versus Vehicle.

GO biological process complete

regulation of MyD88-dependent toll-like receptor signaling pathway (G0O:0034124)
cellular response to triacyl bacterial lipopeptide (GO:0071727)

response to triacyl bacterial lipopeptide (GO:0071725)

stimulatory C-type lectin receptor signaling pathway (G0:0002223)

cellular response to lectin (GO:1990858)

response to lectin (GO:1990840)

regulation of interleukin-4-mediated signaling pathway (G0:1902214)

detection of bacterial lipopeptide (GO:0070340)

vertebrate eye-specific patterning (GO:0150064)

complement-mediated synapse pruning (G0O:0150062)

positive regulation of interferon-gamma-mediated signaling pathway (GO:0060335)
positive regulation of response to interferon-gamma (G0O:0060332)

innate immune response activating cell surface receptor signaling pathway (G0:0002220)
regulation of natural killer cell chemotaxis (GO:2000501)

positive regulation of T-helper 17 cell differentiation (GO:2000321)
interleukin-27-mediated signaling pathway (GO:0070106)

regulation of microglial cell mediated cytotoxicity (GO:1904149)

antigen processing and presentation of exogenous peptide antigen via MHC class | (GO:0042590)
cellular response to diacyl bacterial lipopeptide (GO:0071726)

response to diacyl bacterial lipopeptide (GO:0071724)
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FDR

1.35E-03
1.01E-02
1.01E-02
1.35E-03
1.34E-03
1.34E-03
1.01E-02
1.00E-02
1.00E-02
1.34E-03
3.83E-05
3.82E-05
3.81E-05
2.26E-03
2.25E-03
2.25E-03
2.25E-03
8.40E-06
1.61E-02
1.60E-02



Table 5: Gene Ontology Biological Processes Upregulated in Control Female Mouse Lungs

by Vehicle Challenge Versus LPS.

GO biological process complete | it | # expected Fold Ennchment o/ mwPyalue EDR
neuronal action polential 35 |6 26 2284 +  565E.07 445€.03
“action polential 92 |7 69 10.14 +  93BE-06 185€-02
“iransmission of nerve impulse 67 e 50 193 + 176E-05 252E-02
wmulticellular organismal signaling 16 |z o1 8.04 +  3856-05 357E.02
“cellular process 15100 1140 11338 123 + 277E-06 109E-02
drug metabolic process | 68 |z & 1372 + 14506 763E-03
sodium ion transort 163 9 122 7.3 + 590E-06 155E-02
“gation transport 730 |17 548 310 +  447E-05 392E-02
wion transport 1073 |22 805 2.86 + 699E.06 157E.02
fatty acid metabolic process | 338 |12 254 473 +  130E-05 205€-02
“ceflular lipid metabolic process | 857 19 643 295 + 301E05 316E-02
wlipd metabolic process | 1108 |24 831 289 + 363E06 114E-02
ucarboxylic acid metabolic process | 754 118 566 3.18 + 192E-05 252E.02
“ox0acid metabolic pIocess | 110 |18 578 312 + 251E05 305E.02
organic acid metabolic process | 804 19 603 315 + 127E05 223E-02
inorganic cation transmembrane transport 435 |13 326 398 + 327E-05 322E.02
“ransmembrane transport 928 |24 69 345 + 16OE-07 267E-03
“norganic ion ransmembrane transpont 489 |14 367 382 + 255605 288E-02
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Table 6: Top 20 Gene Ontology Biological Processes Upregulated in Neonatally ETS

Exposed Female Mouse Lungs by LPS Challenge Versus Vehicle.

GO biological process complete

positive regulation of antigen processing and presentation of peptide antigen (GO:0002585)

cellular response to triacyl bacterial lipopeptide (GO:0071727)

response to triacyl bacterial lipopeptide (GO:0071725)

inflammasome complex assembly (GO:0140632)

detection of bacterial lipopeptide (GO:0070340)

vertebrate eye-specific patterning (GO:0150064)

stimulatory C-type lectin receptor sighaling pathway (G0:0002223)

cellular response to lectin (GO:1990858)

response to lectin (GO:1990840)

complement-mediated synapse pruning (GO:0150062)

positive regulation of interferon-gamma-mediated signaling pathway (GO:0060335)
positive regulation of response to interferon-gamma (G0O:0060332)

innate immune response activating cell surface receptor signaling pathway (G0:0002220)
Fc-gamma receptor signaling pathway (G0O:0038094)

positive regulation of apoptotic cell clearance (G0O:2000427)

regulation of natural killer cell chemotaxis (GO:2000501)

positive regulation of T-helper 17 cell differentiation (G0:2000321)
interleukin-27-mediated signaling pathway (G0O:0070106)

detection of bacterial lipoprotein (G0O:0042494)

regulation of microglial cell mediated cytotoxicity (GO:1904149)
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FDR

1.21E-02
1.21E-02
1.21E-02
1.21E-02
1.21E-02
1.20E-02
1.68E-03
1.68E-03
1.68E-03
1.68E-03
6.12E-05
6.10E-05
6.09E-05
4.05E-04
4.04E-04
2.83E-03
2.82E-03
2.82E-03
2.82E-03
2.81E-03



Table 7: Gene Ontology Biological Processes Upregulated in Neonatally ETS Exposed

Female Mouse Lungs by Vehicle Challenge Versus LPS.

GO biological process compiete n

homocysieing metabolic PIocess 13
wsulfur amino acid metabolic process 29

organic acid metabolic process

positive regulation of steroid metabolic process

drug metabolic process

cell-substrate adhesion

steroid metabolic process

egulation of hormone levols

[esponse 1o chemical 402

EERBRER

87

# expected Fold Ennchment +/- rawPvalue EDR

4 10
2 22
12 22
20 603
5 28
I 51
g 133
10 184
15 412
50 2620

41.00
2298
542
3N
18.01
1372
6.78
544
364
10

+

+

6.55€-06
5.04E-06
3 46E-08
3.52E.06
1.47E.05
1.45€-06
1. 11E-05
2 24E-05
221E.05
5 04E-08

1.72€E-02
1.59€E-02
273E-02
1.85E.02
2 89E.02
2 29€E-02
2.50E-02
3 54E-02
387E.02
1 98E-02



Table 8: Top 20 Gene Ontology Biological Processes Upregulated in Control Male Mouse

Lungs by LPS Challenge Versus Vehicle.

GO biological process complete FDR

p38MAPK cascade (G0O:0038066) 1.06E-03
glomerular basement membrane development (GO:0032836) 1.99E-02
positive regulation of cell migration by vascular endothelial growth factor signaling pathway (G0O:0038089) | 3.87E-02
adherens junction assembly (G0O:0034333) 1.47E-02
regulation of nuclear-transcribed mRNA poly(A) tail shortening (G0O:0060211) 5.46E-03
lung saccule development (GO:0060430) 2.82E-02
glomerulus morphogenesis (G0:0072102) 2.82E-02
stress fiber assembly (GO:0043149) 2.03E-03
contractile actin flament bundle assembly (G0O:0030038) 2.02E-03
negative regulation of sprouting angiogenesis (G0O:1903671) 1.05E-02
positive regulation of nuclear-transcribed mRNA poly(A) tail shortening (G0O:0060213) 2.05E-02
astral microtubule organization (G0:0030953) 2.05E-02
cardiac vascular smooth muscle cell differentiation (GO:0060947) 2.05E-02
lymphangiogenesis (GO:0001946) 7.62E-03
hippo signaling (G0O:0035329) 2.87E-03
kidney vasculature development (GO:0061440) 2.87E-03
renal system vasculature development (G0O:0061437) 2.87E-03
glomerulus vasculature development (G0:0072012) 5.52E-03
vascular endothelial growth factor signaling pathway (G0O:0038084) 2.05E-03
positive regulation of vacuole organization (G0:0044090) 3.89E-02
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Table 9: Gene Ontology Biological Processes Upregulated in Control Male Mouse Lungs

by Vehicle Challenge Versus LPS.

GO biological process complete FDR

regulation of basement membrane organization (GO:0110011) 3.45E-03
positive regulation of basement membrane assembly involved in embryonic body morphogenesis (G0O:1904261) | 3.45E-03
regulation of basement membrane assembly involved in embryonic body morphogenesis (GO:1904259) 3.44E-03
cellular response to water stimulus (GO:0071462) 2.17E-02
response to hydrostatic pressure (GO:0051599) 2.17E-02
intramembranous ossification (GO:0001957) 3.16E-02
regulation of Rho-dependent protein serine/threonine kinase activity (G0:2000298) 3.16E-02
direct ossification (GO:0036072) 3.16E-02
ureteric bud elongation (GO:0060677) 3.16E-02
glomerular basement membrane development (GO:0032836) 4.78E-03
regulation of keratinocyte apoptotic process (G0:1902172) 4.42E-02
angiogenesis involved in coronary vascular morphogenesis (GO:0060978) 4.42E-02
positive regulation of extracellular matrix assembly (G0O:1901203) 1.75E-02
lung saccule development (GO:0060430) 6.65E-03
p38MAPK cascade (GO:0038066) 6.64E-03
response to water (G0O:0009415) 6.64E-03
axonogenesis involved in innervation (GO:0060385) 2.36E-02
positive regulation of cholesterol biosynthetic process (G0:0045542) 2.36E-02
transferrin transport (GO:0033572) 2.35E-02
glycogen catabolic process (G0:0005980) 2.35E-02
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Table 10: Top 20 Gene Ontology Biological Processes Upregulated in Neonatally ETS

Exposed Male Mouse Lungs by LPS Challenge Versus Vehicle.

GO biological process complete FDR

complement-mediated synapse pruning (GO:0150062) 2.59E-03
cellular response to triacyl bacterial lipopeptide (GO:0071727) 1.66E-02
response to triacyl bacterial lipopeptide (G0O:0071725) 1.66E-02
positive regulation of type Ill hypersensitivity (GO:0001805) 1.65E-02
regulation of type Il hypersensitivity (GO:0001803) 1.65E-02
regulation of interleukin-4-mediated signaling pathway (G0:1902214) 1.65E-02
detection of bacterial lipopeptide (G0:0070340) 1.65E-02
vertebrate eye-specific patterning (G0:0150064) 1.65E-02
regulation of natural Killer cell chemotaxis (G0O:2000501) 6.25E-04
microglial cell activation involved in immune response (G0:0002282) 4.27E-03
pyrimidine deoxyribonucleoside triphosphate metabolic process (G0O:0009211) 4.26E-03
regulation of microglial cell mediated cytotoxicity (GO:1904149) 4.25E-03
regulation of MyD88-dependent toll-like receptor signaling pathway (G0:0034124) 2.62E-02
cellular response to diacyl bacterial lipopeptide (GO:0071726) 2.62E-02
response to diacyl bacterial lipopeptide (GO:0071724) 2.62E-02
positive regulation of natural killer cell chemotaxis (G0:2000503) 2.61E-02
positive regulation of microglial cell mediated cytotoxicity (GO:1904151) 2.61E-02
opsonization (G0O:0008228) 2.61E-02
positive regulation of interferon-gamma-mediated signaling pathway (G0:0060335) | 9.92E-04
positive regulation of response to interferon-gamma (G0:0060332) 9.90E-04
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Table 11: Gene Ontology Biological Processes Upregulated in Neonatally ETS Exposed

Male Mouse Lungs by Vehicle Challenge Versus LPS.

GO biological process complete FDR

N-acylethanolamine metabolic process (GO:0070291) 3.58E-02
NADPH oxidation (GO:0070995) 1.14E-02
regulation of type B pancreatic cell proliferation (GO:0061469) 2.23E-02
renal system process involved in regulation of systemic arterial blood pressure (GO:0003071) | 1.91E-02
positive regulation of cholesterol efflux (GO:0010875) 3.15E-02
positive regulation of steroid metabolic process (G0:0045940) 2.22E-02
positive regulation of glucose import (GO:0046326) 2.19E-02
negative regulation of BMP signaling pathway (G0O:0030514) 1.34E-02
positive regulation of glucose transmembrane transport (GO:0010828) 3.62E-02
xenobiotic metabolic process (G0O:0006805) 9.68E-04
regulation of glucose import (G0O:0046324) 2.87E-02
cellular response to hypoxia (G0O:0071456) 2.09E-02
actomyosin structure organization (G0:0031032) 8.23E-03
regulation of BMP signaling pathway (G0O:0030510) 1.43E-02
cellular response to decreased oxygen levels (G0:0036294) 2.51E-02
cellular response to xenobiotic stimulus (GO:0071466) 5.14E-04
cellular response to oxygen levels (G0O:0071453) 1.79E-02
cholesterol homeostasis (G0:0042632) 2.96E-02
sterol homeostasis (G0O:0055092) 3.13E-02
positive regulation of endothelial cell migration (GO:0010595) 1.93E-02
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2.7. Supplementary Figures

Supplementary Figure 1:
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Supplementary Figure 1: LPS Dose Response for Oropharyngeal Aspiration in Control
Mice. 5-week-old mice were purchased from the Jackson Labs and allowed to acclimate to the
vivarium for one week prior to oropharyngeal aspiration of LPS at 0 ug, 0.25 ug, 1 ug, 5ug, or 10
ug in PBS. BALF was collected 24-hours later at necropsy. Cells were counted (A) and total cells
were calculated as the product of BALF volume and cells (B). Cytospin slides were fixed and
stained, and 300 cells were counted to determine the % lymphocytes (C), % macrophages (E),
and %neutrophils (G). The product of total cells and percent differentials was used to determine

total lymphocytes (D), total macrophages (F), and total neutrophils (H).
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Supplementary Figure 2:

A BALF Volume in PBS-Treated Mice B BALF Volume in LPS-Treated Mice
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Supplementary Figure 2: No differences were observed in BALF volumes or cellularity in
vehicle challenged mice. BALF was collected and the volume was measured following vehicle
(A) and LPS challenge (B). Cellular concentration of the BALF was not different between groups

when comparing all mice (C) or males (D) or females (E) alone.
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Supplemental Figure 3:

A Lymphocytes in PBS-Treated Mice
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C Lymphocytes in Male PBS-Treated Mice
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P PBS % differential neutrophils Q female PBS % differential neutrophils R male PBS % differential neutrophils
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Supplemental Figure 3: BALF Cell Differential Data for Vehicle and LPS Challenged Mice.
6-week-old mice exposed to ETS or filtered air during the early postnatal period showed no
differences in lymphocytes compared to adult controls when challenged with vehicle (A), and no
difference was seen in females (B) or males alone (C). No difference in total BALF neutrophils
between treatment groups was seen in vehicle challenged mice (D), which was true in females
alone (E) and males alone (F). Lymphocytes did not comprise a significantly different percentage
of BALF cells in LPS challenged mice (G), and no difference was seen in females (H) or males
(I). Macrophages as a percent of BALF cells in vehicle challenged animals was not different
between groups (J), which remained true when females (K) and males (L) were examined.
Macrophages as a percent of BALF cells in LPS challenged animals was not different between
groups (M), which remained true when females (N) and males (O) were examined. Neutrophils
as a percent of BALF cells in vehicle challenged animals was not different between groups (P),
which remained true when females (Q) and males (R) were examined. Neutrophils as a percent
of BALF cells in LPS challenged animals was not different between groups (S), which remained

true when females (T) and males (U) were examined.
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Supplemental Figure 4:
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Enrichment plot: HALLMARK_DNA_REPAIR
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Supplemental Figure 4: Enrichment plots for hallmark pathways enriched following LPS

Challenge in control female mouse lungs. GSEA hallmark pathway analysis was used to find

differences between transcriptomes of control mouse lung challenged with LPS versus control. A

FDR cutoff of 0.25 was used.
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Supplemental Figure 5:
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Supplemental Figure 5: Core enrichment genes for Hallmark Pathways in control female
mouse lungs challenged with vehicle and LPS. Core enrichment genes for (A) Complement,
(B) KRAS signaling, (C) Inflammatory response, (D) IL2 STAT5 signaling, (E) Apoptosis, (F)
MTORCH1 signaling, (G) Myc targets V2, (H) PI3K AKT MTOR signaling pathway, (I) TNFa
signaling via NFkB, (J) IL6 JAK STAT signaling, (K) Angiogenesis, (L) Unfolded Protein
Response, (M) DNA Repair, (N) Coagulation, (O) UV Response Up, (P) E2F Targets, (Q)
Epithelial Mesenchymal Transition, (R) G2M Checkpoint, (S) Allograft Rejection, and (T) Gamma

Interferon Response Hallmark Pathways.
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ment plots for hallmark pathways enriched following LPS

challenge in neonatally ETS exposed female mouse lungs. GSEA hallmark pathway analysis

was used to find differences between transcriptomes of control mouse lung challenged with LPS

versus control. A FDR cutoff of 0.25 was used.
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Supplemental Figure 7:
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Supplemental Figure 7: Core enrichment genes for Hallmark Pathways in neonatally ETS
exposed female mouse lungs challenged with vehicle and LPS. Core enrichment genes for
(A) p53, (B) Inflammatory response, (C) IL-2 STATS signaling, (D) Kras signaling, (E) Apoptosis,
(F) Unfolded Protein Response, (G) Coagulation, (H) TNFa signaling via NFkB, (1) PI3K AKT
MTOR signaling, (J) DNA Repair, (K) Interferon gamma response, (L) IL6 Jak STAT3 signaling,
(M) E2F targets, (N) G2M checkpoint, (O) Reactive Oxygen Species, (P) UV Response pathway,
(Q) MTORC1 signaling, (R) Apical Junction, (S) Complement pathway, and (T) Allograft Rejection

Hallmark Pathways.
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Supplemental Figure 8:
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Supplemental Figure 8: Enrichment plots for hallmark pathways enriched following LPS
challenge in neonatally ETS exposed male mouse lungs. GSEA Hallmark Pathway analysis
was used to find differences between transcriptomes of control mouse lung challenged with LPS

versus control. A FDR cutoff of 0.25 was used.
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Supplemental Figure 9: Core enrichment genes for Hallmark Pathways in neonatally ETS
exposed male mouse lungs challenged with vehicle and LPS. Core enrichment genes for (A)
inflammatory response, (B) TNFa signaling via NFkB, (C) complement, (D) G2M checkpoint, (E)
E2F targets, (F) apoptosis, (G) IL6 JAK STAT3 signaling, (H) IL-2 STAT5 signaling, (I) interferon
gamma response, (J) DNA repair, (K) allograft rejection, (L) MTORC1 signaling, (M) interferon
alpha response, (N) unfolded protein response, (O) Kras signaling, (P) Myc targets V1, (Q) Myc
targets V2, (R) oxidative phosphorylation, (S) PI3K AKT MTOR signaling, and (T)

spermatogenesis Hallmark Pathways.
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Chapter 3

Neonatal environmental tobacco smoke exposure induces IL-22
through aryl hydrocarbon receptor activation and modulates

pulmonary club cell secretory protein expression

3.1. Abstract

The finding that children with pulmonary function deficits have reduced maximal lung function in
adulthood makes the need to understand mechanisms of early life pulmonary function deficits
more crucial. Exposure to environmental tobacco smoke (ETS) during childhood is associated
with a wide range of health conditions from obesity and behavioral problems to asthma
exacerbation and increased rate and severity of respiratory infection. ETS is also a major
contributor to reduced pulmonary function during early life. ETS is a complex mixture that includes
numerous polycyclic aromatic hydrocarbons that serve as exogenous ligand for the aryl
hydrocarbon receptor (AhR). We hypothesized that AhR ligands from tobacco smoke mediate
pulmonary dysfunction that persist into adulthood. We used a neonatal murine model of early life
ETS exposure, assessing both acute and persistent responses using gene expression by
Tagman; protein by ELISA, Western blot, and immunofluorescence; immunophenotype by flow
cytometry; and pulmonary function by flexiVent. Mice exposed to ETS during the first week of life
had transiently elevated IL-22" ILCs following exposure and reduced CCSP and increased tissue
damping in adulthood. AhR ligand was able to recapitulate while AhR antagonist was able to
mitigate induction of IL-22" cells. Additionally, anti-IL-22 neutralizing antibodies reduced CCSP in
adulthood, and ILC3 lung homing chemokines were reduced in neonatally ETS exposed mice.
Together these findings suggest that aberrant induction of IL-22 during neonatal ETS exposure
is linked to modulation of CCSP expression. This study presents a novel IL-22-mediated

mechanism for pulmonary pathogenesis following neonatal ETS exposure.
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3.2. Introduction

Exposure to environmental tobacco smoke (ETS) has been recognized as a major
contributor to morbidity for almost four decades; however, millions of children are exposed in utero
and during early life [1, 2]. ETS exposure during early life is associated with increased rates of
respiratory infection, asthma, and wheezing in childhood and reduced lung function during early
adulthood when pulmonary function is highest [3]. ETS has been shown to be more hazardous
than mainstream smoke due to higher concentrations of many constituents from longer duration
and lower combustion temperatures during generation and changes that occur from exposure to
air along with secondary reactions in the air [4]. The challenge with understanding molecular
mechanisms behind the adverse impact of ETS stems in part from the complexity of tobacco
smoke particularly as the concentration and composition changes with time and depending on
environmental conditions

Tobacco smoke is a complex mixture of at least 7000 different chemicals including several
polycyclic aromatic hydrocarbons (PAHSs) [5, 6]. PAHs are organic compounds containing at least
two rings primarily composed of carbon atoms and may have halogenated functional groups [7].
PAHs are created from incomplete combustion of organic matter, including tobacco, but the
amount of PAHs formed depends on the strain of tobacco, the curing process, and the combustion
temperature [8]. Many PAHs in tobacco smoke serve as exogenous ligands for the aryl
hydrocarbon receptor (AhR) and alter gene expression acutely following exposure [9].

AhR is a cytosolic receptor that translocates into the nucleus upon endogenous or
exogenous ligand binding with the assistance of the aryl hydrocarbon nuclear translocator (ARNT)
where it binds xenobiotic response elements and modifies gene transcription [10]. Endogenous
ligands include products of bacterial fermentation products and tryptophan metabolism, which
makes AhR an important conduit between the body and the microbiome. Exogenous ligands
include some classes of drugs as well as a variety of toxicants including dioxins from wood pulp

processing and PAHs from tobacco combustion. In the lung, AhR signaling has been reported to
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alter expression of mucin 5ac (MUC5AC) and pulmonary club cell 10 kDa protein or club cell
secretory protein (CCSP), an important homeostatic and immunomodulatory protein secreted by
non-ciliated cells of the airways [11]. AhR signaling is also important in the development of
antimicrobial immune responses. Specifically AhR signaling has been reported to be essential to
maintenance of retinoic-acid-related orphan receptor gamma t (RORyt) in helper T cells and
innate lymphoid cells [12, 13]. IL-22 has been implicated in psoriasis [14], ulcerative colitis [15,
16], and pancreatic fibrosis [17], but only one recent study links IL-22 and its receptor to lung
disease [18].

IL-22 is a member of the interleukin 10 (IL-10) family of cytokines. Among cytokines, IL-
22 is unique in that it is expressed exclusively by lymphoid cells and signals to epithelial cells [19].
The IL-22 receptor is a heterodimer consisting of the ubiquitously expressed interleukin 10
receptor beta (IL-10B) and the epithelial-cell-restricted interleukin 22 receptor alpha 1 (IL-22Ra1)
that results in phosphorylation of signal transducer and activator of transcription 3 (STAT3) [20,
21]. IL-22Ra1 is responsible for IL-22 binding and has expression limited to epithelial cells in
health [19]. Expression of IL-22Ra1 in the lung is restricted to airways epithelium in the absence
of infection in mice; although, expression can be induced in the parenchyma via signal transducer
and activator of transcription 1 (STAT1) [22, 23]. Our lab has previously shown that in the rhesus
monkey lungs, IL-22Ra1 is spatiotemporally regulated with expression increasing in the airways
epithelium during the first year of life [24]. Most studies examining AhR or IL-22 signaling have
been in animal models of adult disease leaving the question of their roles in early life origins of
disease largely unaddressed.

We hypothesize that exposure to AhR ligands from ETS during a key developmental
window alters pulmonary gene expression, including expression of CCSP and IL-22. We further
hypothesize that IL-22 signaling regulates CCSP expression during early life. To test this, we use

a murine model of ETS exposure beginning in early life and ending at the end of the bulk
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alveolarization stage of lung development. The equivalent developmental timepoint in humans
begins at gestational week 36 and ends at approximately 3 years old [25]. Exposure of adult mice
to short duration ETS has been reported with no discernable impact on pulmonary
pathophysiology [18]. However, there is no report on the impact of early-life ETS exposure on IL-

22 in the lungs or whether IL-22 signaling modifies pulmonary CCSP.
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3.3. Methods
3.3.1. Animals

All experiments were performed under the auspices of the Animal Care and Use
Committee of the University of California at Davis (protocols 19980 and 21794). Gestational day
8 C57BL/6J dams were purchased from the Jackson Laboratory (Sacramento, CA) and allowed
to acclimate at the California National Primate Research Center for 14 days until pups were 3
days old prior to treatments. Pups were maintained with their dams until weening at postnatal day
21. As controls, five-week-old male and female C57BL/6J (000664) mice were purchased and

allowed to acclimate 1 week prior to treatment.

3.3.2. Environmental Tobacco Smoke Exposures

Starting at postnatal day 3, C57BL/6J mouse pups housed with dams or six-week-old adult
controls co-housed up to 4 per cage were exposed to filtered air or whole-body tobacco smoke.
Exposure was performed for 6 hours/day for 5 days at a concentration of 1-2 mg/m?® total
particulate matter. Tobacco smoke was generated using a TE10 cigarette smoking machine
(Teague Enterprises, Woodland, CA) with a 35-mL puff volume, a 2-second puff duration, once
per minute (Federal Trade Commission smoking standard) on two 3R4F reference cigarettes
(Center for Tobacco Reference Products, University of Kentucky) at a time for 10 puffs per
cigarette [26]. Total suspended particles were measured twice daily during the exposure by
drawing air from the exposure chamber at a known rate and collecting particulate matter on a
submicron filter for 1-hour. Chamber carbon monoxide concentration was measured and recorded
continuously during the week of exposure to assess consistency of exposure conditions. Ambient
temperature and humidity were monitored daily. Following exposure, some mice were allowed to

recover for 5 weeks in filtered air.

3.3.3. Treatment of Neonatal Mice with Aryl Hydrocarbon Receptor Modulating Compounds
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C57BL/6J mice age postnatal day 3 or six-weeks-old were administered intraperitoneal
injections of 2,3,7,8-tetrachlor-dibenzo-p-dioxin (TCDD) (Agilent, Santa Clara, CA) at 15 ug/kg,
0.6 ug/kg, 5 ng/kg, or corn oil (Sigma-Aldrich, St. Louis, MO) and housed in filtered air [11, 27-
29]. Neonatal mice were given up to 50 uL injections while six-week-old mice were given up to
100 pL injections. Additional mice were administered intraperitoneal injections of 10 mg/kg 2-
methyl-2H-pyrazole-3-carboxylic  acid  (2-methyl-4-o-tolylazo-phenyl)-amide = (CH223191)
(ApexBio Technology, Houston, TX) or corn oil immediately prior to the start of tobacco smoke
exposure [30]. Following injections, animals were housed in cages along with animals undergoing

environmental tobacco smoke exposure or in filtered air.

3.3.4. Treatment of Neonatal Mice with Interleukin-22 Neutralizing Antibody

C57BL/6J mice age postnatal day 3 or six-weeks-old were administered intraperitoneal
injections of interleukin-22 neutralizing antibody (monoclonal IL22JOP) or rat IgG2a kappa
functional grade isotype control (eBioscience, San Diego, CA) at 5 g/kg body weight immediately
prior to the start of tobacco smoke exposure [31]. Neonatal mice were given up to 50 ulL injections
while six-week-old mice were given up to 100 uL injections. Following injections, animals were

housed in cages along with animals undergoing environmental tobacco smoke exposure.

3.3.5. Immune Challenge with Lipopolysaccharide

C57BL/6J mice exposed to ETS or filtered air starting at postnatal day 3 and allowed to
recover for 5 weeks along with adult controls were challenged by oropharyngeal aspiration of 0.25
ug LPS or sterile PBS and necropsied 24 hours later [32]. Briefly, mice were anesthetized by
whole body exposure to 2% isoflurane in oxygen and then suspended by the cranial incisors by
a silk suture tied to a slanted board. Anesthesia was maintained by continued administration of

isoflurane through a nosecone. The tongue was pulled out and to the side to control the swallow
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reflex before 50 uL of LPS solution or PBS was injected into the pharynx with a micropipettor. The
nose was held closed to force inhalation through the mouth. The fluid level and respiration were
observed to ensure aspiration into the lungs which was accompanied with an audible crackling

sound.

3.3.6. Bronchoalveolar Lavage Cell Collection and Protein Concentration

Following exposure, mice were euthanized with an overdose of >100 mg/kg sodium
pentobarbital diluted to 39 mg/mL in sterile PBS by intraperitoneal injection. The renal artery was
severed, and lungs were perfused with 3 mL saline injected into the right ventricle. The trachea
was cannulated, and 1 mL PBS was injected into the lungs and lavage was recovered
immediately. Lavage was repeated with another 1 mL of PBS and both portions were pooled as
bronchoalveolar lavage fluid (BALF).

Collected bronchoalveolar lavage was centrifuged at 300 rcf for 5 minutes at 4° C to pellet
lavage cells. BALF was removed to separate tubes and stored at -80° C. Protein concentration
was determined using Pierce BCA protein assay (ThernoFisher) using manufacturer’s protocol.
Briefly, standards and samples were added to duplicate wells with working reagent and incubated
for 30 minutes at 37° C before optical density was measured at 562 nm on a microplate reader.
Protein concentration of samples was calculated by subtracting the optical density of the blank

and multiplying the optical density by the slope of the standard curve.

3.3.7. Pulmonary Function Testing

Some animals had pulmonary function testing completed at 5 weeks post exposure using
a flexiVent forced oscillation system with FX Module 2 (SciReq, Montreal, QC, Canada). Mice
were anesthetized with 50 mg/kg sodium pentobarbital in sterile PBS to achieve a surgical plane

of anesthesia before being massed. Mice were tracheotomized and cannulated with an 18- or 19-
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gauge cannula which was secured with a suture. Anesthetized mice were subjected to deep
inflation, quick prime, snapshot, and pressure-volume loop maneuvers three times. Only mice
independently respirating that complied with oscillation maneuvers were included. Adult exposed
and neonatally exposed mice were compared separately due to significant differences in mass

between the two groups.

3.3.8. mRNA Isolation, cDNA Synthesis, and Gene Expression gPCR

Following perfusion, lungs were collected and homogenized in Trizol reagent (Invitrogen,
Carlsbad, CA) using a tissue homogenizer. Extraction of mMRNA was carried out according to the
manufacturer’s protocol. Concentration and purity of mRNA was measured on a Nanodrop ND-
1000 (ThermoFisher). Reverse transcription and synthesis of 500 ng cDNA was performed using
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Waltham, MA) in a
Mastercycler Gradient thermocycler (Eppendorf, Enfield, CT). Gene expression was carried out
using TagMan Gene Expression Master Mix (Applied Biosystems) and FAM TagMan Gene
Expression Assays in Table 1 (Applied Biosystems) on a QuantStudio 12 (Applied Biosystems)

in the Primate Assay Laboratory at the California National Primate Research Center.

3.3.9. Determination of Concentration of Club Cell Secretory Protein and Interleukin 22 in BALF
by ELISA

The concentration of Club Cell Secretory Protein (CCSP or SCGB1A1) in bronchoalveolar
lavage fluid (BALF) was determined by enzyme linked immunosorbent assay (ELISA) using a
Mouse Uteroglobin/SCGB1A1 ELISA Kit (Novus Biologicals, Littleton, CO) according to
manufacturer’s directions. Briefly BALF was diluted two-fold with Reference Standard & Sample
Diluent added to wells in duplicate. CCSP was immobilized by capture antibodies bound to the

well bottom during a 90-minute incubation at 37° C. Biotinylated detection antibody was bound to

captured CCSP during a 60-minute incubation at 37° C after which excess detection antibody was
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removed by three washes. Detection antibody was then bound by streptavidin conjugated
horseradish peroxidase (HRP) during a 30-minute incubation at 37° C after which excess HRP
Conjugate was removed by five washes. Finally, Substrate reagent was added and incubated for
15-minutes at 37° C before Stop Solution was added, and optical density measured at 450 nm on
a microplate reader.

The concentration of interleukin 22 (IL-22) in the BALF was determined by ELISA using a
Mouse IL-22 DuoSet ELISA kit (R & D Systems, Minneapolis, MN) according to manufacturer’s
protocol. Briefly, capture antibody was reconstituted with PBS and incubated overnight at room
temperature in a 96-well plate. Excess capture antibody was removed with three washes of wash
buffer before blocking with reagent diluent for 1 hour at room temperature. Excess blocking
solution was removed by three washes with wash buffer before standards and samples were
incubated in duplicate for 2 hours at room temperature. Wells were washed three times with wash
buffer before detection antibody incubation in reagent diluent for 2 hours at room temperature.
Excess detection antibody was removed with three washes of wash buffer before binding with
streptavidin-HRP for 20 minutes in the dark at room temperature. Excess streptavidin-HRP was
removed with three washes of wash buffer and substrate solution was added to each well for 20
minutes in the dark at room temperature. Stop solution was added to each well and the plate was
tapped gently to mix and read at 450 nm and 540 nm on a microplate reader. Optical density is

the difference between the 450 nm reading and the 540 nm background.

3.3.10. Determination of Club Cell Secretory Protein by Western Blot

Protein from snap frozen whole lungs was isolated by homogenization on ice in ice cold
Pierce RIPA buffer (ThermoFisher, Waltham, MA) with Halt protease inhibitor (ThermoFisher).
Lung homogenate was then incubated on ice over 30 minutes and vortexed occasionally before

being sonicated for 3 minutes at 180 watts in 10 second intervals. Lung protein was then
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centrifuged for 2 minutes at 10,000 rcf at 4° C to pellet cellular debris. Protein concentration was
determined using Pierce BCA protein assay (ThernoFisher) using manufacturer’s protocol.

20 ug protein was mixed with Laemmli buffer (BioRad, Hercules, CA) and 50 mM
dithiothreitol to disrupt disulfide bonds and heated to denature proteins. Samples were loaded
onto Mini Protean TGX gels (BioRad) with biotinylated ladder (Cell Signaling Technology,
Danvers, MA) in one lane. Samples were run at 40 V for 30 minutes to stack the samples and 70
V until the dye approached the edge of the gel. Proteins were transferred to a Trans-Blot Turbo
Transfer Pack (BioRad) membrane in a Trans-Blot Turbo (BioRad). The membrane was blocked
with 5% BSA in TBST for 1 hour at room temperature. Primary antibodies listed in Table 2 in 5%
BSA in TBST were added to the membrane and incubated overnight at 4° C with rocking. After
washing excess primary antibody away, the membrane was incubated with secondary antibody
listed in Table 2 in 5% BSA in TBST for 30 minutes with rocking at room temperature. Excess
secondary antibody was washed away before incubation with SuperSignal West Dura Extended
Duration Substrate (ThermoFisher) and images collected on FluorChem E system

(ProteinSimple, San Jose, CA). Images were quantified using ImageJ (NIH).

3.3.11. Identification and Quantification of IL-22" Cells in the Lung by Flow Cytometry

Whole lungs were excised and kept on ice in complete RPMI (10% fetal bovine serum,
1% penicillin-streptomycin, and 1% L-glutamine) until digestion. Immediately prior to digestion,
300 units type IV collagenase and 10 ug DNase were added to each set of lungs [31]. Lungs were
incubated in a shaking water bath at 37° C for 30 minutes at 150 rpm. The cell suspension was
filtered through a 100 um nylon filter and rinsed with DPBS. Cell suspension was centrifuged for
5 minutes at 500 rcf a 4° C in a Eppendorf 5810R tabletop centrifuge (Eppendorf, Enfield, CT).

The supernatant was discarded, and red blood cells were lysed by incubation with 100 uL AKC
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buffer for 3 minutes. AKC lysis was stopped by the addition of excess PBS and centrifuged for 5
minutes at 500 rcf a 4° C in a tabletop centrifuge. The supernatant was discarded.

Cells were counted by addition of 10 uL trypan blue to 10 uL cell suspension on a
Countess automated cell counter, and pellet resuspended to 10° cells/mL in RPMI. Cells were
stimulated for 6 hours with the addition of 500x Cell Activation Cocktail (phorbol-12-myristate 13-
acetate (40.5 pM) (PMA) and ionomycin (669.3 uM) in DMSO), 1000x Brefeldin A, and 1000x
Monensin (Biolegend, San Diego, CA).

Cells were counted by addition of 10 uL trypan blue to 10 uL cell suspension on a
Countess automated cell counter. Cell suspension was brought to 107 cells/mL in staining buffer,
and 100 uL per well was added to round bottom 96-well culture dish. To each well, 50 uL antibody
cocktail composed of antibodies in Table 2 and Zombie UV Fixable Viability dye (Biolegend) was
added and incubated for 30 minutes at 4° C. Excess antibody was removed by washing twice with
FACS buffer (5% fetal bovine serum and 0.09% sodium azide) centrifugation at 1000 rcf for 1
minute at 4° C and three washes with 200 uL FACS buffer (10% fetal calf serum and 0.4% sodium
azide in PBS). Extracellular antibodies were fixed with BD Cytofix/Cytoperm (BD Biosciences,
San Jose, CA). Cells were permeabilized with Perm/Wash Buffer (BD Biosciences), and
intracellular proteins were stained using antibodies in Table 2 in a 50 uL volume of Perm/Wash
Buffer for 60 minutes at room temperature. Excess antibody was removed by washing twice with
Perm/Wash Buffer centrifugation at 1000 rcf for 1 minute at 4° C. Cells were resuspended in 200
uL FACS buffer and filtered into filter top polystyrene FACS tubes to remove clumps. Cell
suspensions were counted on a BD Symphony running FACSDiva (BD Biosciences) with 500,000

events collected per sample. Results were analyzed on FlowJo v8 (BD Biosciences).

3.3.12. Localization of IL-22Ra1 by Immunofluorescence
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Lungs from freshly euthanized mice were cannulated via the trachea and removed. Lungs
were inflation fixed with 4% formalin with constant pressure for 30 minutes before being tied with
#4 suture and stored overnight in 4% formalin at 4° C. Formalin was then replaced with 70%
ethanol in water until embedding. Lungs were placed in cassettes and embedded in paraffin and
5 um slices were affixed to slides. Sections were deparaffinized with three successive 5-minute
incubations in 100% xylene followed by rehydration by two 10-minute washes in 100% ethanol
and two 10-minute washes in 95% ethanol. Antigen retrieval was performed by incubating slides
for 1 hour in Dako Target Retrieval Solution (Agilent, Santa Clara, CA).

Slides were blocked with 5% bovine serum albumin (BSA) and 5% goat serum in PBS
with 0.3% triton X (Sigma-Aldrich, St Louis, MO). Slides were stained with primary antibodies in
PBS with 5% BSA and 5% goat serum overnight at 4° C using antibodies listed in Table 2. Excess
antibody was removed by 3 successive washed in PBS. Secondary antibodies in PBS listed in
Table 2 were added and incubated for 1 hour at room temperature. Excess antibody was removed
by three washes in PBS. Nuclei were stained with 100 uL 300 nM DAPI (4',6-Diamidino-2-
Phenylindole, Dilactate) (Life Technologies, Carlsbad, CA) for 5 minutes. Excess DAPI was
removed by three washes with PBS. Autofluorescence was quenched using Vector trueView
Autofluorescence Quenching kit (Vector Labs, Burlingame, CA) according to manufacturer’s
protocol. Slides were covered using VECTASHIELD Vibrance Antifade Mounting Medium (Vector
Labs). Slides were visualized in the Advanced Imaging Core at the California National Primate

Research Center.

3.3.13. Statistical Analysis
Statistical analysis was performed using Prism 7.0 software (Graphpad, San Diego, CA).
Significance was determined with one-way or two-way ANOVA with Tukey’s post-hoc test for

multiple comparisons or student’s t-test.
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3.4. Results
3.4.1. Neonatal environmental tobacco smoke exposure alters growth and pulmonary function in
adulthood

To understand the impact of exposure to environmental tobacco smoke (ETS) during the
key early-life developmental window, neonatal pups were exposed to 1-2 mg/m® mixed
mainstream and sidestream tobacco smoke for 6 hours per day for 5 days from postnatal day 3
until postnatal day 7 along with 6-week-old adult controls (Figure 1A). Exposure levels were
monitored by twice-daily particulate matter collections with a mean total suspended particulate of
1.533+0.359 mg/m*® (mean * standard deviation) (supplemental Figure 1A) and continuous
monitoring of carbon monoxide levels of 8.263+1.359 PPM (mean + standard deviation)
(Supplemental Figure 1B). Tobacco smoke exposure has been correlated with reduced growth in
human epidemiological studies [33-35]. Following a 5-week recovery in filtered air, the mass of
animals was determined. Neonatally ETS exposed mice had lower body mass than age-matched
controls while there was no difference between adult control groups (Figure 1B, C). Neonatally
ETS exposed mice had increased tissue damping (G), a measure of tissue resistance reflecting
the energy dissipation of the alveoli, compared to age-matched controls (Figure 1D) while adult
ETS exposed controls had an opposite effect in tissue damping (Figure 1E). Most measures of
pulmonary function were not significantly different between ETS exposed and age-matched
filtered air controls following recovery (Table 3, Supplemental Figure 2). Altered pulmonary
function including has been reported in children with reduced serum CCSP and increased tissue
damping has been reported in CCSP™ mice [36]. Since club cell secretory protein (CCSP) has a
homeostatic role in lung function, we looked at gene expression of CCSP in whole lung
homogenates. Neonatally ETS exposed mice had decreased expression of CCSP in adulthood
compared to age-matched or adult controls (Figure 1F). Protein levels of CCSP were assessed
by Western blot of protein from whole lung homogenate from neonatally ETS exposed mice and

age-matched controls in adulthood to confirm the gene expression results (Figure 11, J). CCSP
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has anti-inflammatory properties and pulmonary CCSP protein levels have been shown to be
altered during infection [37], so the levels of CCSP in mouse lungs following sham or LPS
challenge were assessed. As CCSP is a major constituent of lung lining fluid, CCSP levels in the
bronchoalveolar lavage fluid (BALF) of neonatally ETS exposed and age-matched controls were
assessed by ELISA in sham (Figure 1G) and LPS challenged mice (Figure 1H).
3.4.2. Aryl hydrocarbon receptor agonist TCDD also reduces pulmonary CCSP

CCSP has been reported to be regulated through the aryl hydrocarbon receptor (AhR) in
response to xenobiotic metabolites including dioxins such as 2,3,7,8-tetrachlor-dibenzo-p-dioxin
(TCDD) [11]. Tobacco smoke is known to be a source of AhR ligands including anthracene,
benzo-a-pyrene, naphthalene, and chrysene [8], and CCSP has been shown to be reduced in
smokers [38]. To understand if AhR signaling could be involved in down regulation of CCSP
following early-life ETS exposure, postnatal day 3 mice and six-week-old adult controls were given
intraperitoneal injections of TCDD and allowed to recover for one or six weeks (Figure 2A).
Neonatally treated mice at the acute one-week timepoint demonstrated dose-response CCSP
gene expression curve with TCDD treatment (Figure 2B). The results in neonatally treated mice
at six weeks after treatment were mixed with only the lowest dose of TCDD showing a statistically
significant decrease compared to vehicle treated age-matched controls (Figure 2C). Adult mice
had significantly reduced CCSP gene expression at both acute (Figure 2D) and persistent (Figure
2E) timepoints in both doses with no difference in expression between amount of TCDD.
3.4.3. Aryl hydrocarbon receptor antagonist CH223191 abrogates the reduction of CCSP in
neonatally ETS exposed mice

The finding that an AhR ligand TCDD has a differential effect in neonates that is distinct
from that seen in adult mice suggests that if AhR signalling is important for the reduced CCSP
gene expression in neonatally ETS exposed mice, it may be more subtle than the signal generated
by TCDD. The strength and concentration of AhR agonists has been reported to effect

downstream gene expression following exposure [39]. Neonate mice and humans are deficient in
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several phase 1 and phase 2 detoxification gene expression [40, 41], which could make dosing
of an AhR agonist technically challenging as individual gene expression changes during
development. To further assess if AhR signaling was necessary for ETS-induced CCSP
deficiency in neonatally exposed mice in adulthood, we used the AhR antagonist 2-methyl-2H-
pyrazole-3-carboxylic acid (2-methyl-4-o-tolylazo-phenyl)-amide (CH223191). Postnatal day 3
mice and six-week-old adult controls were administered CH223191 or vehicle immediately prior
to ETS exposure and assessed acutely following exposure or following a five-week recovery
period in filtered air (Figure 3A). Neonatal CH223191 administration significantly increased CCSP
gene expression in ETS exposed mice compared to vehicle age-matched controls both acutely
(Figure 3B) and persistently (Figure 3C). Adult control mice administered AhR antagonist prior to
ETS exposure did not have a change in CCSP gene expression compared to vehicle controls at
either the acute (Figure 3D) or persistent timepoint (Figure 3E). These results suggest that AhR
signaling is necessary for reduced CCSP gene expression during early life due to ETS exposure.
3.4.4. IL-22" natural-killer cell receptor type 3 innate lymphoid cells are increased by neonatal
ETS exposure in an AhR-dependent manner

AhR signaling regulated numerous genes in a variety of cells. AhR has been reported to
be an important transcription factor for IL-22 production in helper T cell lineages and innate
lymphoid cells (ILCs) [13, 39, 42]. Type 3 cytokines IL-17 and IL-22 have been shown to be
increased in the serum and sputum of smokers and patient with COPD [43]. Additionally,
interleukin 6 (IL-6) is important for initiating type 3 immune responses along with transforming
growth factor beta (TGFB) and has been shown to be essential for environmental air pollution
induced CCSP reductions in an experimental rat model [44]. To examine whether IL-22 is
implicated in the effects of early-life ETS exposure, we homogenized whole lungs to single cells
suspensions from mice following exposure to ETS or filtered air starting at postnatal day 3 or six-
week-old and stained for flow cytometry with antibodies for IL-22 and lineage markers for helper

T cells, B cells, natural killer cells, ILCs, invariant natural killer T cells, and gamma-delta T cells.
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Neonatally ETS exposed mice had an increased percentage and number of IL-22" cells compared
to age-matched and adult controls acutely following exposure at postnatal day 9 (Figures 4A, B).
The neonatally ETS exposed mice expressed RORyt, a master regulator of IL-22, in a greater
percentage of IL-22" cells and more cells than age-matched and adult controls (Figures 4C, D).
Percentages and counts of IL-22" natural killer cells (Figures 4E, F), lymphoid tissue inducer-like
(LTi) ILC3s (Figures 4G, H), and natural killer cell receptor positive (NCR+) ILC3s (Figures 41, J)
were lower or not different in neonatally ETS exposed mice than controls. Importantly, none of
the counts of these cell types were a significant portion of the IL-22" RORyt" cell fraction in
neonatally ETS exposed mice (Figure 4D). The largest portion of IL-22* RORyt" cells in neonatally
ETS exposed mice by percent and count were natural killer cell receptor negative (NCR-) ILC3s
(Figures 4K, L). ETS exposed adults had a similar percentage of NCR- ILC3s compared to
neonatally exposed mice (Figure 4K); however, the total number of NCR- ILC3s was significantly
lower in adults than neonates (Figure 4L).

Following 5-week recovery in filtered air, additional mice were assessed for pulmonary IL-
22" cells. In contrast to the acute increase in IL-22" cells, there were no differences in the
percentage or number of IL-22" cells in the lungs between treatment group (Supplemental Figure
3). Consistent with the essential role of RORyt in maintaining IL-22, all treatment groups had
RORyt mean frequencies below 60% (Supplemental Figure 3C) compared to 97% for neonatally
ETS exposed mice in the acute group (Figure 4C). These results suggest that the AhR ligands in
ETS are not capable of maintaining RORyt following neonatal exposure for extended periods of
time after exposure to ETS.

To determine if a similar induction of IL-22" cells was responsible for reduced CCSP
following treatment with AhR modulating compounds, single cell lung homogenate from mice
treated with TCDD and kept in filtered air and mice treated with CH223191 and exposed to ETS

were stained for flow cytometry. Postnatal day 3 TCDD treated mice had a small but significant

139



dose response in IL-22" NCR- ILC3s acutely (Figure 4M). Unlike neonatally ETS exposed mice,
neonatally TCDD treated mice had a more profound dose response at six weeks post treatment
(Figure 4N). Adult mice treated with TCDD had no induction of IL-22" NCR- ILC3s acutely or
persistently (Supplemental Figure 4A, B). Postnatal day 3 AhR antagonist CH223191 treated mice
exposed to ETS had a significant reduction in IL-22* NCR- ILC3s acutely compared to vehicle
(Figure 40), and there was no difference between CH223191 and vehicle at the persistent
timepoint (Supplemental Figure 4C). Treatment with CH223191 did not change numbers of IL-
22" NCR- ILC3s in filtered air control neonates either acutely or persistently compared to vehicle
(Supplemental Figure 4D, E). CH223191 treated adults also did not have any differences in IL-
22" NCR- ILC3s between CH223191 and vehicle either acutely or persistently (Supplemental
Figure 4F, G).

IL-22 is induced by bacterial products lipopolysaccharide and flagellin through toll-like
receptors (TLR) 4 and 5, respectively [45]. LPS is a constituent of tobacco smoke and could
contribute to the observation that IL-22 is elevated in smokers [43]. Since IL-22" cells were
transiently increased in neonatally ETS exposed murine lungs, we examined IL-22 in BALF from
LPS challenged mice by ELISA. Following LPS challenge, IL-22 was lowest in the BALF of
neonatally ETS exposed mice at six weeks (Figure 4P). This suggests that following early-life
ETS exposure IL-22 induction in response to LPS is impaired.

3.4.5. IL-22 neutralizing antibodies partially mitigate the loss of pulmonary CCSP following early-
life ETS exposure

Since IL-22" cells were transiently increased in the lungs following postnatal ETS
exposure and pulmonary CCSP was subsequently reduced, we interrogated the IL-22/IL-22Ra1
signaling axis. Postnatal day 3 mice and adult controls were given 5 g/kg body weight neutralizing
anti-IL-22 antibodies or isotype control and exposed to ETS for five days (Figure 5A). At postnatal

day 9, CCSP gene expression was elevated in anti-IL-22 treated mice compared to isotype control
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(Figure 5B); however, by six weeks the increase in pulmonary CCSP in antibody treated mice
was no longer significant compared to isotype control (Figure 5C).

When lungs from neonatally exposed anti-IL-22 treated mice were homogenized and
stained for flow cytometry, there was a trend toward reduced IL-22" NCR- ILC3s at the acute
(Figure 5D) but not the persistent timepoint (Figure 5E). Neonatal treatment with anti-IL-22
neutralizing antibodies did not change the number of IL-22" NCR- ILC3s in filtered air exposed
controls at either timepoint (Supplemental Figures 5A, B). Similarly, adult controls treated with
anti-IL-22 neutralizing antibody or isotype control and exposed to ETS had no differences in the
number of IL-22* NCR- ILC3s at the acute timepoint (Supplemental Figure 5C). Pulmonary CCSP
protein detected by ELISA showed a small and not significant increase in neonatally ETS
exposed, anti-IL-22 antibody treated mice (Figure 5F).

IL-22 is produced by immune cell populations and signals to epithelial cells via IL-22Ra1
with the co-receptor IL-10Rp [21, 46]. IL-22Ra1 has been previously reported by our lab to be
spatiotemporally regulated within the lung of rhesus monkeys with restriction to airways epithelial
cells [24] and in mice to airways of uninfected animals [22]. Lungs of neonatally ETS-exposed
and age-matched controls mice were inflation fixed with paraformaldehyde at six-weeks-old and
immunohistochemistry was performed to determine localization and abundance of IL-22Ra1.
Control mice expressed low levels of IL-22Ra1 (Figures 5G-H) compared to neonatally ETS
exposed mice (Figures 5I-K). Co-localization of IL-22Ra1 with CCSP showed that club cells were
the predominant cells in the airways of neonatally ETS exposed mice that express IL-22Ra1
(Figures 5H, J). Despite the reduced levels of CCSP protein in the lungs of neonatally ETS
exposed murine lungs (Figures 11, J), there was no noticeable difference in CCSP fluorescence
intensity between control and ETS lungs (Figures 5J-K). This indicates a persistent change in IL-
22Ra1, the receptor on epithelial cells responsible for binding IL-22.

CCSP deficiency is associated with altered pulmonary function in human children and

mice [36], and we found altered CCSP and tissue damping in neonatally ETS exposed mice in
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adulthood that was partially abrogated by pre-treatment with anti-IL-22 neutralizing antibodies. To
determine if blocking IL-22 could restore normal pulmonary function, postnatal day 3 mice were
administered anti-IL-22 neutralizing antibodies or isotype control and exposed to ETS followed by
recovery in filtered air. At six-weeks-old, pulmonary function was assessed by flexiVent forced
oscillation maneuvers as before. No measure of pulmonary function was significantly altered by
pre-treatment with anti-IL-22 neutralizing antibodies compared to isotype control treated mice
(Supplemental Figure 6).

Since IL-22 antibody blockade induced a trend toward reduced CCSP in adulthood among
neonates exposed to filtered air (Figure 5F), we examined expression of cytokines that induce IL-
22. IL-23 and IL-1B have been shown to have roles in inducing IL-22 in lymphocytes [47].
Expression of IL-1p was lower during acute exposure at postnatal day 9 than at six weeks, and
neonatally ETS exposed mice had reduced IL-1f in adulthood (Figure 6A). In contrast, IL-23
expression was higher during the neonatal period in the lung but not significantly different based
on ETS exposure (Figure 6B).

ILC homing to the lung is governed by C-C motif chemokine receptor 4 (CCR4) ligands
[48, 49]. To assess the role of CCR4 ligands, C-C motif chemokine ligand 17 (CCL17) and CCL22
gene expression was determined acutely at postnatal day 9 (Figure 6C) and following recovery
at six weeks of age (Figure 6D). Lung expressed CCL17 trended lower at postnatal day 9 (Figure
6C) and was lower at six weeks of age (Figure 6D) while CCL22 was not significantly different at

either timepoint (Figure 6C, D).
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3.5. Discussion

We show that exposure to ETS during neonatal development reduces pulmonary CCSP
in our murine model of early life ETS exposure. We also show that exposure to AhR agonist TCDD
replicates the decrease in CCSP in neonatally treated mice while also generating profound
decreases in adult controls, and AhR antagonist CH223191 restored CCSP gene expression in
neonatally ETS exposed mice. Reduction in CCSP gene expression in vitro in NCI-H441 human
lung epithelial cells and in vivo in adult male C57BL/6J mice following injection with TCDD has
been reported [11]. Our results in adult mice are consistent with this previous report. AhR-
mediated stimulation of cytochrome P450 family 1 subfamily A member 1 (CYP1A1) by ETS
exposure has previously been reported by comparing exposure of C57BL/6N and AhR deficient
DBA2/N mice [50]. The dose of TCDD used in Wong et al [11] and the highest dose used in our
study, 15 ug/kg, is in excess of the lifetime dose required to induce cancer in mice and rats,
reduced thymus size in newborn rats, and reproductive harm in female rats [51]. Differential
effects of AhR ligands that depends on the strength and duration of binding has been reported
[39]. These findings suggest that while high doses of potent AhR agonists can induce acute gene
expression changes in AhR competent adult animals, smaller doses during early life may be
capable of eliciting effects not seen in models using adult animals using the same regimen.

We found small differences in lung function between early-life ETS exposed animals and
age-matched controls. Human epidemiological studies have shown CCSP levels to be associated
with reductions in FEV4, FEF275, and FEV4/FVC in adolescents and young adults, and
mechanistic work in a CCSP”~ mouse model provides evidence for CCSP deficiency being
causative of lung function deficits [36]. The increased tissue damping in neonatally ETS exposed
animals was consistent with the trend reported due to CCSP deficiency in knockout mice while
other measures were not. Since we found reduced but not ablated CCSP in neonatally exposed
mice in adulthood, this may represent an intermediate phenotype. It is also common for children

that live with smokers to continue to be exposed for tobacco smoke throughout their lives even if
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that exposure is believed to be more limited during adolescence. Instead of comparing
chronological ages across species it is important to look at relevant developmental milestones.
Mice are near completion of bulk alveolarization at postnatal day 7 when our exposure ends [52]
which approximates the lung developmental stage of a 3-year-old human [53]; however, it is
impossible to duplicate the same total exposure within this timeframe using an animal model.
These limitations may indicate an underestimate the size of the effect seen in this study.

We found transiently increased numbers of IL-22" NCR- ILC3s in the lungs of neonatally
exposed mice compared to adult controls. To the best of our knowledge, we are the first to report
the increase in IL-22" pulmonary immune cells in neonatal lungs of an animal model of ETS
exposure and the first to report that this effect is transient. Gray et al showed gut microbial
colonization was essential to recruitment of IL-22* NCR+ and LTi ILC3s to the lung [31]. We found
similar numbers of IL-22" ILC3s in the lungs of healthy animals with marked increases following
neonatal ETS exposure or AhR agonist treatment. In the gut, IL-22" ILCs are essential for tertiary
lymphoid tissues that are generated postnatally but not for prenatally determined Peyer’s patches
[54], but whether such a role for IL-22* ILCs in the lung exists is unknown. AhR agonist TCDD
also induced IL-22* NCR- ILC3s in neonates our model; however, it did so to a lesser degree and
for a longer duration than ETS exposure. AhR antagonist CH223191 reduced ETS induced IL-
22" NCR- ILC3s in neonates to baseline levels. Together these data suggest that induction of IL-
22" NCR- ILC3s in neonates following ETS exposure is initiated by AhR signaling. The
discrepancy between ETS and TCDD may be the result of ligand strength, dose, or route of
exposure. The affinity between AhR and stong ligands as well as duration has been shown to
direct immune cell differentiation [39]. Neonates treated with TCDD received intraperitoneal
injections that should circulate throughout the body, but breastfeeding and maternal grooming
likely introduced some level of TCDD though the oral route. TCDD was delivered in corn oil and

is strongly lipophilic which may result in the storage and delayed release of AhR agonists [55]. By
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contrast ETS exposure would be through the lungs as well as the oral route due to thirdhand
smoke exposures during feeding and grooming.

We found increased IL-22Ra1 protein in the airways of neonatally ETS exposed mice in
adulthood. There are conflicting reports on the impact of tobacco smoke and it constituents on
expression of IL-22Ra1. One study examined the effect of 1-10 uM nicotine or vehicle on in vitro
wound healing of A549 lung epithelial cells or normal airway epithelial cells with varying
concentrations of IL-22 and found nicotine reduced IL-22Ra1 expression and IL-22 production by
t cells [56]. Our study differs in that we employed in vivo ETS exposure which contains nicotine
as part of a complex milieu. While nicotine from ETS may suppress IL-22 and IL-22Ra1, factors
including nutrient balance [42], prostaglandin E2 levels [57], and concentration and strength of
AhR ligands [39] drive increased IL-22 production. A study that examined IL-22Ra1 gene
expression and protein cleavage products from neutrophil elastase and cathepsin in a mouse
model, smokers, and COPD patients found no significant difference in IL-22Ra1 gene expression
in the lungs of nonsmokers, smokers, and COPD patients [58]. These findings suggest that
increased pulmonary neutrophils that are often seen in smokers and COPD patients may
decrease IL-22Ra1 available to convey signals by cleaving the receptor particularly during bouts
of inflammation such as acute exacerbations of COPD. Our study differs in that we used both
male and female C57BL/6J mice as opposed to female BALB/c mice, which are hyper-responsive
to pulmonary insults, and exposed them during the beginning of alveologenesis before allowing
them to rest as opposed to exposure in adulthood for 8-16 weeks. The short duration of exposure
in our protocol resulted in no detectable changes in IL-22 or IL-22Ra1 in adult mice. IL-22Ra1 has
been shown to be induced by STAT1 signaling due to TLR3 stimulation [23] which is consistent
with previous findings of induction during influenza [22, 58]. Starkey et al found increased IL-
22Ra1 in human COPD patients but non-statistically significant increases in IL-22Ra1 mRNA in

15-16 week-old C57BL/6 mice after 8 weeks of tobacco smoke exposure [18] similarly to findings
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of no increase in IL-22Ra1 in vitro in human lung epithelial BEAS-2C cells and in vivo in adult
female BALB/C mice [58]. These findings are consistent with our findings in adult controls.

There have been indications that IL-22 is involved in tobacco smoke induced pathology.
An early report indicated that interleukin 6 (IL-6) was essential for responses to both ozone and
ETS in an experimental rat model [44]. IL-6 in the presence of transforming growth factor beta
(TGFB) is important for initiating type 3 immune responses that include the induction of helper T
cells that secrete interleukin 17 (IL-17) and IL-22 [59, 60]. IL-22 has been reported as being
elevated in the serum and sputum from smokers and chronic obstructive pulmonary disease
(COPD) patients compared to healthy nonsmokers [43], and IL-22" helper T cells have been
reported elevated in current smokers with COPD [61]. An earlier report showed that STAT3, which
is phosphorylated by IL-22 signaling, is important for tobacco smoke mediated inflammation in a
murine model [62]. Another report indicated IL-22 and IL-22Ra1 are implicated in human and a
murine model of COPD [18]. Further, IL-22 levels are elevated in smokers suffering from chronic
pancreatitis, and IL-22 or AhR agonists TCDD and benzo-a-pyrene enhanced fibrosis in a murine
caerulein-induced chronic pancreatitis model while anti-IL-22 antibodies abrogated the effects
[17]. However, none of these studies examine the role of IL-22 in infants and children who are
experiencing rapid lung development. Gray et al found that ILCs were the primary IL-22" cells in
bronchoalveolar lavage from human newborns and that IL-22" NKp46* (NCR+) and LTi-like ILC3s
were rapidly increased in the lungs of postnatal day 4 mice that was driven by commensal
colonization and suppressed by antibiotic treatment [31]. AhR ligands in health are generally
endogenous fermentation products from commensal microbiota in the gut, presumably these
effects are part of the gut-lung axis. The role of exogenous AhR ligands from ETS on recruitment
and activity of IL-22" cells in developing lungs has not been described.

Anti-IL-22 neutralizing antibody was unable to abrogate the changes in lung physiology
seen in neonatally ETS exposed mice, namely increased tissue damping was still present. The

treatment regimen was a single dose of antibody prior to exposure, and tobacco smoke
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constituents may have persistent third-hand effects to the neonates after the exposure stopped.
Numerous studies have shown that tobacco smoke constituents can linger well after smoking has
stopped—third hand smoke—and particularly impact small children and pets that interact more
closely with surfaces than adults [63-65]. Settled dust in houses of smokers has been found to
have more than twice as much polycyclic aromatic hydrocarbons per square meter as that of non-
smokers [63]. The composition of tobacco combustion products also changes during the aging
process from second hand to third hand smoke. Following tobacco combustion, the composition
of airborne particulate matter shifts from volatile and semivolatile amines to increasing levels of
acetonitrile, alkanes, and alkenes at 2 hours and to carbonyls and nitriles by 18 hours post smoke
exposure [65]. As such it is possible another mechanism may be responsible for altered
pulmonary function or the effects of third hand smoke may be outlasting the lifespan of the
administered antibody.

Neonatal ETS exposure resulted in reduced IL-13 and CCL17 in the lungs of adult mice.
IL-1B induces IL-22 production and maintenance in ILC3s, helper T cells, and invariant natural
killer T cells [47, 66-68]. The recruitment of lymphocytes to the lung is dependent on chemokine
ligand C-C motif chemokine receptor 4 (CCR4) interactions [48]. CCR4 is induced on ILCs by
cluster of differentiation 103 (CD103)+ CD11b+ dendritic cells from the intestines during
development [31]. We did not measure CCR4 in this experiment, but deficiencies in CCR4 or its
ligands have been shown to alter ILC migration [31, 48]. The CCR4 ligand CCL17 is produced in
the lung and induced by gamma interferon, tumor necrosis factor alpha, and interleukin 4 as well
as by a variety of toll-like receptor ligands [69, 70]. The reduction of CCL17 in the lung following
neonatal ETS exposure requires further examination. CCL17 has been implicated in several
diseases of the epithelial barriers but the strongest association is with atopic dermatitis [71]. IL-
22" ILC3s were induced during the neonatal period; however, IL-22 was not induced following

LPS challenge in adulthood when CCL17 was suppressed. This indicates an inability to maintain
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IL-22 production in adulthood in our model. Importantly, most infants that are exposed to ETS
continue to be exposed throughout their lives as most exposures happen in the home, car, or
other frequently visited space. Our model did not replicate this prolonged duration of exposure.

IL-22 contributes to enhanced secretion of mucins and antimicrobial peptides [19, 72],
enhanced expression of tight junction proteins [73], and increased cellular proliferation and
survival [22, 74]. IL-22 has also been described as having immunomodulatory or inflammatory
roles depending on the disease state. In psoriasis [14], ulcerative colitis [15, 16], pancreatic
fibrosis [17], and COPD [18] IL-22 has been described as an inflammatory mediator of disease.
Other reports suggest that IL-22 is protective in an animal model of ulcerative colitis [75]. In a
bleomycin model of acute lung injury in mice, Sonnenberg et al found that IL-22 was pathogenic
in the presence of interleukin 17A (IL-17A) as shown by reduced inflammation in IL-22"- mice and
that IL-22 was protective in IL-17A" mice with more inflammation following treatment with anti-IL-
22 antibodies [76]. IL-22 has also been shown to have a protective role in the progression of
pulmonary fibrosis in a Bacillus subtilis induced mouse model with increased collagen deposition
in AhR deficient mice or following anti-IL-22 antibody treatment despite significant numbers of IL-
17A" v t cells [77]. The role of IL-22 was recently confirmed using an IL-22Ra1”" mouse model,
recombinant IL-22 supplementation of bleomycin treated mice, and clinical specimens from
pulmonary fibrosis patients that showed correlation between FEV1 and serum IL-22 [78]. While
we show excess IL-22 during early life is associated with reduced CCSP, the role and appropriate
balance of IL-22 in health and disease during early life remains an opportunity for further
investigation.

In addition, IL-22 signaling has been reported to modify stem and progenitor cell behavior.
Boniface et al reported that IL-22 reduced expression of seven keratinocyte differentiation genes
in vitro [14]. Human mesenchymal stromal cells treated with IL-22 jn vitro alone resulted in the
upregulation of osteogenic transcription factors Runx2 and Alpl with increases calcium deposition

and apidogenic transcription factor Ppary [79]. In the gut, IL-22 signaling has been reported to
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increase the number of transit amplifying cells while reducing the number of crypt Lrg5* stem cells
within in vitro intestinal organoids and in a mouse model by inhibiting Notch and Wnt signaling
[80]. A previous report also showed increased intestinal organoid growth with IL-22 treatment but
found increased numbers of crypt Lrg5* stem cells [81]; however, subsequent work suggests that
transit amplifying cells are capable of dedifferentiating to reconstitute the intestinal crypt stem cell
niche [82]. This may indicate the consistency with lost stem cells being subsequently replaced by
transit amplifying cells. IL-22 signaling results in the phosphorylation of STAT3 [20]. Pulmonary
IL-6 was shown to induce differentiation in favor of ciliated cells using a mouse model in vivo and
tracheal organoids from basal stem cells in vitro in a STAT3 dependent fashion [83]. Given the
role of IL-6 in inducing type 3 immune responses that include IL-22, it is possible that IL-22
modulates pulmonary stem cell behavior similarly to intestinal stem cell behavior. This possibility
may be important for fully understanding the role of IL-22 in inhalation exposure during early
development.

Consistent with the role of IL-22 in mediating host-microbe interactions, IL-22 production
has been shown to be inducible by TLR ligands LPS and flagellin [45]. Tobacco smoke is a major
source of LPS in the lung for smokers with each cigarette containing as much as 26.8 £ 7.3
pg/cigarette [84], so it is unsurprising that the finding that IL-22 is increased in sputum of smokers
has been reported [43]. Our study did not assess the microbiome of the mice studied, and it is
possible that ETS exposure during early life causes dysfunction due to the immature state of the
pre-weening microbiome. Studies in humans and animal models have shown that the gut and
skin microbiome change from very early in life as the organism matures [85, 86]. Disruptions in
the developing microbiome have been associated with development of Crohn’s disease in the gut
among a pediatric cohort [87]. The dogma that the lung was a sterile environment persisted for
many years, so knowledge of the lung microbiome is still developing. Recently the healthy adult
human lung microbiome [88], developmental trajectory of upper respiratory tract microbiota in

healthy children [89], and the differences between oral and lung microbiomes between smokers
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and nonsmokers have been described [90]. What effect if any ETS has on the development of
the lung or gut microbiome is unknown. Animal models that demonstrate altered microbiota
influence behavior, metabolic disorder, and asthma that are also associated with ETS exposure
make this an important area for future research [91, 92].

Despite the risks of ETS to human health being known for decades, millions of children
around the world are exposed to ETS and millions more are exposed to other combustion
products with as yet unknown health effects [2]. Recent shifts in preferences among young
tobacco users toward electronic nicotine delivery systems or vaping, present new challenges for
determining the impact on lifelong health. In addition, increasing exposure to wildfire smoke from
combustion of homes in wildland-urban interface areas presents risks for future health problems
in children and adults. Understanding cellular and molecular mechanisms for how existing inhaled

toxicants cause harm will be helpful in guiding assessment as novel hazards arise.
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Figure 1: Neonatal ETS exposure results in reduced growth into adulthood and increased
tissue damping. Experimental design for murine early-life ETS exposure (A). Mass of neonatally
exposed (B) and adult controls (C) were assessed 5 weeks post exposure prior to necropsy.
Pulmonary function testing was performed on a subset of mice 5 weeks post exposure under
anesthesia using a FlexiVent system running Deep Inflation, SnapShot, QuickPrime, and PV Loop
protocols. Tissue damping in adult controls (D) and neonatally exposed mice (E). Expression of
club cell secretory protein (CCSP) in lungs from neonatally ETS exposed, age-matched controls,
and adult controls was determined using Tagman qPCR and normalized to GAPDH by the AACt
method (F). Bronchoalveolar lavage fluid (BALF) from six-week-old mice neonatally-exposed to
ETS or filtered air was used to detect CCSP protein by ELISA (G). Some mice were challenged
with LPS by oropharyngeal aspiration and BALF was collected to determine CCSP protein by
ELISA (H). Total lung protein was extracted from resting mice neonatally challenged with ETS or
control and allowed to recover in filtered air. CCSP was assayed by Western blot (I) and band
intensity was compared to GAPDH by ImageJ (J). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001

by ANOVA with Tukey post-hoc correction for multiple comparisons or student’s t test.
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Figure 2: Aryl hydrocarbon receptor agonist TCDD induces a dose-dependent decrease in
club cell secretory protein message in neonates and adults. Experimental design for
intraperitoneal administration of AhR agonist TCDD or vehicle to postnatal day 3 pups and adult
controls (A). Expression of CCSP was assessed in mice treated at postnatal day 3 with TCDD at
varying doses or vehicle one week (B) or six weeks post administration (C). Expression of CCSP

was also assessed in six-week-old mice treated with TCDD or vehicle one (D) and six weeks post
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administration (E). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 by ANOVA with Tukey post-

hoc correction for multiple comparisons.
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Figure 3: Aryl hydrocarbon receptor antagonist CH223191 abrogates neonatal ETS-

induced reductions in club cell secretory protein. Experimental design for intraperitoneal

administration of AhR antagonist CH223191 or vehicle to postnatal day 3 pups and adult controls

(A). Expression of CCSP was assessed in mice treated immediately prior to ETS exposure on

postnatal day 3 with CH223191 or vehicle one week (B) or six weeks post administration (C).

Expression of CCSP was also assessed in ETS exposed six-week-old mice treated with
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CH223191 or vehicle one (D) and six weeks post administration (E). * p<0.05, ** p<0.01, ***

p<0.001, **** p<0.0001 by student’s t test.
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Figure 4: Neonatal ETS exposure transiently induces IL-22" innate lymphoid cells in the
lung in an aryl hydrocarbon receptor-dependent manner. Mice were exposed to ETS or
filtered air beginning postnatal day 3 or at six-weeks-old for adult controls. Mice were euthanized
either following exposure or following recovery. Lungs were harvested after perfusion, and single

cells were isolated, stimulated, and stained for flow cytometry to determine immunophenotype of
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IL-22" cells. Neonatally ETS exposed mice had significantly increased percentage (A) and
number (B) of IL-22" cells in their lungs at postnatal day 9 compared to filtered air and adult
controls. Expression of RORyt was highly expressed in IL-22" cells as a percentage (C) and was
significantly increased in ETS exposed neonates by count (D) compared to age-matched and
adult controls. Further subdividing the RORyt" cells showed small percentages (E) and counts (F)
of NK cells. Looking in the innate lymphoid cell type 3 (ILC3) compartment, Lymphoid tissue
inducer-like ILC3s were a small percentage (G) and number (H) of RORyt" IL-22" cells as were
natural kill cell receptor positive (NCR+) by percent (I) and count (J). Natural killer cell receptor
negative (NCR-) ILC3s represented the majority of RORyt" IL-22 cells in ETS-exposed neonates
at postnatal day 9 by percent (K) and were significantly higher by count (L) than age-matched
and adult controls. AhR agonist TCDD administered to neonates resulted in a trend toward
increased IL-22" NCR- ILC3 counts in the lungs of neonates at postnatal day 9 (M) and counts
increased at 6 weeks (N). Mice treated with AhR antagonist prior to neonatal ETS exposure had
significantly reduced pulmonary IL-22" NCR- ILC3 counts compared to vehicle treated mice at
postnatal day 9 (O). BALF assayed by ELISA for IL-22 following LPS challenge at 5 weeks post
ETS exposure (P). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 by ANOVA with Tukey post-

hoc correction for multiple comparisons of student’s t test.
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Figure 5: The IL-22/IL-22Ra1 axis in the lung modifies CCSP in neonatal ETS exposures.
Experimental design for blocking IL-22 by intraperitoneal injection of 5 mg/kg anti-IL-22

neutralizing antibodies or IgG2A isotype control immediately prior to exposure to ETS beginning
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at postnatal day 3 or six-weeks of age (A). Pulmonary CCSP gene expression was measured in
mice treated neonatally then exposed to ETS at acute (B) and persistent (C) timepoints with
GAPDH as a housekeeping gene. Mice treated neonatally then exposed to ETS were assessed
for acute (D) and persistent (E) induction of IL-22* NCR- ILC3 counts by flow cytometry. BALF
was examined for IL-22 protein by ELISA (F). Lungs from neonatally ETS exposed mice and age-
matched controls were inflation fixed with paraformaldehyde, and sections were strained for IL-
22Ra1 and CCSP with DAPI counterstain for nuclei. IL-22Ra1 staining in the airways of control
mice (G) and combined images (H). IL-22Ra1 in the airways of neonatally ETS exposed mice (l)
and combined images (J). The presence of both IL-22Ra1 and CCSP including co-staining is
visible zoomed in (K). Images were captured at 40X. * p<0.05, ** p<0.01, *** p<0.001, ****
p<0.0001 by student’s t test or one-way ANOVA with Tukey’s post-hoc test for multiple

comparisons.
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Figure 6: Neonatal ETS exposure reduces IL-22-inducing cytokines and ILC3 homing
chemokines in the lungs. Gene expression of MRNA from whole lung homogenate at postnatal
day 9 (acute) or six weeks of age (recovery) for IL-22-inducing cytokines (A) IL-1p (B) IL-23. ILC3
homing chemokines CCL17 and CCL22 at (C) acute and (D) recovery timepoints. All gene
expression used GAPDH as a reference gene. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 by

student’s t test or one-way ANOVA with Tukey’s post-hoc test for multiple comparisons.
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Table 1: Tagman probes used for gene expression experiments

Gene Assay ID

CCSP MmO00442046 m1
GAPDH Mm99999915 g1
IL-22 Mm01226722 g1
IL-22 MmO00444241 m1
IL-18 MmO00434228 m1
IL-23A Mm00518984 m1
CCL17 MmO00516136 m1
CCL22 Mm00436439 m1
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Table 2: Antibodies used for flow cytometry, immunofluorescence, and Western blot

experiments

Target Conjugate Clone Manufacturer
IL-22 APC poly Biolegend
CD45 APC/Fire750 | QA17A26 Biolegend
CcD127 BV421 A7R34 Biolegend
CD8a BV510 53-6.7 Biolegend
NKp46 BV711 29A1.4 Biolegend
ST2 BV785 DIH9 Biolegend
CCR6 PE/Cy7 29-21.17 Biolegend
ySTCR PerCP/Cy5.5 | GL3 Biolegend
CD3e BUV395 17A2 BD Biosciences
IL-12Rb2 AF488 305719 R&D Systems
RORyt PE B2D eBioscience
CD45R/B220 | BV605 RA3-6B2 Biolegend
CcD127 PE/Cy5 A7R34 Biolegend
CCR6 BV785 29-21L.17 Biolegend
NK1.1 AF700 PK136 Biolegend
AhR PE/CF594 T49-550 BD Biosciences
yodTCR AF488 GL3 Biolegend
NKp46 APC/Fire750 | 29A1.4 Biolegend
CD45.2 BV421 104 Biolegend
CD3e BV605 17A2 Biolegend
CD117 Pacific Blue 2B8 Biolegend
ST2 PE/Cy7 DIH4 Biolegend
CD8a PE/dazzle594 | 53-6.7 Biolegend
CGRP none poly Millipore Sigma
Krt5 none poly Biolegend
SCGB3A2 none poly Biorbyt
IL-22Ra1 none poly Bios

CCSP none E-11 SantaCruz
CCSP none EPR19846 Abcam
IL-22Ra1 none 496514 R&D Systems
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Table 3:

Neonate Exposed Adult Exposed p-value
Parameter
FA ETS FA ETS Neonate FA-ETS | Adult FA-ETS
Quasistatic | Total 0.791+0.042 0.795+0.021 0.625+0.022 0.604+0.019 0.9193 0.4795
Resistance |Female 0.847+0.075 0.856+0.029 0.649+0.029 0.621+0.021 0.9275 0.4547
cmH20*s/mL | Male 0.734+0.022 0.765+0.018 0.585+0.014 0.546+0.020 0.3154 0.1826
Quasistatic | Total 34.049+1.717 35.258+1.361 29.317+1.510 25.964+0.856 0.5854 0.0502
Elastance |Female 37.773£1.609 39.975+2.024 30.569+2.059 26.490+1.056 0.427 0.0701
cmH20/mL | Male 30.326+1.386 32.899+0.539 27.230+1.916 24.212+0.567 0.0804 0.2053
Quasistatic | Total 0.030+0.002 0.029+0.001 0.035+0.002 0.039+0.001 0.5098 0.0613
Compliance |Female 0.027+0.001 0.025+0.001 0.033+0.002 0.038+0.002 0.4423 0.0989
mL/cmH20 | Male 0.033+0.002 0.030+0.0005 0.037+.003 0.041+0.001 0.0795 0.1979
Newtonian | Total 0.367+0.048 0.321+0.017 0.241+0.019 0.260+0.016 0.3654 0.4716
Resistance |Female 0.387+0.102 0.356+0.030 0.244+0.026 0.273+0.019 0.8078 0.3952
cmH20*s/mL | Male 0.346+0.016 0.304+0.018 0.236+0.034 0.217+0.018 0.1387 0.6496
Tissue Total 5.118+0.146 5.670+0.150 4.764+0.237 4.203+0.121 0.0191 0.0311
Damping Female 5.435+0.068 5.658+0.181 4.98240.316 4.245+0.157 0.2506 0.0342
cmH20/mL | Male 4.800+0.167 5.677+0.217 4.398+0.292 4.063+0.040 0.0199 0.3191
Tissue Total 30.884+1.658 31.912+1.307 26.697+1.625 23.491+0.823 0.6296 0.0658
Elastance |Female 34.347+1.619 36.163+1.945 27.739+2.393 23.803+1.051 0.5024 0.1
cmH20/mL | Male 27.421+1.487 29.786+0.795 24.960+1.778 22.452+0.581 0.163 0.251
Static Total 0.049+0.003 0.047+0.002 0.062+0.003 0.070+0.002 0.4463 0.0273
Compliance |Female 0.044+0.002 0.043+0.002 0.060+0.004 0.069+0.002 0.7424 0.0549
mL/cmH20 | Male 0.055+0.002 0.049+0.002 0.065+0.006 0.075+0.004 0.1133 0.2138
PV Loop Area Total 1.279+0.086 1.387+0.049 1.822+0.073 1.735+0.047 0.2783 0.3049
mL*cmH20 Female 1.10140.109 1.32140.027 1.84040.098 1.70940.054 0.1539 0.2246
Male 1.457+0.038 1.420+0.070 1.793+0.131 1.820+0.097 0.7035 0.8754
PV Loop K Total 0.125+0.004 0.124+0.002 0.121+0.003 0.128+0.002 0.8636 0.0438
/emH20 Female 0.117+0.003 0.125+0.002 0.120+0.004 0.128+0.003 0.1212 0.1308
Male 0.132+0.005 0.123+0.003 0.121+0.004 0.128+0.002 0.1503 0.1738
Inspiratory Total 0.567+0.024 0.555+0.018 0.720+0.025 0.782+0.020 0.5512 0.069
Capacity mL Female 0.511+0.019 0.496+0.023 0.698+0.032 0.765+0.022 0.6399 0.1027
Male 0.623+0.017 0.584+0.013 0.756+0.037 0.842+0.037 0.1016 0.18
n 4 Female, 4 Male 3 Female, 6 Male 5 Female, 3 Male | 10 Female, 3 Male

166




3.7. Supplementary Figures

A 25 B 15,
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Supplemental Figure 1: Concentration of particulate matter and carbon monoxide in ETS
exposure chamber. Concentration of particulate matter was measured twice daily by collecting
particulate on pre-weighed filters for 1 hour at a known flow rate. Filters were weighed following
collection and ambient particulate matter was calculated for each collection period (A). Carbon
monoxide was measured every four minutes as a surrogate for combustion products throughout
the entire exposure period and mean CO concentration during exposure is reported (B). Non-ETS
chambers are sealed to the room and receive filtered air. CO levels were below 0.1 PPM within

30 minutes of the end of daily exposure.

167



neonate

adult

<

T
ETS

I 1 1 T
N @ x «©
- - o o

0.4+

T
N
o

(Qw/s"OzZHwWO) siy

o
oS

T
ETS

T
FA

r T T T
N @ @« 9
- - o o

0.4+

J
N
S

(Qwy/s'0zZHwWO) s1y

e
S

neonate

adult

(Aw/OZHwWO) si3

[ ]
o [H® L2
w
[ )
_ S
L] L] L] L]
o o o o o
< o N -~
(Qw/ozHwWD) si3
[ ]
° Y [
. i
[ 1]
[ ]
| <
_ w
L] L] L] L]
(=] (=] (=] w o

neonate

adult

®
[ (/2]
- =
[ ] w
[ ]
I <
W
T T T L T
0n < [5e] N - o
2 2 e e o @9
o o o o o o
(OZHwWOqw) s19
[ ] [ )
[ ] [ ] (/2]
- =
o w
oop oo
_ | <
_ [T
T T T T T
n < o~ N - (=]
2 e e o o g9
o o o o o o

(OZHwWOw) s19

neonate

adult

o

ETS

T T
© <
o o

(Qw/s"0zHwWO)

T

N

o
u

|

o
oS

ETS

FA

T T
© <

o S

(Qw/s'0zHwWD)

T

N

o
u

|

e
S

168



neonate

adult

y n
o olele -
°
I | <
['8
r T T T T
wn o wn o Ty o
o o o o o =
(nV) AinisalsyshAH
°
| X3 n
(1) m
°
1
1
| <
[T 8
1
r T T T T
v o »w o Wvw o
N N - - = =
o o o o o =

(nv) AunisaissysAy

neonate

-l

adult

X

® [72]

oo He L —

) w

I

! | <

[T

& & &6 & o o
ey < © N -
(Qw/OZHwWo) H

o (7]

oofe L —

o w

®

| <

[T

& & & & o o
0 < ™ ~ -
(Qw/oZHwW9) H

neonate

adult

[ )
[ ® 7]
L - =
o, )
)
| <<
1 ™
I T T T T
=3 © © < N o
- e e S S =)
o o o o P=3 =
(OzHwWow) 3189
[
° [} ®
[ ] [ ] - -
Y w
)
*
| <
™
I T T T T
= ® © < N )
- < S S S =]
o o o o o =)

OZHWOW) 39

—_

neonate

adult

(®)

T
ETS

T
FA

T
ETS

T
FA

(OZHW2 W) eary

169



Q adult R
* heonate
0.15- | .I 0.15-
@
—c 3% —-  2gas8
—_ —_ o
O 0.10- O 0.10
N N
I I
€ S
L L
x 0.05- < 0.05-
0.00 T T 0.00 T T
FA ETS FA ETS
S adult T neonate
1.0 1.0
[ ]
[ J ° :
0.8 0.8
. ’55. 5 hd
[ ]
= 0.6 O 064 _ o ° oo
E E ,*.
© 0.4- O 0.4
0.24 0.2-
0.0 T T 0.0 T T
FA ETS FA ETS
U adult \"/ heonate
40+ 401
%k
a 30' | a 30'
2 =ps 8
s i s °o220
20- ° 20- 2 1N
0.0
10 T T 10 T T
FA ETS FA ETS

Supplemental Figure 2: Pulmonary function testing by flexiVent forced oscillation
maneuvers following ETS exposure. Mice were exposed neonatally or at six-weeks-old to ETS
or filtered air and allowed to recover for 5 weeks in filtered air before pulmonary function testing
was performed on the flexiVent forced oscillation system. Quasistatic resistance of adults (A) and

neonatally exposed mice (B). Quasistatic elastance of adults (C) and neonatally exposed mice
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(D). Quasistatic compliance of adults (E) and neonatally exposed mice (F). Newtonian resistance
of adults (G) and neonatally exposed mice (H). Hysteresivity of adults (I) and neonatally exposed
mice (J). Tissue elastance of adults (K) and neonatally exposed mice (L). Static compliance of
adults (M) and neonatally exposed mice (N). Pressure-volume loop area of adults (O) and
neonatally exposed mice (P). Pressure-volume loop K of adults (Q) and neonatally exposed mice
(R). Inspiratory capacity of adults (S) and neonatally exposed mice (T). Mass for adult (U) and
neonatally exposed mice that were tested (V). p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 by

student’s t test.
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Supplemental Figure 3: IL-22" immune cells populations in the lung at 5 weeks post
exposure are not detectably different between treatment groups. Postnatal day 3 and six-
week-old adult control mice were exposed to ETS for 5 days and allowed to recover in filtered air
for 5 weeks prior to necropsy. No difference was observed between any group in the percentage
(A) or count (B) of IL-22" cells in the lung. No difference was seen in the percentage (C) or count
(D) of RORyt" cells within the IL-22" gate. No difference was detected between groups in the
percent (E) or count (F) of NK cells, percent (G) or count (H) of lymphoid tissue inducer-like ILC3s,
percent (1) or count (J) of natural killer receptor positive ILC3s, or percent (K) or count (L) of
natural killer cell receptor negative ILC3s between groups. p<0.05, ** p<0.01, *** p<0.001, ****

p<0.0001 by ANOVA with Tukey’s post-hoc test for multiple comparisons.
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Supplemental Figure 4: IL-22* NCR- ILC3s in murine lungs of mice treated with aryl
hydrocarbon receptor modulating compounds. Six-week-old mice were administered AhR
agonist TCDD or vehicle via intraperitoneal injection, and pulmonary IL-22+ NCR- ILC3 counts
were assessed by flow cytometry at 1 week (A) and six weeks after treatment (B). Postnatal day
3 mice were administered AhR antagonist CH223191 or vehicle and exposed to ETS followed by
5 weeks of recovery in filtered air, and pulmonary IL-22+ NCR- ILC3 counts were assessed by
flow cytometry (C). Postnatal day 3 mice were administered AhR antagonist CH223191 or vehicle
and maintained in filtered air, and pulmonary IL-22+ NCR- ILC3 counts were assessed by flow
cytometry at one week (D) and 6 weeks after treatment (E). Six-week-old mice were administered
AhR antagonist CH223191 or vehicle via intraperitoneal injection and exposed to ETS, and
pulmonary IL-22+ NCR- ILC3 counts were assessed by flow cytometry after exposure (F) and
after 5 weeks of recovery in filtered air (G). p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 by

student’s t test.
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Supplemental Figure 5: IL-22 modulation in early life ETS exposure. Postnatal day 3 mice
were treated with anti-IL-22 neutralizing or isotype control antibodies and exposed filtered air.
Lungs were collected and IL-22" cells were detected by flow cytometry at (A) acute and (B)
recovery timepoints. Lungs of adult mice treated with anti-IL-22 and exposed ETS were assessed

acutely following ETS exposure (C).
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Supplemental Figure 6: Pulmonary function testing of neonatally anti-IL-22 antibody
treated mice exposed to ETS. Postnatal day 3 mice were treated with 5 mg/kg anti-IL-22
neutralizing antibody or isotype control prior to ETS exposure and allowed to recover for 5 weeks
in filtered air. At six-weeks-old, mice were subject to pulmonary function testing using felxiVent

forced oscillations maneuvers. Quasistatic resistance (A), quasistatic elastance (B), quasistatic
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compliance (C), Newtonian resistance (D), tissue damping (E), tissue elastance (F), hysteresivity
(G) static compliance (H), pressure-volume loop area (l), pressure-volume loop K (J), and
inspiratory capacity (K) were measured. p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 by

student’s t test.
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Chapter 4

Persistent Effects of Early Life Exposure

4.1. Abstract

There is a growing awareness that several chronic diseases including COPD have origins in early
life. Exposure to inhaled toxicants such as those in environmental tobacco smoke (ETS) have
been shown to cause phenotypic changes through the modification of immune responses that are
consistent with disease progression. We hypothesized that neonatal ETS exposure would result
in altered lung pathophysiology and lung transcriptome in adulthood. We used a murine model of
neonatal ETS expression with postnatal day 3 C57BL/6J mice being exposed to 1-2 mg/m? total
particulate matter for 6 hours per day for 5 days. Mice were allowed to recover in filtered air until
they reached 11-weeks. Bronchoalveolar lavage was collected for cell count and differential as
well as total protein. Lavage cells and whole lung were homogenized and examined for gene
expression by qPCR. We found that neonatally ETS exposed females had elevated lung
macrophages and neutrophils at rest but not following LPS challenge. We found altered regulation
of Cyp1A1 in the lungs of neonatally ETS exposed females and reduced B2M and GPR34
expression in the lavage cells of neonatally ETS exposed female mice. We also observed altered
IL-6 and SP-B levels following neonatal ETS exposure. These findings demonstrate a lasting
effect of ETS exposure during a key developmental window that may have relevance for

progression to future disease states.
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4.2. Introduction

Tobacco smoke exposure is among the leading preventable causes of morbidity today [1].
Tobacco use contributes to the development of cardiovascular disease, cancers, and lower
respiratory disease, three of the leading causes of death in the United States and around the
world. However, our understanding of the impact of tobacco smoke on human health is still
evolving. A prospective longitudinal study recently demonstrated that pediatric lung function in
infancy was related to maximal lung function in early adulthood [2]. It has also been suggested
that reduced pulmonary function in the young is correlated to risk of development of chronic
obstructive pulmonary disorder (COPD) [3].

COPD is defined as emphysema with or without chronic bronchitis [3]. While emphysema
is the destruction of the alveolar septa, chronic bronchitis is the irreversible obstruction of the
airways through thickening of the airway wall and mucus hypersecretion [4]. Whether significantly
reduced lung function during early life is indicative of COPD development remains a topic of
debate; however, the contribution of tobacco smoke to altered lung pathophysiology is well
understood. Tobacco smoke induces inflammation while impairing immune responses to infection
and reducing lung function through a variety of mechanisms [5]. Exposure to environmental
tobacco smoke (ETS) during childhood is also associated with changes in immune function
including increased rates and severity of respiratory infection [6] and increased asthma
exacerbations [7] with earlier exposure typically being more detrimental. The lasting effects of
neonatal ETS exposure on health in adulthood is an opportunity for further inquiry.

Studies have examined changes in the microbiome [8] and DNA methylation in children
exposed to ETS [9]; however, there are few studies that examine adults neonatally exposed to
ETS. Practically, a study of adults exposed to ETS during childhood may be difficult as adults may
be unaware of their own exposure history, parents if still alive may be reluctant to share exposure
history with their adult children, details of exposures decades in the past may be inaccurate, and

tobacco use is often adopted by teenage children and young adults of smokers, which confounds
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potential findings [10]. One study attempted a retrospective assessment of lung cancer risk based
on self-reported exposures to tobacco smoke by activity and age [11], but the adjusted odds ratios
are relatively modest at 1.08-1.57 for those exposed before age 25 and only 0.82-2.02 for those
exposed to ETS before age 25. A murine model of cardiovascular disease in an apolipoprotein E
knockout mouse following intrauterine or neonatal ETS exposure with assessment at 12-week-
old or older found both intrauterine and neonatal ETS exposure contributed to development of
atherogenesis [12]. A murine model of intrauterine ETS exposure followed by chronic exposure
to ETS in adulthood starting at 11-weeks-old demonstrated that BALB/c mice have altered
breathing and airways hyperresponsiveness as well as enlarged airspaces and increased
collogen deposition [13].

We previously showed that neonatal ETS exposure was sufficient to induce altered lung
pathophysiology and transcriptomic shifts in six-week-old adult mice (Chapter 2). We hypothesize
that neonatal ETS exposure will alter the lung immune compartment and modify epithelial cell
phenotype in a sex-dependent manner. To investigate the role of neonatal ETS exposure on adult
lungs, we used a murine model of neonatal exposure to 1-2 mg/m*® ETS for 6 hours/day for 5
days. Cell count and differential as well as protein concentration of bronchoalveolar lavage was
evaluated along with gene expression based on top differentially regulated genes from our 6-

week transcriptomics study as well as immunomodulatory markers and surfactants.
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4.3. Methods
4.3.1. Animals

All experiments were performed under the auspices of the Animal Care and Use
Committee of the University of California at Davis (protocols 19980 and 21794). Gestational day
8 C57BL/6J dams were purchased from the Jackson Laboratory (Sacramento, CA) and allowed
to acclimate at the California National Primate Research Center for 14 days until pups were 3
days old prior to treatments. Pups were maintained with their dams until weening at postnatal day
21. As controls, five-week-old male and female C57BL/6J (000664) mice were purchased and

allowed to acclimate 1 week prior to treatment.

4.3.2. Environmental Tobacco Smoke Exposures

Starting at postnatal day 3, C57BL/6J mouse pups housed with dams or six-week-old adult
controls co-housed up to 4 per cage were exposed to filtered air or whole-body tobacco smoke.
Exposure was performed for 6 hours/day for 5 days at a concentration of 1-2 mg/m?® total
particulate matter. Tobacco smoke was generated using a TE10 cigarette smoking machine
(Teague Enterprises, Woodland, CA) with a 35-mL puff volume, a 2-second puff duration, once
per minute (Federal Trade Commission smoking standard) on two 3R4F reference cigarettes
(Center for Tobacco Reference Products, University of Kentucky) at a time for 10 puffs per
cigarette [14]. Total suspended particles were measured twice daily during the exposure by
drawing air from the exposure chamber at a known rate and collecting particulate matter on a
submicron filter for 1-hour. Chamber carbon monoxide concentration was measured and recorded
continuously during the week of exposure to assess consistency of exposure conditions.

Following exposure, some mice were allowed to recover for 5 or 10 weeks in filtered air.

4.3.3. Oropharyngeal Aspiration of Lipopolysaccharide
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Mice that were exposed to ETS or FA and allowed to recover were challenged by
oropharyngeal aspiration of 0.25 ug LPS or sterile PBS and necropsied 24 hours later [15]. Briefly,
mice were anesthetized by whole body exposure to 2% isoflurane in oxygen and then suspended
by the cranial incisors by a silk suture tied to a slanted board. Anesthesia was maintained by
continued administration of isoflurane through a nosecone. The tongue was pulled out and to the
side to control the swallow reflex before 50 uL of LPS or PBS was injected into the pharynx with
a micropipettor. The nose was held closed to force inhalation through the mouth. The fluid level
and respiration were observed to ensure aspiration into the lungs which was accompanied with

an audible crackling sound.

4.3.4. Bronchoalveolar Lavage Collection and Protein Concentration

Following exposure, mice were euthanized with an overdose of >100 mg/kg sodium
pentobarbital diluted to 39 mg/mL in sterile PBS by intraperitoneal injection. The renal artery was
severed, and lungs were perfused with 3 mL saline injected into the right ventricle. The trachea
was cannulated, and 1 mL PBS was injected into the lungs and lavage was recovered
immediately. Lavage was repeated with another 1 mL of PBS and both portions were pooled as
bronchoalveolar lavage fluid (BALF).

Collected bronchoalveolar lavage was centrifuged at 300 rcf for 5 minutes at 4° C to pellet
lavage cells. BALF was removed to separate tubes and stored at -80° C. Protein concentration
was determined using Pierce BCA protein assay (ThernoFisher) using manufacturer’s protocol.
Briefly, standards and samples were added to duplicate wells with working reagent and incubated
for 30 minutes at 37° C before optical density was measured at 562 nm on a microplate reader.
Protein concentration of samples was calculated by subtracting the optical density of the blank

and multiplying the optical density by the slope of the standard curve.
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4.3.5. Bronchoalveolar Lavage Cell Count and Differential

Following exposure, mice were euthanized with an overdose of >100 mg/kg sodium
pentobarbital diluted to 39 mg/mL in sterile PBS by intraperitoneal injection. The renal artery was
severed, and lungs were perfused with 3 mL saline injected into the right ventricle. The trachea
was cannulated, and 1 mL PBS was injected into the lungs and lavage was recovered
immediately. Lavage was repeated with another 1 mL of PBS and both portions were pooled as
bronchoalveolar lavage fluid (BALF).

BALF volume was measured with a serological pipet. BALF cellularity was determined by
addition of 10 uL BALF to 10 uL trypan blue, and cells were counted on a Countess automated
cell counter. Total BALF cells was calculated as the product of recovered volume and cell count.
Cytospins were prepared by adding 100 uL BALF to a cytospin funnel and centrifuged onto slides
for 5 minutes at 800 RPM in a Cytospin 4 (ThermoFisher, Waltham, MA). Slides were stained with
Shandon Kwik-Diff (Thermo Shandon, Kalamazoo, MI) using manufacturer’'s protocol and
differentials were counted by counting 300 cells per slide on an Olympus BH-2 polarizing
trinocular microscope (Olympus Scientific Solutions Americas, Waltham, MA). Percent differential
is the quotient of number of each type of leukocyte and total leukocytes counted. Total leukocyte

differential is the product of the percent and the total BALF cells.

4.3.5 mRNA Isolation, cDNA Synthesis, and Gene Expression qPCR

Following perfusion, lungs were collected and homogenized in Trizol reagent (Invitrogen,
Carlsbad, CA) using a tissue homogenizer. Extraction of mMRNA was carried out according to the
manufacturer’s protocol. Concentration and purity of mRNA was measured on a Nanodrop ND-
1000 (ThermoFisher). Reverse transcription and synthesis of 500 ng cDNA was performed using
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Waltham, MA) in a

Mastercycler Gradient thermocycler (Eppendorf, Enfield, CT). Gene expression was carried out
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using TagMan Gene Expression Master Mix (Applied Biosystems) and FAM TagMan Gene
Expression Assays in Table 1 (Applied Biosystems) on a QuantStudio 12 (Applied Biosystems)

in the Primate Assay Laboratory at the California National Primate Research Center.

4.3.6. Statistical Analysis

Statistical analysis was performed using Prism 7.0 software (Graphpad, San Diego, CA).

Significance was determined with one-way or two-way ANOVA or student’s t-test.
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4.4. Results
4.4.1. Neonatal ETS exposure results in increased immune cell abundance in the resting lungs of
female mice

Exposure to environmental tobacco smoke (ETS) has been reported to acutely increase
the number of circulating immune cells, particularly neutrophils, in adults acutely following
exposure [16]. While data on pediatric populations is limited, a study on infant rhesus monkeys
showed a decrease in cytokines related to type 1 immune responses commonly mounted against
viral infections following intrauterine and neonatal ETS exposure [17]. We investigated the impact
of neonatal ETS exposure in adulthood using a murine model. Postnatal day 3 mice were exposed
to ETS at 1-2 mg/m? for 6 hours/day for 5 days or filtered air and then allowed to recover in filtered
air for 10 weeks. At 11-weeks, mice were given 0.25 ug LPS or saline vehicle by oropharyngeal
aspiration and lavage taken 24 hours later. The concentration of cells in neonatally ETS exposed
female mice with vehicle was significantly higher than that of male mice (Figure 1A); however,
this increased frequency was not maintained in LPS challenged mice (Figure 1B). The total
number of lavage cells was calculated as the product of the concentration of cells in and the
volume of lavage fluid. The total number of immune cells recovered by lavage in neonatally ETS
exposed female mice was significantly higher than that of filtered air control females and all male
mice following vehicle challenge (Figure 1C). This increase was despite a small but significant
lower recover volume in the lavage fluid among neonatally ETS exposed mice (Supplemental
Figure 1A). LPS challenge resulted in no differences by sex or exposure (Figure 1D). One
potential explanation for differences in immune cell frequency in the lungs of female mice could
be reduced tight junction integrity leading to increase extravasation. Tobacco smoke has been
shown to reduce tight junction proteins and increase permeability of the epithelial layer by
reducing transforming growth factor beta [18]. We measured lavage protein concentration to
assess if there may be lasting differences in epithelial function. Female mice exposed to filtered

air and challenged with LPS had an increase in lavage protein concentration compared to vehicle
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challenged females that did not achieve statistical significance (Figure 1E). Neonatally ETS
challenged females had significantly higher lavage protein following LPS challenge than vehicle
challenged males and an increase over vehicle challenged females that did not reach statistical
significance (Figure 1F); however, there was no difference between exposure groups. This shows
a persistent imbalance in lung immune cells in neonatally ETS exposed females in adulthood.
4.4.2 Neonatally ETS exposed female mice have elevated lavage macrophages and neutrophils
in the absence of LPS challenge.

Sex differences in the number and type of immune cells in the lungs have been shown
[19]. To better understand the effect of neonatal ETS exposure on adult lung immune constitution,
we performed a cell differential on cytospin slides prepared from lavage fluid recovered from
vehicle or LPS challenged adult mice. There were no differences in percentages of lymphocytes,
macrophages, or neutrophils between exposure groups (Supplemental Figure 2), but the
percentage of macrophages was significantly lower and the percentage of neutrophils significantly
higher in all groups following LPS challenge compared to vehicle challenge with no sex-
dependent differences (Supplemental Figure 2C-F). Total cell differential was calculated as the
product of the percent differential and the number of recovered cells. Neonatally ETS exposed
female mice had significantly elevated macrophages following vehicle challenge compared to
filtered air controls and male mice (Figure 2A), but there was no difference between groups
following LPS challenge (Figure 2B). Interestingly, the total number of lavage macrophages in
neonatally ETS exposed females was lower following LPS challenge than vehicle challenge.
Neonatally ETS exposed female mice also had elevated numbers of neutrophils following vehicle
challenge compared to filtered air control females (Figure 2C) while there was no difference
between exposure groups following LPS challenge (Figure 2D). There were no differences in
lymphocytes between exposure groups following either vehicle (Supplemental Figure 2G) or LPS

challenge (Supplemental Figure 2H). This data shows an increase in the basal number of
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macrophages and neutrophils in the lungs of female mice in adulthood following neonatal ETS
exposure.
4.4.3. Neonatally ETS exposed female mice have elevated cyp1a1l in the lung tissue compared
to their male littermates

We have previously shown altered gene transcription in the lungs of adult mice at 6-weeks-
old following neonatal ETS exposure (Chapter 2). These included several Hallmark and KEGG
pathways that were related to immune function with sex-dependent differences. Since neonatal
ETS exposure has resulted in increased immune cells in the lungs of female mice, we examined
several of the top differentially expressed genes in lung tissue by gPCR. In whole lung tissue, we
examined expression of cytochrome P450 family 1 subfamily A member 1 (Cyp1A1), beta-2
microglobulin (B2M), cluster of differentiation 63 (CD63), G-protein-coupled receptor 34 gene
(GPR34), and histocompatibility 2 class Il antigen A beta 1 (H2-Ab1). Control exposed mice
showed no difference in Cyp1A1 expression by sex or challenge (Figure 3A). Neonatally ETS
exposed female mice had significantly elevated Cyp1A1 expression in lung tissue compared to
males following vehicle challenge, and LPS challenge resulted in a significant reduction in
Cyp1A1 gene expression in neonatally ETS exposed females (Figure 3B). LPS challenge resulted
in lower Cyp1A1 expression in ETS exposed mice compared to vehicle challenge (Supplemental
Figure 4B) and compared to control mice challenged with LPS (Supplemental Figure 4D). B2M
expression in control males increased following LPS challenge (Supplemental Figure 3A). In
vehicle challenged mice, neonatal ETS exposure resulted in reduced CD63 compared to control
mice (Supplemental Figure 4S). No other differences in CD63, H2-Ab1, or GPR34 were seen in
the lung tissue between groups (Supplemental Figure 3-4). These findings indicated that some
differences in gene expression following neonatal ETS challenge occur in the airway resident
cells and not the lung parenchyma.
4.4.4. Neonatal ETS exposure alters beta-2 microglobulin and G-protein-coupled receptor 34

expression in the airways of females
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Neonatal ETS exposure has been shown to alter immune responses in the lungs during
early life including increasing some immune cell frequencies [20]. To investigate if the changes in
transcriptomics we had previously noted were due to changes in the immune compartment in
airways, bronchoalveolar lavage cells were homogenized in Trizol and total RNA was extracted
for gPCR. Beta-2 microglobulin expression was increased following LPS challenge in neonatally
ETS exposed mice (Figure 4A) but not control mice (Supplemental Figure 5A). B2M expression
was also lower in neonatally ETS exposed mice compared to controls following vehicle challenge
(Figure 4B). In female mice, LPS challenge resulted in increased B2M gene expression in both
control (Figure 4C) and neonatally ETS exposed mice compared to vehicle challenge (Figure 4D),
but neonatally ETS exposed females had lower B2M gene expression than control females
following both vehicle (Figure 4E) and LPS challenge (Figure 4F). There were no differences in
B2M expression between control and neonatally ETS exposed males (Supplemental 5C-F). This
demonstrates a sex-dependent response of B2M following neonatal ETS exposure.

Expression of CD63 was significantly upregulated following LPS challenge in neonatally
ETS exposed (Supplemental Figure 5H) but not control mice (Supplemental Figure 5G). However,
female control mice had significantly increased CD63 following LPS challenge (Supplemental
Figure 5K), and neonatally ETS exposed female mice had a trend toward increased CD63
following LPS challenge (Supplemental Figure 5L). There were not significant differences in CD63
between exposure groups following vehicle (Supplemental Figure 5l1) or LPS challenge
(Supplemental Figure 5J) or in females following vehicle (Supplemental Figure 5M) or LPS
challenge (Supplemental Figure 5N). There were no significant differences in H2-Ab1 expression
between exposure groups or by sex (Supplemental Figure 5Q-Z). Unfortunately, recovery and
processing of mMRNA from lavage cells resulted in insufficient samples to perform qPCR for a
number of male samples,

Expression of GPR34 was lower in LPS challenged control (Figure 4G) and neonatally

ETS exposed mice (Figure 4H), and neonatally ETS exposed mice had lower GPR34 expression
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following both vehicle (Figure 4l) and LPS challenge (Figure 4J). Female mice also showed
reduced expression of GPR34 following LPS challenge in both control (Figure 4K) and neonatal
ETS exposure groups (Figure 4L). There were trends toward reduced GPR34 expression in
lavage cells of neonatally ETS exposed female adult mice following both vehicle (Figure 4M) and
LPS challenge (Figure 4N). These findings show sex-dependent regulation of immune-related
genes in the airway cells of adult mice exposed to ETS during the neonatal period.

4.4.5 Neonatal ETS exposure alters expression of inflammatory signals and surfactants

Finally, we wanted to investigate inflammatory signals expressed following neonatal
exposure to ETS. IL-6 has been reported to be important in induction of epithelial damage in a rat
model of ETS exposure [21]. We found IL-6 to be significantly elevated in airways of neonatally
ETS exposed mice in adulthood compared to filtered air controls following vehicle challenge
(Figure 5A). C-X-C motif chemokine ligand 1 (CXCL1) and C-X-C motif chemokine ligand 2
(CXCL2) were upregulated following LPS challenge in all exposure groups (Chapter 2).
Expression of both CXCL1 (Figure 5B) and CXCL2 (Figure 5C) was significantly higher in control
mice following LPS compared to vehicle challenge with trend toward being higher in control mice
compared to neonatally ETS exposed mice following LPS challenge.

Surfactant proteins are important for pulmonary function, and some have
immunomodulatory roles [22]. To understand if changes persist from neonatal exposure to ETS,
gPCR was performed on samples from whole lungs. There were no sex-dependent changes to
surfactant protein A, C, or D (SP-A, SP-C, and SP-D, respectively) due to LPS challenge
(Supplemental Figure 6). Neonatally ETS exposed female mice had reduced surfactant protein B
(SP-B) following LPS challenge compared to vehicle challenge (Supplemental Figure 6D). SP-A
was significantly reduced following LPS challenge (Supplemental Figure 6R) but not vehicle
challenge (Supplemental Figure 6Q) in neonatally ETS challenged compared to control mice. SP-
B was significantly lower following LPS challenge in neonatally ETS exposed mice compared to

vehicle challenge (Supplemental Figure 6L). SP-B was also lower in neonatally ETS challenged
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mice compared to control mice following vehicle (Supplemental Figure 6S) and LPS challenge
(Supplemental Figure 6T). SP-C was significantly lower following LPS challenge in neonatally
ETS exposed mice compared to vehicle challenge (Supplemental Figure 6N), but no significant
differences between neonatally ETS exposed, and control mice were detected (Supplemental
Figure 6U-V). SP-D was significantly increased following LPS challenge compared to vehicle
challenge in control mice (Supplemental Figure 60), but no other differences were observed
between exposure groups (Supplemental Figure 6P, W-X). These findings show a sex-dependent

alteration in SP-B in neonatally ETS exposed female mice that persists into adulthood.
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4.5. Discussion

We show that neonatal exposure to environmental tobacco smoke (ETS) results in
persistent increases in lung macrophages and neutrophils without immune challenge in female
mice during adulthood 10 weeks post-exposure. We demonstrate reduction of Cyp1A1 in the lung
parenchyma following LPS challenge in female mice following neonatal ETS exposure. Further
we present sex-dependent alterations in B2M and GRP34 expression in airway immune cells in
female mice following neonatal ETS exposure. Changes in cytokines IL-6, CXCL1, and CXCL2
exist in neonatally ETS exposed mice into adulthood without sex dependence. Finally, we find
that SP-B expression is altered in adult female mice exposed to ETS during the neonatal period
compared to control female mice.

Altered immune cell populations in the lungs following tobacco smoke exposure has been
previously observed. Exposure to ETS in human adults increases the number of circulating
leukocytes in the blood and increases the chemotactic potential of neutrophils to N-
formylmethionyl-leucyl-phenylalanine [16]. Another study of ETS exposure showed that females
exposed to ETS had an acute reduction of sex hormones 17b-estradiol and progesterone after
just one hour of exposure [23]. Changes in lavage cells in pediatric patients exposed to tobacco
smoke are difficult to determine due to the invasive nature of lavage and ethical concerns with
pediatric exposure to inhaled toxicants. A study in rhesus monkeys showed that intrauterine and
early neonatal exposure to ETS induces increased monocytes, eosinophils, and lymphocytes in
the lungs at 2.5 months of age [20]. Importantly they also noted that the phagocytic capacity of
alveolar macrophages was reduced following ETS exposure. A murine study of prenatal
mainstream tobacco smoke exposure demonstrated a reduction in cytotoxic lymphocyte activity
in male mice that resulted in increased susceptibility to tumor formation when injected with a
murine cutaneous t cell ymphoma in males at 5 weeks of age [24]. While spleenocyte populations
were found to not differ by sex or treatment groups, there was no assessment of pulmonary

immune populations. This study ultimately introduces a different exposure model from ours in that
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all the exposures occurred in utero which precluded the inhalation of ETS toxicants directly by the
pups. However, exposure to thirdhand tobacco smoke from the fur of the dam cannot be excluded
as a postnatal exposure in their study and is one that likely occurs in our experiments as well.
Increased macrophages with altered morphology in the lungs of smokers has long observed [25].
And subsequent studies have shown numerous changes in cytokine production, cell-surface
markers, replication, and activity in macrophages from smokers compared to non-smokers [26].
Our study did not delve into the many differences between macrophages of smokers and non-
smokers. One drawback is that most studies of macrophage alterations are following chronic
tobacco smoke exposure or assess changes in current smokers or immediately following
exposure. It would be interesting if these changes persist for many weeks post exposure;
however, the short duration of our exposure and the long recovery period make this protocol
unlikely to generate the robust changes to macrophage populations we see in active smokers.
We noted that Cyp1A1 is significantly reduced in female mice challenged with LPS
following neonatal ETS exposure. Cyp1A1 is a phase 1 detoxification enzyme that is important
for removal of toxicants including polycyclic aromatic hydrocarbons and has also been implicated
in generation of oxidation products [27]. Previous work has shown that placental Cyp1A1 is
elevated by maternal smoking in humans [28]; however, a rat model has shown that pulmonary
Cyp1A1 is not changed in utero but inducible during the neonatal period by exposure to tobacco
smoke [29]. A report that examined Cyp1A1 expression in normal human bronchial epithelial cells
in vitro found that estrogen receptor alpha signaling modulated Cyp1A1 expression in conjunction
with cigarette smoke extract but not alone [30]. A murine model of combined aryl hydrocarbon
receptor agonist benzo-[a]-pyrene and LPS exposure showed a repression of Cyp1A1 in the
combined exposure that correlated with increased DNA adducts due to persistence of the toxicant
[31]. What the effect of reduced Cyp1A1 in our model needs further examination. One possible
mechanism for reduction of Cyp1A1 is induction of transforming growth factor beta related SMAD

family member 3 or hypoxia inducible factor 1 alpha, both of which have been shown to lead to
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dissociation of the aryl hydrocarbon receptor-aryl hydrocarbon receptor nuclear translocator
complex that is important for Cyp1A1 expression [32]. In addition to the major role as a phase 1
detoxification enzyme, Cyp1A1 has also been shown to be protective against oxidative damage
from hyperoxia such as due to oxygen therapy [33]. Whether Cyp1A1 is protective or inflammatory
can be viewed as context dependent and is worth further consideration following toxicant
exposures due to concerns about the half-life of toxicants and storage of lipophilic compounds
such as aryl hydrocarbon receptor agonist in adipose tissues.

We found B2M were reduced in neonatally ETS exposed female but not mice in adulthood.
B2M is an integral part of the major histocompatibility complex | family that is expressed on all
nucleated cells and has prognostic value in several cancers including multiple myeloma and some
other blood cancers as well as renal failure [34]. Given that B2M is part of every nucleated cell,
expression of B2M is generally stable. Investigation into the B2M is often related to its role in end
stage renal disease [35] orimmune evasion by viral-infected or cancer cells [36]. B2M is essential
for major histocompatibility class | recognition by cytotoxic lymphocytes and as a negative
regulator of natural killer cells [37]. However, cytomegalovirus has been shown to bind B2M and
use envelope bound B2M to assist in infection of cells in vitro [36]. Importantly, nuclear factor
kappa B (NFkB) and interferon regulatory factors 1, 2, 4, and 8 play a role in transcriptional
activation of B2M expression in leukocytes [38]. As our mice are specific pathogen free, it is
unlikely that cancer or viral infection are sex-dependent drivers of altered B2M expression
following neonatal ETS exposure. It would be interesting to see if there are changes in expression
of B2M regulatory factors at such a later timepoint following ETS exposure. A rat model of
exposure to 80 mg/m? but not 30 mg/m? or filtered air resulted in significant reduction in NFkB
subunits and increased apoptosis [39]. The same group showed perinatal exposure to levels of
ETS used in our study also suppressed NFkB in infant rhesus monkeys [40]. A separate group
investigated the role of tobacco smoke on NFkB in human peripheral blood and found induction

of NFkB in low-pressure but not high-pressure exposure to cigarette smoke [41].
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We also observed decreased expression of GPR34 in female mice following neonatal ETS
exposure. GPR34 was discovered in 1999 based on sequence similarity to platelet-activating
factor [42]. GPR34 is highly expressed in immune cells, and assessment of GPR34-knockout
mice show increased migratory potential, altered osmotic regulation in glial cells, increased
delayed type hypersensitivity following methyl-bovine serum albumin injection, and increased
tumor necrosis factor alpha, interferon gamma, interleukin 2, interleukin 5, and interleukin 10 but
not interleukin 1 beta at baseline and following challenge with methyl-bovine serum albumin [43].
Importantly GPR34 deficient mice were also shown to be more susceptible to inhaled pathogen
C. neoformans in the lung and peripheral organs and had altered migration of monocytes and
macrophages in the spleen following methyl-bovine serum albumin challenge. The ligand for
GPR34 has been proposed to be lysophosphatidylserine, but there has been significant
disagreement in the literature regarding the validity of this finding. One study found that the serine
residue was essential for GRP34 recognition of the ligand and that phospholipase A1 activity is
important for conversion of lysophosphatidylserine to 2-acyl-lysophosphatidylserine [44].
Interestingly a study on the regulation of GPR34 in murine dendritic cells found that NF«kB,
mitogen activated protein kinase (MAPK), and apoptosis signaling pathways are important and
that NFkB and MAPK pathways downregulate GPR34 [45]. Further, GPR34 deficient cells had
higher apoptosis rates. In our experiments, neonatally ETS exposed females had reduced GPR34
compared to filtered air controls and the number of macrophages paradoxically decreased
following LPS challenge in the neonatally ETS exposed females. A partial deficiency in GPR34
induced by their exposure in a sex-dependent manner may be able to explain this phenomenon.
There remains little information regarding GPR34 with only one paper referring to even the
monitoring of GPR34 in tobacco smoke exposure [42]. The cited paper does not mention
regulation of GPR34 as we understand it today in their data [46].

Interleukin 6 is serves as an inflammatory cytokine with various roles in the immune

response and homeostasis [47]. While chronically elevated IL-6 can be pathogenic in
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autoimmunity, IL-6 deficiency is a negative indicator in acute respiratory distress syndrome in an
IL-6 knockout murine model with increased cellular infiliration and more rapid deterioration of
elastance during mechanical ventilation and LPS challenge [48]. In a murine model of ETS
exposure, IL-6 knockout mice had reduced cellular proliferation in the terminal bronchioles and
alveoli following a combined ETS and ozone exposure but also did not have reduced club cell
secretory protein following ETS or ozone exposures in contrast to wild-type mice [21]. An
observational study of influenza infection in smokers, subjects exposed to secondhand smoke,
and unexposed control subjects found that nasal IL-6 protein was inversely correlated to serum
cotinine and influenza RNA in nasal cells [49]. These data suggest positive roles for IL-6 in
respiratory immunity that is negatively regulated by tobacco smoke exposure. Our data shows
increased IL-6 levels in vehicle challenged neonatally ETS exposed mice during adulthood.
Whether this alters responses to viral or bacterial infections is unknown. It is well understood that
children exposed to ETS have increased severity and frequency of respiratory infections [50].
However, there is an opportunity for further research on adults that were exposed to ETS as
children and how they continue to respond to respiratory infections. Emerging research has
shown that childhood pulmonary function is predictive of maximal lung function in early adulthood
with increased risk for pulmonary diseases of aging related to alterations in pediatric lung function
[2, 3].

We also observed persistent differences in expression of SP-B in neonatally ETS exposed
female mice compared to adult controls. SP-B is an essential component of the lung lining fluid
and important for organizing lamellar bodies in alveolar type Il cells and tubular myelin in lung
lining fluid [51]. Expression of SP-B is regulated by hepatocyte nuclear family member
transcription factors in a cell type specific manner and in conjunction with thyroid transcription
factor 1 [52, 53]. More recently it was reported that cell-cell contacts are important for mediating
SP-B expression through improving mRNA stability [54]. This finding could be relevant for some

disease models in which tight junction proteins downregulated. We did not assess tight junction
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proteins in our study, but ETS exposure has been implicated in the regulation of cellular
attachment in previous studies [55]. A murine model of partial SP-B deficiency indicates that
altering expression in non-uniform patterns results in increased SP-C and morphologically
abnormal lamellar bodies in SP-B deficient cells along with increased airspaces and increased
residual volumes indicating chronic SP-B deficiency may result in changes to lung structure and
function [56]. Congenital deficiency of SP-B is lethal in the neonatal period, and reduction in SP-
B production in an inducible mouse model resulted in reversible severe respiratory failure
accompanied by inflammation with increased IL-6, IL-13, and MIP-2 [57]. We do not see a
significant change in behavior or well-being that might be indicated by respiratory distress, so
despite the observation of reduced SP-B in our animals it seems to remain a manageable level.
SP-B is reduced in LPS-induced acute lung injury in mice [58], which is relevant to this study. We
exposed mice to ETS during the neonatal period which includes inhalation of LPS in tobacco
smoke [59]. Exposure to LPS has been shown to alter subsequent responses to LPS [60], and
SP-B expression was significantly reduced in the lungs of neonatally ETS exposed mice following
LPS challenge.

Neonatal ETS exposure remains a significant burden with millions of children exposed
every year in the United States and nearly 80% of children being routinely exposed in some
countries [61, 62]. Understanding the long-term impact of childhood exposure to ETS beyond will
be important for allocating healthcare resources and guiding policies for future control efforts. The
overwhelmingly negative impacts of tobacco usage are well understood, yet tobacco usage
remains stubbornly high [63]. Emerging inhalation exposures also pose the risk of undoing the
good done through tobacco mitigation as rates of vaping climb in young never-smokers and
wildland-urban interface fires expose people to combinations of combustion products previously
only common among firefighters [64]. While the sources and composition of these exposures may
be novel, there is reason to believe many classes of chemicals are similar between some

exposures.
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4.6. Figures and Tables
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Figure 1: Neonatal ETS exposure alters the density and number of immune cells in the
bronchoalveolar lavage fluid during adulthood in a sex-dependent manner. Postnatal day 3
C57BL/6J mice were exposed to ETS or filtered air for 6 hours per day until postnatal day 7 and
allowed to recover in filtered air for 10 weeks. Mice were challenged with 0.25 ug LPS in 50 pL
PBS or vehicle 24 hours prior to euthanasia. The frequency of cells per volume of BALF was
determined in A) mice challenged with vehicle only and B) mice challenged with LPS. The total
number of cells was calculated as the product of frequency per volume and volume of BALF. Total
BALF cells were calculated for C) vehicle challenged and D) LPS challenged mice. Total protein
in the bronchoalveolar lavage fluid was determined by BCA assay in E) vehicle challenged and
F) LPS challenged mice. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 by ANOVA with Tukey

post-hoc correction for multiple comparisons.
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Figure 2:

* %
*
A N B
4x105- — 2x105
A
3x105- | 1.5%x105-
© © 4
3 2x10°- T 1%105- -
i n AR A ala
1105+ L= 5x104
n n
A
0 T T T T 0 T T T T
M F M F M F M F
FA ETS FA ETS
C D
1.5%104 * 1.5%106-
1
. "
1x104- 1x106-

5%x103 5%105-

Cells
| |
.
n |
Cells
|
|
>
3
[S
| g

FA ETS FA ETS

Figure 2: Neonatal ETS exposure induces increased abundance of neutrophils and
macrophages in a sex-dependent manner. Cell differentials were counted from stained
cytospin slides and total cell differentials were calculated as the product of percent cell frequency
and total lavage cells. Macrophages in BALF from A) vehicle and B) LPS challenged and
neutrophils in BALF from C) vehicle and D) LPS challenged mice were determined. * p<0.05, **
p<0.01, *** p<0.001, **** p<0.0001 by ANOVA with Tukey post-hoc correction for multiple

comparisons.
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Figure 3:
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Figure 3: Neonatal ETS exposure induces differential gene expression in lung tissue in
adulthood. Postnatal day 3 mice were exposed to 1-2 mg/m?® ETS of filtered air for 6 hours/day
for 5 days and then allowed to recover in filtered air for 10 weeks. Mice were challenged with
oropharyngeal aspiration of saline or 0.25 ug LPS 24 hours prior to euthanasia. Lungs were
perfused and lavaged, and whole lungs were homogenized in Trizol for RNA extraction.
Expression of genes selected from transcriptomic sequencing of 6-week-old animals were
assessed in A) vehicle and B) LPS challenged mice. * p<0.05, ** p<0.01, *** p<0.001, ****

p<0.0001 by ANOVA with Tukey post-hoc correction for multiple comparisons.
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Figure 4:
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Figure 4: Neonatal ETS exposure induces differential gene expression in lavage cells in
adulthood. Postnatal day 3 mice were exposed to 1-2 mg/m?® ETS of filtered air for 6 hours/day
for 5 days and then allowed to recover in filtered air for 10 weeks. Mice were challenged with

oropharyngeal aspiration of saline or 0.25 ug LPS 24 hours prior to euthanasia. Lungs were
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perfused and lavaged, and lavage cells were homogenized in Trizol for RNA extraction.
Expression of genes selected from transcriptomic sequencing of 6-week-old animals were
assessed. Beta-2 microglobulin gene expression in neonatally ETS exposed mice challenged with
vehicle or LPS A) and in vehicle challenged mice neonatally exposed to filtered air or ETS B).
Female mice had differenced in B2M expression between vehicle and LPS challenge in neonatal
control C) and ETS exposed mice D) as well as in vehicle E) and LPS challenged mice between
control and neonatal ETS exposed groups F). G-protein-coupled receptor 34 gene expression in
control G) and neonatally ETS exposed mice challenged with vehicle or LPS H) as well as in
vehicle challenged I) and LPS challenge mice neonatally exposed to filtered air or ETS J). Female
mice had differenced in GPR34 expression between vehicle and LPS challenge in neonatal
control K) and ETS exposed mice L) as well as in vehicle M) and LPS challenged mice between
control and neonatal ETS exposed groups N). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001

by student’s t-test.
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Figure 5:
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Figure 5: Expression of inflammatory mediators in the airways is altered in adulthood

following neonatal ETS exposure. Expression of top inflammatory mediators were assessed by

gPCR in the lavage cells of mice neonatally exposed to ETS or filtered air 10 weeks post

exposure. IL-6 A), CXCL1 B), and CXCL2 C) were assessed. * p<0.05, ** p<0.01, *** p<0.001,
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Table 1: Tagman probes used for gene expression experiments

Gene Assay ID

GAPDH Mm99999915 g1
Cyp1A1 Mm00487218 m1
B2M Mm00437762 m1
GPR34 Mm02620221 s1
H2-Ab1 MmO00439216 m1
CD63 Mm01966817 g1
IL-6 Mm00446190 m1
CXCLA1 Mm04207460 m1
CXCL2 MmO00436450 m1

SP-A1 MmO00499170 m1
SP-B MmO00455678 m1
SP-C MmO00488144 m1
SP-D MmO00486060 m1
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4.7. Supplementary Figures
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Supplemental Figure 1: Characterization of bronchoalveolar lavage volume and protein
concentration. A) Bronchoalveolar lavage volumes from all mice within each treatment group.
BALF volumes divided by B) female and C) male. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001

by ANOVA with Tukey post-hoc correction for multiple comparisons.
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Supplemental Figure 2:
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Supplemental Figure 2: Postnatal day 3 mice were exposed to 1-2 mg/m?® ETS of filtered air for
6 hours/day for 5 days and then allowed to recover in filtered air for 10 weeks. Mice were
challenged with oropharyngeal aspiration of saline or 0.25 ug LPS 24 hours prior to euthanasia.
Bronchoalveolar lavage was collected, and cell differential performed by counting cell types on
cytospin slides. Percent lymphocytes in vehicle A) and LPS challenged mice B). Percent
macrophages in vehicle C) and LPS challenged mice D). Percent neutrophils in vehicle E) and
LPS challenged mice F). The total number of lymphocytes was calculated as the product of the
total number of lavage cells and the percent lymphocytes in vehicle G) and LPS challenged mice
H). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 by ANOVA with Tukey post-hoc correction for

multiple comparisons.
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Supplemental Figure 3:

[11]

N -

(30VV-y2) uoissaidxs
pazijewsou \zg

<

(30VV-v2) uoissaidxa
pazijewuou \zg

LPS

PBS

! T
n o 0 =)
- -

(30VV-v2) uoissaidxa
o peziewou £9po

LPS

PBS

! T
n

(30VV-vZ) uoissaidxa
o pazijewlou ¢9pd

10

wn o

LPS

PBS

LPS

PBS

0.1078

<«
-

0.1281

i
wtfan

I
0

w

1 1 T
< ™ N -—

(30VV-v2) uoissaidxa
pazijewuou Lqv-¢H

o

I
n

w

1 1 1 1
< (2] N -

(30VV-vZ) uoissaidxa
pazijew.ou Lqy-ZH

o

LPS

PBS

LPS

PBS

T T T T T
0 8 6 4 2
1

(30VV-v2) uoissaidxs
T pazijewuou pgado

T T T T T
=3 © © < N

(30VV-v2) uoissaidxa
O  pazjjewuou ygido

LPS

PBS

LPS

PBS

219



Supplemental Figure 3: The effect of neonatal ETS exposure on gene expression in lung
tissue in adulthood. Postnatal day 3 mice were exposed to 1-2 mg/m® ETS of filtered air for 6
hours/day for 5 days and then allowed to recover in filtered air for 10 weeks. Mice were challenged
with oropharyngeal aspiration of saline or 0.25 ug LPS 24 hours prior to euthanasia. Lungs were
perfused and lavaged, and whole lungs were homogenized in Trizol for RNA extraction.
Expression of genes selected from transcriptomic sequencing of 6-week-old animals were
assessed: Beta-2-microglobulin in A) vehicle and B) LPS challenged mice, cluster of
differentiation 63 in C) vehicle and D) LPS challenged mice, histocompatibility 2, class Il antigen
A, beta 1 in E) vehicle and F) LPS challenged mice, and G-protein coupled receptor 34 in G)
vehicle and H) LPS challenged mice. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 by ANOVA

with Tukey post-hoc correction for multiple comparisons.
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Supplemental Figure 4: Neonatal ETS exposure alters gene expression in lung tissue in
adulthood. Postnatal day 3 mice were exposed to 1-2 mg/m?® ETS of filtered air for 6 hours/day
for 5 days and then allowed to recover in filtered air for 10 weeks. Mice were challenged with
oropharyngeal aspiration of saline or 0.25 ug LPS 24 hours prior to euthanasia. Lungs were
perfused and lavaged, and whole lungs were homogenized in Trizol for RNA extraction.
Expression of genes selected from transcriptomic sequencing of 6-week-old animals were
assessed. Cyp1a1 expression was determined in control A) and ETS exposed mice B) due to
LPS challenge. Cyp1a1 expression was compared between control and ETS mice with vehicle
C) and LPS challenge D). Histocompatibility 2, class Il antigen A, beta 1 expression was
determined in control E) and ETS exposed mice F) due to LPS challenge. H2-Ab1 expression
was compared between control and ETS mice with vehicle G) and LPS challenge H). Beta-2-
microglobulin expression was determined in control 1) and ETS exposed mice J) due to LPS
challenge. Beta-2-microglobulin expression was compared between control and ETS mice with
vehicle K) and LPS challenge L). G-protein coupled receptor 34expression was determined in
control M) and ETS exposed mice N) due to LPS challenge. G-protein coupled receptor
34expression was compared between control and ETS mice with vehicle O) and LPS challenge
P). Cluster of differentiation 63 expression was determined in control Q) and ETS exposed mice
R) due to LPS challenge. CD63 expression was compared between control and ETS mice with
vehicle S) and LPS challenge T). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 by student’s t-

test.

222



1 T T T
< [} o~ -

o (00VV-v2) uoissaidxa
pazijewJou wizg

I T T
© < o~

< (30VV-v2) uoissaidxa
pazijew.ou wzg

Supplemental Figure 5:

ETS
Exposure

Control

LPS

PBS

Treatment

- T|_|A « <}
| I | T

(=) [Ie) o n )
N - - o o

F2.5+

(30VvV-v2) uoissaidxa
pazijewsou wizg

1 1
< © o -

(30VV-v2) uoissaidxa
W pezijewsou wzg

<<

i

1 T T T
© © < ]

0 B0VV-,2) uoissaidxs
pazijew.ou wgg

|

1 T T
< © ~ -

o (39VV-v2) uoissaidxa
pazijew.ou wzg

Mﬁ

ETS
Exposure

Control

ETS
Exposure

Control

LPS

PBS

LPS

PBS

Treatment

Treatment

A
i
=
AA
ETS

Control

1 T T 1
© o~ -~ o

1
<
— (10VV-y2) uoissaidxa
1 1 1 T

pazijewsiou g9po
i.”

_ |
4nlu © © < o~ o

_ (30Vvv-y2) uoissaidxa
pazijew.ou £9pd

o

ETS
Exposure
0.0831

Control

LPS

PBS

1 T T T
© © < ~N

T (3OVV-y2) uoissaidxa
pazijewsou ¢9po

e
|

T T T T
© © < N

o
¢ (30VV-y2) uoissaidxa
pazijewuou ¢9pd

PBS

0o— T
LPS

Exposure

Treatment

Treatment

AT_ITA

1 1 1 T
N
N - - o

(30VV-v2) uoissaidxa
pezijeuliou £9pd

N2.5-

1
e
S

1

2 >

- o

S (39VV-v2) uoissaidxa
pazijeuliou ¢9po

1.5

W

© « T.An_lAA « —H
0 r
w0
o
° ¥
[ ) [ )
1 1 1 1 1
o © < o~ o
_1 (00Vv-v2) uoissaidxa

pazijew.ou €9pJ

L

1 T _
© © ~

v (30VV-v2) :o_mmw.&xw
pazijew.ou g9po

|

ETS
Exposure

Control

ETS
Exposure

Control

LPS

PBS

LPS

PBS

Treatment

Treatment

223



H o<t
| i

1 1 1 T

o v o 4w

N -~ - o
(30VvV-v2) uoissaidxa

pazijewiou £9pd

i
|

]
o

I
©
o

o

1 1 1 T
© © < N

(30VV-v2) uoissaidxa
pazijewiou £9pH

o)

ETS
Exposure

Control

LPS

PBS

Treatment

I
T2}

-

|
i

1 1 1 T
< ™ o -

(3oVvV-v2) uoissaidxa
pazijewuou Lqy-ZH

T
v
o
(72}

) I ) T
s v o n
N - s o

(39VV-y2) uoissaidxa

pazijew.ou Lqy-ZH

AA

0.0-

I
e
14

1 1
© ©

(310VV-v2) uoissaidxa
pazijewuou Lqy-zH

H+
|

TIAAA

L[]

L[]

[
T T
<+ o

|

I
wn

T T T
< ™ ~ -

o (30VvV-v2) uoissaidxa

pazijewuou Lqy-ZH

W

ETS
Exposure

Control

LPS

PBS

LPS

PBS

Treatment Exposure

Treatment

1 1 1 1 T
w o ®w o un
h N - -~ (=)
(30VV-v2) uoissaidxa
pazijewuou Lqy-ZH

0.0944

1
e
S

T T T
! 2 it
- - o

1

N

N

< (10VV-y2) uoissaidxs
pazijewiou Lqy-zZH

ATTA
L4 lleo
T T T T
< © N -~

> (10VV-y2) uoissaidxs
pazijew.ou Lqy-zZH

HH
|

mﬁ

T T T
N b ] 0
N - - o

I

['e]

N

> (319VV-v2) uoissaidxa
pazijewsou Lqy-ZH

W

ETS
Exposure

Control

ETS
Exposure

Control

LPS

PBS

LPS

PBS

Treatment

Treatment

Z 1.5+

< T|_|T
T T
e ©
- o

(39VV-y2) uoissaidxa
pazijew.ou Lqy-zH

HA

1
e
o

w
o
>

1 1 1 T
o w o
N - - (=)
(30VV-y2) uoissaidxa
pazijewuou Lqy-ZH

1
o

=)

ETS
Exposure

Control

LPS

PBS

Treatment

Supplemental Figure 5: Neonatal ETS exposure alters gene expression in airway cells in

adulthood. Postnatal day 3 mice were exposed to 1-2 mg/m?® ETS of filtered air for 6 hours/day

for 5 days and then allowed to recover in filtered air for 10 weeks. Mice were challenged with
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oropharyngeal aspiration of saline or 0.25 ug LPS 24 hours prior to euthanasia. Lungs were
perfused and lavaged, and lavage cells were homogenized in Trizol for RNA extraction.
Expression of genes selected from transcriptomic sequencing of 6-week-old animals were
assessed. Expression of B2M in control mice by challenge group A) and LPS challenged mice by
exposure group B). B2M expression in male control C) neonatally ETS exposed mice D) by
challenge as well as vehicle E) and LPS challenged mice by exposure F). Expression of cluster
of differentiation 63 in control G) and neonatally ETS exposed mice H) as well as between control
and ETS exposed mice following vehicle 1) and LPS challenge J). Expression of CD63 in female
control K) and neonatally ETS exposed mice L) as well as between control and ETS exposed
female mice following vehicle M) and LPS challenge N). Expression of CD63 in male control mice
0) and LPS challenged control and neonatally ETS exposed males P). Histocompatibility 2, class
Il antigen A, beta 1 gene expression in control Q) and neonatally ETS exposed mice R) as well
as between control and ETS exposed mice following vehicle S) and LPS challenge T). H2-Ab1 in
female control U) and neonatally ETS exposed mice V) as well as between control and ETS
exposed mice following vehicle W) and LPS challenge X). Expression of H2-Ab1 in male control
mice Y) and LPS challenged control and neonatally ETS exposed males Z). * p<0.05, ** p<0.01,

*** p<0.001, **** p<0.0001 by student’s t-test.
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Supplemental Figure 6
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Supplemental Figure 6: Effect of neonatal ETS exposure on expression of pulmonary
surfactants in adulthood by sex. Gene expression was carried out on RNA extracted from
whole lung homogenate of 11-week-old mice. Expression of surfactant protein A in control A) and
neonatally ETS exposed mice B). Expression of surfactant protein B in control C) and neonatally
ETS exposed mice D). Expression of surfactant protein C in control E) and neonatally ETS
exposed mice F). Expression of surfactant protein D in control G) and neonatally ETS exposed
mice H). Expression of SP-A in combined male and female control I) and neonatally ETS exposed
mice J). Expression of SP-B in combined male and female control K) and neonatally ETS exposed
mice L). Expression of SP-C in combined male and female control M) and neonatally ETS
exposed mice N). Expression of SP-D in combined male and female control O) and neonatally
ETS exposed mice P). Expression of SP-A in combined male and female vehicle Q) and LPS
challenged mice R). Expression of SP-B in combined male and female vehicle S) and LPS
challenged mice T). Expression of SP-C in combined male and female vehicle U) and LPS
challenged mice V). Expression of SP-D in combined male and female vehicle W) and LPS
challenged mice X). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 by ANOVA with Tukey post-

hoc correction for multiple comparisons or student’s t-test.
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Conclusion

In this dissertation, we reviewed the impact of tobacco smoke and particularly
environmental tobacco smoke (ETS) on health in children and adults. ETS exposure has been
shown to reduce pulmonary function, increase the rate and severity of respiratory infections,
increase asthma exacerbations, contribute to obesity, and is associated with cognitive and
behavioral problems in children. ETS alters immune responses that may contribute to many of
the conditions linked to ETS exposure. Of particular concern are the lasting impacts of ETS
exposure in young populations that can result in chronic pulmonary diseases. Discrepancies
between onset of chronic respiratory diseases associated with tobacco use and the increasing
rate of some diseases, such as chronic obstructive pulmonary disease, in never smokers has led
some researchers to speculate that early-life exposures may create a preventable predisposition
that is not fully understood. We also reviewed the composition of tobacco smoke and note several
chemical classes that are relevant to emerging inhalation exposures. This makes tobacco smoke
exposure an important area for translational research that can inform researchers in other
inhalation fields, policy makers, and the public.

We used a murine model of neonatal tobacco smoke to examine the persistent impact of
ETS exposure into adulthood. Using assessment of lavage fluid for total protein and cell count
and differential we showed sex-dependent differences in persistent lung injury and elevated
immune cell populations at rest. Since ETS exposure has been implicated in altered immune
responses, we used transcriptomic analysis to assess differential responses to bacterial products
in the lung. We found that neonatally ETS exposed females had significant differences in Hallmark
Pathways compared to control females at rest and following immune challenge. While males had
no differences in Hallmark Pathways, neonatal ETS exposure resulted in reduced resolution of

immune responses based on KEGG pathway analysis compared to control males. These
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differences show a persistent and meaningful change in the response to bacterial pathogens
following neonatal ETS exposure.

We also examined the mechanism by which neonatal ETS exposure alters lung function
in the young. We found that neonatal ETS exposure resulted in increased tissue damping at six-
weeks-old. This altered pulmonary function was associated with a reduction in club cell secretory
protein (CCSP) and was due to aryl hydrocarbon receptor (AhR) ligands in tobacco smoke as
indicated by ablation of reduction in gene expression by pretreatment with an AhR antagonist.
AhR ligands also modulated pulmonary IL-22 expression by transiently inducing an ILC3
population. We show for the first time that IL-22 modulates CCSP and is persistently reduced
following neonatal ETS exposure.

We also looked at mice of a more advanced age to determine long term impacts of
neonatal ETS exposure on lung pathophysiology. At ten weeks post exposure, we found that
neonatally ETS exposed female mice had elevated macrophages and neutrophils in their lungs
at rest. Using a model ofimmune challenge with bacterial products, we found that the macrophage
population in neonatally ETS exposed female mice decreased. We assessed these mice for
expression of several relevant markers indicated by our transcriptomic analysis with an emphasis
on immune related genes that may be important for macrophages. We noted a sex-dependent
change in gene expression for GPR34 due to neonatal ETS exposure, which has previously been
shown to be important in myeloid cell maintenance.

We believe these studies will improve our understanding of the age and sex-dependent
effects of tobacco smoke exposure. Further, these results should improve our understanding of
gene expression patterns induced by constituents of tobacco smoke that may be relevant to
understanding how novel inhaled toxicants may impact pulmonary health. We hope these findings
could be used to identify diagnostic markers of lung damage from early life exposures and
potential could lead to advances in prevention and treatment of potentially chronic conditions

resulting from such exposures.
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