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ABSTRACT
EOSINOPHILIC RHINITIS AND NASAL EPITHELIAL REMODELING IN MICE
EPISODICALLY EXPOSED TO OZONE
By

Chee Bing Ong

Ozone is an oxidant air pollutant in photochemical smog. Though nasal epithelial remodeling has
been well-documented in laboratory animals repeatedly exposed to ozone, associated
inflammatory responses have not been fully characterized. In this study, I investigated if the
onset of ozone-induced nasal epithelial remodeling is related to temporal changes in granulocytic
influx and cytokine gene expression. Mice exposed to 24 weekdays of inhaled ozone developed
marked eosinophilic rhinitis with epithelial hyperplasia, mucous cell metaplasia and hyalinosis.
Repeated subacute ozone exposures in mice induced an eosinophilic rhinitis with epithelial
remodeling that resembled the pathology of human eosinophilic rhinitis. Ozone-induced
eosinophilic rhinitis was associated with an initial T helper cell 1 (Th1)-inflammatory response,
followed by T helper cell 2 (Th2)-inflammatory response. Based on these findings, a study was
conducted to investigate the role of lymphocytes (hypothesized cellular sources of Th1- and Th2-
cytokines) in the development of eosinophilic rhinitis and associated nasal epithelial remodeling.
In Rag2 x common gamma chain (yc) - deficient [RAG2(-/-) x yc(-/-)] mice, which lack T- and
B- Ilymphocytes as well as NK cells, ozone nasal epithelial remodeling and eosinophilic rhinitis
did not develop, thus supporting the hypothesis that lymphocytes are a crucial component to
ozone induced eosinophilic rhinitis and associated epithelial changes in mice. These results
suggest that chronic exposure to air pollutants, like ozone, may contribute to rising incidence of

eosinophilic rhinitis.
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CHAPTER 1

INTRODUCTION



A. Ozone Toxicity

Ground level ozone, or tropospheric ozone, formed through the photochemical interaction
of nitrogen oxides, volatile organic compound and sunlight, is a common secondary gaseous air
pollutant and a principal oxidant air pollutant of photochemical smog. Ozone is a very reactive
chemical and a highly irritating airway toxicant. The mechanism of ozone toxicity in humans and
experimental animals is related to its oxidizing properties, mediated through effects of free-
radicals and lipid-peroxide induced damage on the conducting airways and lungs (Menzel,
1984). Due to the anatomical location of the nose at the most proximal part of the respiratory
tract, the nasal passages are in close proximity to the external environment, and hence a major
site of ozone-induced injury. The nasal passages have functions of air filtration, humidification,
and metabolism of airborne xenobiotics, thereby acting as an ‘air-conditioner’ and ‘defender’ of
the lower respiratory tract (Harkema et al., 2006). This makes the nasal airways, however, prone

to injury from exposure to inhaled airborne toxicant such as ozone.

1. Ozone-Induced Adverse Health Effects in Humans

It has been well documented in human epidemiologic studies that exposures to elevated
ambient concentrations of ozone are associated with increases in both morbidity and mortality
(Bell et al., 2004; Burnett et al., 2001; Gryparis et al., 2004; Jerrett et al., 2013), causing
respiratory health effects, such as impairment of pulmonary function (Bromberg et al., 1995) and
exacerbations of chronic respiratory diseases such as asthma and allergic rhinitis (Peden, 1995;
Jenerowicz et al., 2012). Approximately 40% of the U.S. population still lives in counties where
annual ambient ozone levels exceed the U.S. Environmental Protection Agency’s national

ambient air quality standards (American Thoracic Society’s State of the Air 2013 Report).



While healthy adults and children are not spared, the most susceptible group of people to
the detrimental effects of ozone include outdoor workers, athletes and asthmatics, patients with
COPD, with clinical consequences of decreased pulmonary function, increased pneumonia,
airway reactivity, decreased exercise tolerance and increased hospital admissions (Bascom et al.,
1996; Burnett et al., 1997; Jenerowicz et al., 2012). Elevated ground level ozone has been
associated with increased exercise-induced bronchial (EIB) reactivity, lifetime allergic rhinitis,
allergic sensitization and asthma in children, as well as increased prevalence of atopy (Kim et al.,
2012; Pénard-Morand et al.; 2005; Peden et al., 2001). With predicted future climate changes,
ambient ozone concentrations will likely increase rather than decrease, resulting in more
exposure-related health effects (Ebi et al., 2009).

Specific to the nasal airways, humans acutely exposed to ozone develop nasal epithelial
injury and remodeling, accompanied by acute rhinitis dominated by an influx of
polymorphonuclear leukocytes (i.e., neutrophils) (Bascom et al., 1990; Koren et al., 1989). The
acute inflammatory response in human is characterized by an increase in neutrophils in nasal
lavage and bronchioalveolar fluid (Graham et al., 1990), as well as increased expression of NK-
kB, TNF-a, IL-1p, IL-8, IL-6 and GM-CSF by the mucosal epithelial cells (Dokic et al., 2006;
Jaspers et al., 1997; Chang et al., 1998). With chronicity of ozone exposure in humans, mucosal
epithelial cell changes are characterized initially by loss of cilia, basal cell hyperplasia and mild
dysplasia, which eventually progress to squamous cell metaplasia, marked basal cell hyperplasia,
and loss of respiratory epithelium in the nasal airways (Calderon-Garcidueiias et al., 1992).

Children and infants are at higher risk to the adverse effects of airway injury from air
pollution, due to greater airway exposure as a result of higher ventilation rates compared to

adults (Kim, 2004). Eighty percent of the pulmonary alveoli are developed post-natally and



maturation continues through adolescence. Hence, the developing lung of children is prone to
damage from inhaled airborne toxicants such as ozone (Kim, 2004). In children acutely exposed
to ozone, changes in the nasal passage consist of nasal mucosal atrophy, neutrophilic influx and
abnormal nasal cytology (Calderon-Garciduenas et al., 1995). Exposure of children to unhealthy
levels of ozone at a young age can have pathologic ramifications to the respiratory system

resulting in adverse health effects later in life.



2. Ozone Inhalation Toxicity Studies in Animals

Comparative aspects of the nasal airways of laboratory animal species and human are
well-described, and there are species-specific differences in gross structure and distribution of
nasal epithelium. While the human nasal cavity consists of relatively simple superior, middle and
inferior turbinates, the nose of laboratory rodents have evolved to adapt for more developed
olfactory function and dentition, and contain complex nasoturbinates, maxilloturbinates and
ethmoturbinates. These differences and variations in nasal anatomy between species are
important when reviewing comparative studies (Harkema, 1991). While animal models are
useful in the study of the pathogenesis of allergic and non-allergic rhinitis, interspecies variation
in dose-response relationship, anatomy and route of exposure are important factors to be
considered when designing an in vivo experimental study.

Controlled inhalation exposures to high ambient concentrations of ozone cause airway
epithelial injury and acute airway inflammation in both the upper and lower airways of
laboratory animals (Harkema et al., 2005). The magnitude of ozone-induced airway epithelial
toxicity (e.g., cell necrosis and loss of airway cilia) and acute inflammation (e.g., influx of
neutrophils) are concentration, time (exposure duration) and species dependent (Carey et al.,
2011; Dormans et al.; 1999, Harkema et al., 2006; Vancza et al., 2009). In regards to the latter,
using controlled inhalation exposures in rats and human subjects, it takes approximately four-
five times the airborne concentrations of ozone in laboratory rodents to induce the same amount
of pulmonary inflammation that is induced in exposed human subjects (Hatch et al., 1994).

Repeated daily, long-term exposures to high ambient concentrations of ozone cause
marked remodeling of the airway epithelium lining both the nasal and bronchiolar airways in

laboratory rodents (Wagner et al., 2001; Wagner et al., 2002; Harkema et al., 2005; Harkema et



al., 2006) and nonhuman primates (Harkema et al., 1987). The epithelial remodeling in nasal
airways is characterized by epithelial cell hyperplasia/hypertrophy and mucous cell metaplasia.
Ozone-induced nasal epithelial lesions are bilateral and located predominantly in the proximal
aspects of the nasal passages. At these intranasal locations, the airways are normally lined by a
pseudostratified epithelium that contains sparse numbers of ciliated and mucus-secreting (goblet)
cells, and is principally composed of non-ciliated, cuboidal and basal cells (i.e., nasal transitional
epithelium) (Harkema et al., 2006). Along with nasal epithelial injury and remodeling, there is
an accompanying acute rhinitis dominated by an influx of polymorphonuclear leukocytes (i.e.,
neutrophils) in rodents (Harkema et al., 2006) and nonhuman primates (Carey et al., 2011)
acutely exposed to ozone (e.g., commonly 1-8 hours per day for 1-5 days in rodent studies). Like
in control human exposure studies (Koren et al, 1989; Graham et al, 1990), acute ozone
exposures cause an increase in neutrophil numbers in the bronchoalveolar lavage fluid (BALF)
of animals (Hotchkiss et al., 1989). In the lung, this neutrophilic inflammatory response to acute
ozone exposure is often accompanied by elevated levels of inflammatory cytokines, such as
macrophage inflammatory protein (MIP-2) in mice (Driscoll et al., 1993; Zhao et al., 1998;
Johnston et al., 1999).

In studies using rodent models of acute allergic rhinitis, nasal mucosal and submucosal
changes have not been extensively studied. Site-specific epithelial changes in the nasal airways
of allergic rats and mice have been described, but not completely characterized (Wagner et al.,
2007). Specifically, the temporal changes in the nature of inflammatory cell infiltration, mucosal
epithelial remodeling, as well as localized cytokine expression in the nasal cavity of mice,

induced by subacute ozone exposure, have not been thoroughly investigated. These data gaps



were basis for my overall hypothesis and experimental studies, described in the following

chapters.
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CHAPTER 2

TEMPORAL DEVELOPMENT OF EOSINOPHILIC RHINITIS AND NASAL
EPITHELIAL REMODELING IN MICE EPISODICALLY EXPOSED TO OZONE
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A. Introduction

Ozone is a very reactive and highly irritating airway toxicant. In both humans and
laboratory animals, experimental inhalation exposures to ozone cause inflammation and
epithelial injury in the upper and lower respiratory tract, which is dependent on the concentration
and duration of exposure.

In laboratory rats and mice, daily exposures to high ambient concentrations of ozone have
been shown to cause epithelial pathology in the nasal airways. This ozone-induced nasal
pathology consists of epithelial remodeling that is characterized by epithelial cell hyperplasia,
hypertrophy and mucous cell metaplasia (Wagner et al., 2001; Wagner et al., 2002; Harkema et
al., 2005; Harkema et al., 2006), as well as an acute rhinitis dominated by an influx of
neutrophils (Harkema et al., 2006). Neutrophilic rhinitis is also accompanied by a neutrophilic
inflammatory response, and elevated levels of inflammatory cytokines in the lungs of mice
experimentally exposed to ozone (Driscoll et al., 1993; Zhao et al., 1998; Johnston et al., 1999).
Ozone-induced nasal airway lesions are bilateral and located in proximal nasal passages, where
the airways are lined by predominantly non-ciliated, pseudostratified, cuboidal epithelial cells,
interspersed with few ciliated cells and goblet cells (Harkema et al., 1989). The extent and
location of pathological changes in the nasal passages are dependent, at least in part, on regional
differences in ozone concentration and airflow pattern in the nasal passages. The intranasal
difference in susceptibility to ozone-induced airway injury may also be due to differences in
epithelial cells populations, local vasculature, innervation and metabolic capacity (Harkema et
al., 2000).

While acute rhinitis induced by short-term ozone exposure has been well documented in
animal and human inhalation studies, the nasal inflammatory cell and cytokine responses to more

long-term ozone exposures (i.e., subacute and chronic) in laboratory animals have not been
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thoroughly investigated and characterized. Interestingly, human epidemiological studies have
reported associations of elevated ambient ozone concentrations with increases in eosinophil-
derived proteins (e.g., eosinophil cationic protein and eosinophil protein X) in the urine of both
asthmatic and non-asthmatic children, supporting the hypothesis that repeated ozone exposures is
associated with eosinophilic, rather than neutrophilic, airway inflammation (Frischer et al., 2001;
Hiltermann et al., 1997). Frischer et al. (1993) reported that ambient ozone causes upper airway
inflammation in children characterized by a nasal mucosal influx of eosinophils and elevations in
eosinophil cationic protein in collected nasal lavage fluid. Rhinitis, in children or adults, with a
granulocytic influx dominated by eosinophils is most often diagnosed as allergic rhinitis, with
lesser reported cases of non-allergic eosinophilic rhinitis (Ellis et al., 2006).

To investigate granulocytic inflammatory cell responses to repeated ozone exposures, I
conducted a series of related studies designed to determine the type of granulocytic inflammatory
cells (e.g., neutrophils, eosinophils) and associated nasal epithelial changes (i.e., epithelial
remodeling) that occur over time with repeated daily exposures (i.e., 1,2, 4, 9 or 24 consecutive
weekdays, for four hours/day). Results from preliminary study showed that ozone exposure
caused an eosinophilic rather than neutrophilic influx in the nasal airway of mice. This
eosinophilic rhinitis accompanied the epithelial hyperplasia/hypertrophy, hyalinosis as well as
mucous cell metaplasia. Eosinophilic inflammation and mucous cell metaplasia have been
associated with a Th2 cytokine (e.g. IL-4, IL-5, IL-13) response such as that described in allergic
rhinits and asthma. Hence, in mice experimentally exposed to ozone, phenotypic changes of the
nasal airway epithelium and associated eosinophilic rhinitis, appear to favour a Th2 cytokine

response. | further hypothesize that the temporal development of 0zone-induced nasal epithelial
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remodeling and inflammation are associated with an early temporal Th1 cytokine response

followed by a later Th2 profile in the nasal mucosa.
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B. Materials and Methods

1. Laboratory Animals

Specific pathogen free male C57BL/6 mice (6—8 weeks of age; Charles River Breeding
Laboratories, Portage) were used in this study. Mice were housed in stainless steel wire cages,
whole body inhalation exposure chambers (H-1000; Lab Products Marywood, NJ). Animals
were provided free access to food (Harlan Teklad Irradiated 8940, Madison, WI) and water.
Mice were maintained in Michigan State University (MSU) animal housing facilities accredited
by the Association for Assessment and Accreditation of Laboratory Animal Care and according
to the National Institutes of Health guidelines as overseen by the MSU Institutional Animal Care
and Use Committee. Rooms were maintained at temperatures of 21°C-24°C and relative

humidities of 45-70%, with a 12-h light/dark cycle starting at 7:30 A.M.

2. Experimental Design and Inhalation Exposures

In the first part of this study, 8 mice per group were exposed for 24 days to 0.5 ppm ozone or
filtered air (0 ppm ozone). In the second part, 6 mice per group were exposed to filtered air or 0.5
ppm ozone for 1, 2, 4 and 9 weekdays, at two groups (air control and ozone) per time point, 4
hours of exposure per day. Mice were euthanized 24 hours after end of the exposures. 6-8 mice
in both 0.5 ppm ozone and filtered air groups in the 1, 2 and 24 weekdays time points were given
bromodeoxyuridine (BrdU) via intraperitoneal injections, 2 hours before euthanasia. An
additional group of 6 mice was exposed for 4 hours of 0.5 ppm ozone for 1 day and euthanized 2
hours after end of exposure. Figure 1 provides a visual representation of the experimental design.
An additional 6 mice per group (both air control and ozone groups) in the 1, 2, 4 and 9 weekdays

time point, as well as in the 1 day 2 hours time point, were exposed and processed for nasal RNA
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extraction. Three additional mice per exposure group in the 4-day and 9-day time points, were

processed for transmission electron microscopy (TEM).

Start of Inhalation
Exposure 0
(filtered air) or
0.5 ppm ozone

Days of Ozone Exposure
(Mice sacrificed 24 h post last Exposure)
Mice sacrificed |
2hpostlday | \
ozZone exposure

Animal arrival

1 2 4 g 24
! Voo }
« > t ¢ | f’

1 week acclimation

Micegiven BrdU ip 2 h before euthanasia

\ y J J

Second part of study First part of study

Figure 1. Experimental Design

Mice were housed individually in stainless steel wire cages, and exposed to whole body
inhalation exposure chambers (H-100; Lab Products Marywood, NJ). Ozone was generated with
an OREC 03V1-Clone ozone generator (Ozone Research and Equipment Corp., AZ) using
compressed air as a source of oxygen. Total airflow through the exposure chambers was 250
1/min (15 chamber air changes per hour). Dasibi 1003 AH ambient air ozone monitor (Dasibi
Environmental Corp., Glendale, CA) was used to monitor the ambient ozone concentration in the
air chamber. Two ozone sampling probes were placed in the middle of the ozone chambers, 10—
15 cm above cage racks, for monitoring the ozone concentration in ozone chamber, with a Dasibi
1003 AH ambient air ozone monitor during the exposures. Table 1 (Appendix A) shows the

ozone chamber concentrations during the daily inhalation exposures.
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3. Necropsies and Nasal Tissue Collection

Mice in the 1, 2, 4, 9 and 24 weekdays exposure groups were killed at 24 h after inhalation
exposures. Mice in the 1-day exposure groups were killed 2 or 24 hours after the inhalation
exposures. Two hours before necropsies, mice in the 1-, 2-, and 24-day groups (sacrificed 24h
post-exposure), were injected intraperitoneally with bromodeoxyuridine (BrdU) to label
epithelial cells undergoing DNA synthesis (S-phase of the cell cycle). At designated times post
exposure (2 or 24h post last exposure), mice were anesthetized with sodium pentobarbital
(Vortech Pharmaceuticals, Ltd. Dearborn, MI) and sacrificed by exsanguination via the
abdominal aorta. Immediately after death, the head of each animal was removed from the
carcass. After the lower jaw and skin were removed, formalin or RNA-Later fluid was infused
retrograde through the nasopharyngeal meatus. The head was immersed in 10% neutral buffered
formalin for routine histology of the nasal cavity, or in RNA-Later (Sigma-Aldrich, an

ammonium sulfate based RNA fixative/stabilizer) for nasal mucosal RNA extraction.

4. Tissue Processing for Light Microscopy, Histochemistry and Immunohistochemistry
Transverse tissue blocks of four anatomic sites from the heads of the mice were selected for light
microscopy as previously described (Young 1981; Harkema et al. 2006; Islam et al. 2006).
Briefly, the proximal section (T1) was taken immediately caudal to the upper incisor teeth; the
middle section (T2) was taken at the level of the incisive papilla of the hard palate; the third
nasal section (T3) was taken at the level of the second palatal ridge; and the most caudal nasal
section (T4) was taken at the level of the intersection of the hard and soft palate, through the
proximal portion of the olfactory bulb of the brain (see Figure 2 on page 25). Nasal tissue blocks

were processed for histopathologic, immunohistochemical, and morphometric analyses. All of
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these blocks were embedded in paraffin, and the anterior face of each block was sectioned at a
thickness of 5 microns and stained with hematoxylin and eosin for routine light microscopic
examination. Additional slides were stained with Alcian Blue (pH 2.5)/Periodic Acid Schiff
(AB/PAS) to identify acidic and neutral mucosubstances stored in mucus-secreting cells of nasal

airway surface epithelium.

For immunohistochemistry, slides were placed in Tris Buffered Saline for pH adjustment,
followed by Heat Induced or Enzyme Induced Epitope Retrieval, and subsequently blocked for
endogenous peroxidase using 3% Hydrogen Peroxide/Methanol. Following pretreatments
standard Avidin, Biotin complex staining steps were performed at room temperature on the Dako
Autostainer. Slides were blocked for non-specific protein in Normal Goat / Normal Rabbit
Serum (Vector Labs — Burlingame, CA). Endogenous Biotin was blocked by incubation in

Avidin D (Vector) and d-Biotin (SigmaAldrich — St.Louis, MO).

Sections were immunostained for mouse eosinophil specific major basic protein (MBP) using a
rat antibody directed against murine MBP (1:10,000; Mayo Clinic, Scottsdale, AZ), and for
neutrophils using Rat Anti-Mouse Neutrophil 7/4 Allotypic Marker (1:2500 AbD Serotec
Raleigh, NC). Sections were subsequently covered with secondary biotinylated antibodies,
treated with alkaline phosphatase and visualized with Fast Red (Substrate Kit 1). For Ym1/2
immunohistochemistry, unstained and hydrated paraffin sections were incubated for one hour
with rabbit polyclonal anti-Yml antibody at a dilution of 1:3,000. This antibody was a generous
gift from Dr. Shioko Kimura (National Cancer Institute, Bethesda, MD) and was prepared by

immunizing rabbits with 2 peptide sequences derived from eosinophilic crystals in gastric
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epithelium of CYP1A2 deficient mice. Immunoreactivity of Ym1/2 was visualized with Vector
R.T.U. Elite ABC Peroxidase Reagent followed by Nova Red (Vector Laboratories Inc.,

Burlingame, CA).

After immunohistochemistry, slides were dehydrated through ascending grades of ethanol;
cleared through several changes of xylene and cover-slipped using permanent mounting media.
Routine immunohistochemical techniques were used for nasal epithelial detection of nuclear
BrdU. Nasal sections were deparaffinized in xylene and rehydrated through descending grades of
ethanol and immersed in 3% hydrogen peroxide to block endogenous peroxides. Sections were
incubated with normal horse sera to inhibit nonspecific proteins (Vector Laboratories Inc.,
Burlingame, CA) followed by specific dilutions of primary antibodies (1:40, monoclonal mouse
anti-BrdU antibody, BD Biosciences). Tissue sections were subsequently covered with
secondary biotinylated antibodies, and immunostaining was developed, with the Vector RTU

Elite ABC kit (Vector Laboratories Inc.) 3,3#-diaminobenzidine (SigmaChemicals) chromogens.
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5. Nasal Mucosal Morphometry

Mucosal epithelial thickness, amounts of epithelial mucosubstances, eosinophils and neutrophils
in the mucosa, as well as epithelial Ym1/2 protein, were estimated by standard morphometry
techniques. All histological slides were scanned and digitalized with a slide scanner (VS110,
Olympus) prior to quantification. Analysis of the virtual slides was performed with the newCast
system (Visiopharm, Denmark). Briefly, images for analysis were sampled at the region of
interest, i.e. entire length of the lateral walls in the T1 section, with a 100 % meander sampling at
a 40x magnification. In Figure 2B, the yellow segmented lines indicate lateral wall mucosa that
was morphometrically analysed in this study.

For estimation of epithelial thickness and the amount of intraepithelial mucosubstances per
length of basal lamina, a point-intercept grid was superimposed over the selected images. The
point grids had an area/point of 105.60 pm” and 16.90 pm? for estimating the area of cells or
mucosubstances, respectively, over the length of basal lamina. A line grid with a length/line of
25.69 um and an area/point of 563.20 um’ was used to estimate the corresponding surface
density of the basal lamina.

The formula for the estimation of epithelial mucosubstances and cellular volume per basal

lamina are the same and described here in detail for mucosubstances.

Density of mucosubstances (ft M) was estimated by counting the number of points falling on
epithelial areas staining positively for AB/PAS (Py) multiplied by the area/point (a/p) and

divided by the total number of point in all images (n) as shown in equation 1 (EQ1).

. P, xa/
v, :w EQ 1
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The surface density of the basal lamina (§ sL) in the selected images was estimated by counting
the number of intercepts (I) of the line probe with the basal lamina of the lateral wall divided by
the length per point (I/p) and the number of points in all sampled images (n) as described in
equation 2 (EQ2).

§, — 22! EQ2

BL_I/p><n

Stained mucosubstances per basal lamina of the lateral wall was then estimated by dividing v M
by S BL-

For quantification of BrdU and Ym1/2 labelling within nasal epithelium of lateral wall, the same
formula and image analysis settings as that for mucus, with point grids area/point of 105.60 pm?,
were used.

The influx of neutrophil and eosinophil influx in the nasal mucosa was estimated by quantifying
the amount of Major Basic Protein (MBP) immunolabelling for eosinophils, and the amount of
rat anti-mouse neutrophil allotypic marker (clone 7/4) for neutrophils in the nasal mucosa of the
lateral wall. A point grid with an area/point of 16.90 um” was used to estimate the area of MBP
and neutrophil marker respectively and a point grid with an area/point of 563.20 um? was used to
measure the reference space, i.e. the lamina propria and the epithelium of the lateral wall. The
total number of points was the multiplied by the area/point for either MBP stain or neutrophil
marker and for the reference space. The percentage of MBP or neutrophil marker per mucosa

was calculated by dividing the area of the stain by the area of the reference space.

6. Transmission Electron Microscopy
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Nasal cavities of mice designated for transmission election microscopy were fixed for
transmission electron microscopy with 2.5% glutaraldehyde in 0.03 M potassium phosphate
buffer at 4°C for at least 48 hours. The heads were then decalcified with IHC-Tek Bone Decal
Solution (IHC World, MD) for 2 month under continuous shaking and changing the solution on a
weekly basis. Sufficient decalcification was tested prior to further processing of TEM sample
embedding (D.J. Seilly, Medical Laboratory Sciences 1982, 39, 71-73). For TEM embedding,
samples were then postfixed in 1% osmium tetroxide and dehydrated in a graded acetone series.
Samples were infiltrated and embedded in Spurr resin (Polysciences). Thin sections (70 nm
thickness) were obtained with a PTXL ultramicrotome (RMC, Boeckeler Instruments, Tucson,
AZ) on 200 mesh copper grids stained with uranyl acetate and lead citrate. Sections were
imaged using a JEOL 100CX Transmission Electron Microscope (Japan) at a 100kV accelerating

voltage.

7. Total RNA Isolation from Nasal Mucosa

A longitudinal incision was made along the midline of individual RNA-Later preserved head of
ozone-exposed and filtered air control group mice. The median septum was removed and the
turbinates and lateral wall tissues were microdissected from both left and right nasal cavities.

The tissues removed for analysis consist of the region between T1 and T2 in Figure 2A.
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T T2 T3 T4

Figure 2: Site of nasal tissue extraction for mRNA analysis, histopathology and morphometry.
(A) Illustration of the sites of anterior faces processed for histology (T1-T4). (B) Anterior face of
T1. The yellow segmented line indicates lateral wall mucosa that was morphometrically analysed
in this study. (NT = nasoturbinate: MT = maxilloturbinate; HP = hard palate; ET=
ethmoturbinate; OB = olfactory bulb; np= nasopharynx; S = septum; VM = ventral meatus; MM
= middle meatus; LM = lateral meatus; NT= nasoturbinate; LW= lateral wall)

Tissues samples were removed and placed in RNALater and kept at 4°C for 24 hours then
transferred to -80°C until processed. Total RNA was extracted using RNeasy Mini Kit according
to manufacturer’s instructions (Qiagen, Valencia, CA). Briefly, tissues were homogenized in
buffer RLT containing  -Mercaptoethanol with a Smm rotor-sator Homogenizer (PRO
Scientific, Oxford, CT) and centrifuged at 12,000g for 3 minutes. RNA was purified from the
supernatant using the RNeasy capture column. Samples were treated with Qiagens Rnase-Free
Dnase Set on the column (2X recommended concentration for 30min). Eluted RNA was

quantified using a Genequant pro spectrophotometer (BioCrom, Cambridge, England).
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8. Gene Expression Analysis

Reverse Transcription was performed using High Capacity cDNA archive Kit reagents (Applied
Biosystems, Foster City, CA). RNA was incubated in GeneAmp PCR System 9700
Thermocycler PE (Applied Biosystems, Foster City, CA) at 25°C for 10 Minutes, 37°C for 2
hours and held at 4°C. cDNA was diluted to Sng/ul and 384 well reaction plates were set up
robotically using the BioMek 2000 Automated Workstation (Beckman Coulter, Fullerton, Ca).
Quantitative mRNA expression analysis was performed using the ABI PRISM 7900 HT
Sequence Detection System using Tagman Gene Expression Assay reagents (Applied
Biosystems). The cycling parameters were 48°C for 2min, 95°C for 10 min and 40 cycles of 95°C
for 15sec and 60°C for Imin. The real-time PCR reaction was relatively quantified using the
AACT method normalized to 18S, GAPDH and B-actin. Statistical analysis was performed in
individual relative fold increase values using Sigma Stat (SPSS Inc, Chicago, IL). Hierarchical
clustering of nasal mucosal gene expressions, together with morphometry parameters less
Ym1/2, was performed in the TM4 Multiexperiment Viewer (MeV 4.8.1; (http://www.tm4.org)

using Pearson correlation metric.

9. Statistical Analysis

Data are reported as mean = SEM. Exposure related effects between air and ozone were assessed
by a T-test for single comparisons where appropriate. Exposure and time related effects were
determined by ANOVA, followed by Student-Newman-Keuls post hoc test, for multiple
comparisons. Non-normal distributed data was analyzed by Kruskal-Wallis ANOVA on ranks.
Specific statistical analysis for each data set is provided in each figure. Significance was assigned

to p-values less than or equal to 0.05.
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C. Results

1. 24-weekday Inhalation Exposures

i. Histopathology and Morphometry

Ozone-induced nasal lesions were present in mice after 24 weekdays of inhalation exposure, and
this was seen in the lateral walls of the lateral meatus of both proximal nasal passages (Figure
2A). At this site, represented in T1 section, the lateral walls are lined by low cuboidal
pseudostratified airway epithelium dominated by cuboidal non-ciliated cells, basal cells, lesser

numbers of cuboidal ciliated cells and very few mucous goblet cells.

a. Granulocyte Infiltration

After 24 days of exposure, 0zone-exposed mice had ozone-induced rhinitis, characterized by
marked mucosa granulocyte infiltration predominated by eosinophils. The majority of
eosinophils, immunohistochemically labelled with major basic protein (MBP), were present in
the lamina propria with only a few extending into the basal layers of the overlying hyperplastic
nasal epithelium. Scant neutrophils were present in the lamina propria of 24-day ozone-exposed
mice. In air-control mice (0 ppm ozone), neither neutrophils nor eosinophils were present in
significant numbers in the lamina propria or epithelium of the nasal mucosa (Figure 3).

The morphometrically estimated quantities of eosinophils and neutrophils are shown in Figure 4.
There was a statistically significant increase in the infiltration of eosinophils as well as
neutrophils, in the lateral wall mucosa of the ozone-exposed mice, compared to mice exposed to

filtered air. The eosinophilic accumulation was significantly higher than that of neutrophils.
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Figure 3: Light photomicrographs of granulocyte infiltration within nasal mucosa of mice after
24-weekday exposure. (A, B) Insignificant number of eosinophils and neutrophils were present
in the air-exposed animals. (C) There were scant neutrophils (dotted arrow, rat anti-mouse
neutrophil allotypic marker) present in the lamina propria of ozone-exposed mice. (D)
Eosinophils, immunohistochemically labelled with Major Basic Protein (MBP) (solid arrows),
predominate the granulocytes of the nasal mucosa of ozone-exposed animals and were not
present in the control animals (0 ppm ozone). (bv: blood vessel; e: epithelium; b:bone; g: gland)
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Figure 4. Morphometry of granulocyte influx in the mucosa lining the proximal nasal airways
after 24-weekday exposure. There was a significant increase in infiltration of eosinophils as well
as neutrophils in the lateral wall mucosa of the ozone-exposed mice, compared to mice exposed
to filtered air. The eosinophilic influx was significantly higher than that of neutrophils.
*Statistically different, p < 0.05, by way of T tests. Data are expressed as mean + SEM.
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b. Epithelial Thickness

Examination of H&E sections of mice with 24 days of inhalation exposure revealed a marked
increase in epithelial thickness in the lateral wall of the proximal nasal mucosa in the ozone (0.5
ppm)-exposed mice. This epithelial remodeling comprised of hypertrophy, hyperplasia and
accumulation of cytoplasmic hyaline material. Ciliated cuboidal to columnar epithelial cells were
present in the hyperplastic epithelium. The granulocytic infiltration expanded the lamina propria
in the ozone-exposed animals, observed both within blood vessels and lamina propria. There was
no epithelial hyperplasia/hypertrophy in the air control (0.5 ppm) animals (Figure 5A, B).
Morphometrically estimated quantities of increases in epithelial thickness are shown in Figure 6.
Morphometrically estimated thickness (microns) of the airway surface epithelium revealed
statistically significant increase in airway epithelial thickness in mucosa lining the proximal

nasal passages of mice exposed to ozone, compared to air control animals.

c. Intraepithelial Mucosubstances

Using Alcian Blue PAS (pH 2.5) histochemical stain to highlight mucosubstances, an increase in
amount of apical intraepithelial mucosubstances was observed in the proximal nasal transitional
epithelium lining lateral wall in mice exposed to ozone for 24 days, consistent with mucous cell
metaplasia. Mucous cell metaplasia of lateral wall mucosal epithelial was not seen in the mucosa
of air control (0 ppm ozone) animal (Figure 5C, D). The morphometrically estimated quantities
of the epithelial mucosubstances are shown in Figure 7. There was a significant increase in

epithelial mucosubstances in the ozone-exposed animals.
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d. Intraepithelial Ym1/2 Protein

Within the thickened epithelium of ozone (0.5 ppm)-exposed animals, abundant Ym1/2 protein
was present in the apical and basilar aspects of transitional nasal epithelium. This marked Ym1/2
expression was not observed in the air control (0 ppm ozone) animals, in which only very weak
expression of Ym1/2 was present in the apical aspect of the ciliated epithelial cells (Fig. SE, F).
The morphometrically estimated quantity of intraepithelial Ym1/2 protein showed a significant
and marked increase in epithelial cell cytoplasmic Ym1/2 protein in the ozone-exposed

compared to air control animals (Figure 8).
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Figure 5. Light photomicrographs of nasal mucosa of mice after 24 weekdays of 0ozone exposure.
(A, B) There was epithelial hypertrophy, hyperplasia and accumulation of eosinophilic hyaline
material (hyalinosis, solid arrow) within epithelial cytoplasm in the ozone (0.5 ppm)-exposed
animals, compared to the air-exposed (0 ppm ozone) animals. (Hematoxylin and Eosin). (C, D)
Increased amount of apical intraepithelial mucosubstances was present in the ozone-exposed
animals (solid arrow), not seen in the mucosa of air control (0 ppm ozone) animals. (Alcian Blue,
pH 2.5 PAS). (E, F) In the air control (0 ppm ozone) animals, there was expression of Ym1/2 in
the apical aspect of the ciliated epithelial cells. Within the thickened epithelium of ozone (0.5
ppm) exposed animals, abundant Ym1/2 protein was present in the apical and basilar aspects of
epithelial cell cytoplasm, and faintly along subcilial apical cytoplasm. (solid arrows, rabbit
polyclonal anti-Ym1 antibody). (bv: blood vessel; e: epithelium; b:bone; g: gland)
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Figure 6. Morphometry of nasal epithelial thickness after 24 weekdays of 0zone exposure. There
was a significant increase in airway epithelial thickness in mucosa lining the proximal nasal
passages of mice exposed to ozone, compared to air control animals. *Statistically different, p <
0.05, by way of T tests. Data are expressed as mean + SEM.
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Figure 7. Morphometry of intraepithelial mucosubstances in the mucosa lining the proximal
nasal airways after 24-weekday exposure to ozone. There was significant increase in epithelial
mucosubstances in the ozone-exposed animals compared to air control animals. *Statistically
different, p < 0.05, by way of T tests. Data are expressed as mean = SEM.
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Figure 8. Morphometry of intraepithelial Ym1/2 in the mucosa lining the proximal nasal airways

after 24-weekday exposure to ozone. There was significant increase in epithelial cell cytoplasm

Ym1/2 material in the ozone-exposed compared to air control animals. *Statistically different, p
<0.05, by way of T tests. Data are expressed as mean + SEM.
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e. Epithelial DNA Synthesis

Increased DNA synthesis in nasal epithelium is a reliable marker of injury/repair processes after
exposure to ozone. Exposure to 0.5 ppm ozone for 24 days caused significant DNA synthesis in
the nasal mucosal lining of the lateral wall, as indicated by an increase in epithelial cell staining
positive for nuclear BrdU (Fig. 9). The morphometrically estimated quantity of epithelial BrdU

showed a significant increase in labeling in the ozone-exposed compared to air control animals
(Figure 10).

BrdU-labeled Nasal Epithelial Nuclei
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Figure 9. Light photomicrographs of BrdU immunolabeling in nasal mucosa of mice after 24-
weekday exposure to ozone. (A,B) More BrdU nuclear labelling (solid arrow) was present in the
mucosa lining of the ozone-exposed animals compared to air control animals. (bv: blood vessel;

e: epithelium; b:bone; g: gland)
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Figure 10. Morphometry of epithelial BrdU in the mucosa lining the proximal nasal airways
after 24-weekday exposure to ozone. There was a significant increase in epithelial BrdU in the
ozone-exposed compared to air control animals. *Statistically different, p < 0.05, by way of T
tests. Data are expressed as mean + SEM.
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2.1,2,4 or 9 Weekdays of Inhalation Exposure

i. Histopathology and Morphometry

Site specific and temporal changes in ozone-induced nasal pathology were present in mice after
1, 2, 4 and 9 weekdays of inhalation exposure. Similar to mice with 24-day inhalation exposure,
these changes were seen in the lateral walls of the both lateral meatus of the proximal nasal

passages of the ozone exposed animals, but not in the air-exposed animals.

a. Granulocyte Infiltration

There was a decrease in neutrophil infiltrate and concomitant increase in eosinophilic influx in
the nasal mucosa of ozone treated mice from 1 to 9 days of ozone exposure (Figure 11). The
early onset neutrophil infiltration in the lamina propria, most significant at the 1-day (2h post-
exposure) time point, subsequently decreased in the latter time points. In contrast, eosinophilic
influx within the mucosa increased with chronicity of ozone exposures, with the most dramatic
increase seen at 9 days of ozone exposure. While neutrophils were the main granulocytes at 1-
day (2h post-exposure), 1- and 2-days (24h post-exposure) within the lamina propria of nasal
lateral wall, eosinophils predominated in the 4-day and 9-day ozone-exposed mice. The degree
of eosinophilic rhinitis at 9 days surpassed the extent of neutrophilic infiltration across all
individual time points.

The densities of granulocytes evaluated morphometrically were graphed in Figure 12. The trend
of decrease in neutrophils and increase in eosinophils could be appreciated by the respective bars
at the different time points. In the 1-day (2h post-exposure) time point, there was a significant

increase in neutrophil within the nasal mucosa compared to air control animals. Statistically
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significant increase in eosinophilic infiltrate was observed in the 9 day ozone-exposed animals

compared to air control animals (Figure 12).
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Figure 11. Light photomicrographs of granulocyte infiltration within nasal mucosa of mice after
1, 2,4 or 9 weekdays of ozone exposure. (A, C, E, G, I) There was an acute neutrophilic influx
(solid arrows) in the nasal mucosa, which decreased with chronicity of intermittent ozone
exposure. (rat anti-mouse neutrophil allotypic marker stain). (B, D, F, H, J) The density of
eosinophils (non-solid arrows) increased with time of ozone exposures. (Major Basic Protein
stain) (bv: blood vessel; e: epithelium; b:bone; g: gland) (bv: blood vessel; e: epithelium;
b:bone; g: gland)

37



I Eosinophils

£ 6.0 [_1 Neutrophils
Sag

wn u

o O

55 ,n

9E 4.0

— U

S O

5 = *

o 2.0]

0.0—L ol

Air 1d 1d 2d 4d 9d
1or2d (2h) (24h) (24h) (24h) (24h)

(24h)
Days of Inhalation Exposure
(hours after last exposure)

Figure 12. Morphometry of granulocytic influx in nasal lateral wall of mice exposed to 1, 2, 4 or
9 weekdays of ozone or filtered air. Graphic representations of the morphometric determinations
of neutrophil and eosinophil densities expressed as percentage of mucosa presented in the same
scale. *Statistically different from air-control group, p < 0.05, by two-way ANOVA and
Student-Newman-Keuls post hoc test. Data are expressed as mean + SEM.
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b. Epithelial Thickness

There was an acute loss of epithelial cilia and epithelial degeneration/necrosis at 1-day (sacrifice
2 hours after exposure), before a gradual increase in epithelial thickness after 1- to 9-day ozone
exposure (Figure 13 A, D, G, J, M). The initial loss of epithelium in response to ozone was
characterized by cell vacuolar degeneration, cell necrosis and exfoliation, particularly involving
few widely scattered ciliated cells of the nasal transitional epithelium. Subsequent increase in
epithelial thickness was attributed to cellular hyperplasia and hypertrophy. After 9 days of ozone
exposure, there were few epithelial cells with early cytoplasmic hyalinosis. The temporal
changes in epithelial thickness are quantitated morphometrically and graphed (Figure 14). Initial
decrease in epithelial thickness was observed at the earlier time points (reflecting the early
epithelial degeneration and loss), although not significantly different from air control animals. In
the 9-day ozone-exposed mice, there was a significant increase in nasal mucosal epithelial

thickness compared to air control animals.

c. Intraepithelial Mucosubstances

The amount of mucosubstances in the mucosal epithelium also increased with time of ozone
exposure (Figure 13 C, F, I, L, O). Intraepithelial mucosubstances were not present significantly
after 1, 2 or 4 days, but was most prominent after 9 days of ozone exposure. Amounts of
intraepithelial mucosubstances (area of AB/PAS-stained glycoproteins per length of airway basal
lamina) were morphometrically estimated (Figure 15). There was a marked and statistically
significant increase in mucosubstances in the ozone-exposed animals compared to air control

animals at 9 days.
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d. Intraepithelial Ym1/2 Protein

The amount of intraepithelial Ym1/2 increased with the duration of ozone exposure (Figure 13 B,
E, H, K, N). Ym1/2 protein was present in the apical aspect of the ciliated epithelial cells at 1

day of ozone exposure. At 2 days, there was an increase in Ym1/2 at the basal portion of
epithelial cells in lateral wall mucosa. Ym1/2 protein was more diffusely distributed, perinuclear
and apical in the mucosal epithelium at 4 days of ozone exposure. This became more intense,
diffusely cytoplasmic and apically distributed at 9 days of ozone exposure, and was accompanied
by mucosa epithelial hyperplasia/hypertrophy. Amounts of intraepithelial Ym1/2 were
morphometrically estimated (Figure 16). A marked increase in Ym1/2 protein was present in the
9 days ozone-exposed animals, and this was significantly elevated at this day compared to air

control animals.
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Figure 13. Light photomicrographs of nasal mucosa of mice with 1, 2. 4 or 9 weekdays of ozone
exposure. (A, D, G, J, M) There was acute epithelial degeneration, vacuolation (clear arrow) and
loss of cilia in the nasal mucosa of mice exposed to 1 to 2 days of ozone. After 9 days, there
were few epithelial cells with early cytoplasmic hyalinosis. (B, E, H, K, N) The production of
Ym1/2 increases and varies in distribution within the mucosal epithelial cells, with time of ozone
exposure. It was present in the apical aspect of the ciliated epithelial cells at 1 day of ozone
exposure (solid arrow). After 2 days, there was increase in Ym1/2 in the basal portion of
epithelial cells in lateral wall mucosa. Ym1/2 protein was more diffusely distributed, perinuclear
and apical in the mucosal epithelium at 4 days of ozone exposure. This and became more intense,
diffusely cytoplasmic and apically distributed after 9 days of ozone exposure, accompanied by
the thickened mucosa epithelium (solid arrow). (rabbit polyclonal anti-Ym1 antibody). (C, F, L,
L, O) Intraepithelial mucosubstances were not present significantly at 1-4 days, and was most
prominent after 9 days of ozone exposure. Initial epithelial damage followed by remodeling,
mucous cell metaplasia and Ym1/2 protein expression in nasal mucosa of mice from 1 to 9 days
of ozone exposure. (Alcian Blue, pH 2.5 PAS) (bv: blood vessel; e: epithelium; b:bone; g:
gland)
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Figure 14. Morphometry of airway epithelial thickness in the mucosa lining the proximal nasal
airways after single or repeated exposures. There was an initial decrease in epithelial thickness at
the earlier time points, reflecting the early epithelial degeneration and loss. In the 9-day ozone-
exposed animals, there was a significant increase in nasal mucosal epithelial thickness compared
to air control animals. *Statistically different from air-control group, p < 0.05, by two-way
ANOVA and Student-Newman-Keuls post hoc test. Data are expressed as mean + SEM.
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Figure 15. Morphometry of intraepithelial mucosubstances in the mucosa lining the proximal
nasal airways after single or repeated exposures. There was a marked and statistically significant
increase in mucosubstances in the ozone-exposed animals compared to air control animals after 9
days. *Statistically different from air-control group, p < 0.05, by two-way ANOVA and Student-
Newman-Keuls post hoc test. Data are expressed as mean + SEM.
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Figure 16. Morphometry of airway epithelial Ym1/2 in the mucosa lining the proximal nasal
airways after single or repeated exposures. There was a marked increase in epithelial Ym1/2
protein in the 9-day ozone-exposed animals compared to air control animals. *Statistically
different from air-control group, p < 0.05, by two-way ANOVA and Student-Newman-Keuls
post hoc test. Data are expressed as mean + SEM.
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e. Epithelial DNA Synthesis

Exposure to 0.5 ppm ozone for 1 and 2 days caused significant DNA synthesis in the nasal
mucosal lining of the lateral wall. Photomicrographs in Figure 17 illustrate the nuclear BrdU
labelling in the 1 day air and ozone-exposed animals. Amounts of intranuclear BrdU in the 1-
and 2-day mice were morphometrically estimated (Figure 18). At both time points, there was
significant increase in BrdU labeling in the ozone-exposed compared to air control animals.
There was also a significant decrease in BrdU labelling in the 2-day ozone-exposed animals

compared to 1-day ozone-exposed animals, as shown in Figure 18.
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Figure 17: Light photomicrographs of BrdU immunolabeling in nasal mucosa of mice after 1-day
exposure. (A,B) More BrdU nuclear labelling (solid arrow) was present in the mucosa lining of
the ozone-exposed animals compared to air control animals. (bv: blood vessel; e: epithelium;
b:bone; g: gland)
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Figure 18. Morphometry of epithelial BrdU in the mucosa lining the proximal nasal airways after
1 and 2-day exposure. At both time points, there was significant increase in labeling in the ozone
exposed compared to air control animals. There was also a significant decrease in BrdU labelling
in the 2-day ozone-exposed animals compared to 1-day ozone-exposed animals. *Statistically
different, p < 0.05, by way of T tests. Data are expressed as mean = SEM.
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ii. Ultrastructural Changes in Nasal Mucosa of Mice

At 4-day ozone (0.5 ppm) exposure, there were few eosinophils present in the lamina propria of
nasal mucosa (Figure 19B), not seen in the air control animals (Figure 19A). After 9 days of
ozone (0.5 ppm) exposure, there was intercellular edema in the mucosal epithelium characterized
by separation of epithelial cells by electron-lucent spaces, as well as eosinophilic infiltration in
lamina propria (Figure 19C). Ultrastructurally, the eosinophils in lamina propria of mice exposed
4 and 9 days of ozone contained cytoplasmic specific/secondary granules with internal electron-
dense crystalline core, as well as bilobed nucleus (Figure 19C, D), that distinguished these
granulocytes from neutrophils. There was minimal to mild cytoplasmic vacuolation in the 4 day
and 9-day ozone exposed animals. No eosinophils or ultrastructural epithelial changes were

present in air control mice (Figure 19A).
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Figure 19. Transmission electron photomicrographs of ultrastructural changes in nasal mucosa of
mice due to ozone. (A). Air control animals. (B). 4 day ozone exposed animals. (C). 9 day ozone
exposed animals. (D). Higher magnification of an eosinophil within lamina propria. (TE =
transitional epithelium; IN = interstitium; E = eosinophil; ie = intercellular edema; g =
eosinophil secondary granules)
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iii. Cytokine Gene Expression in Nasal Mucosa

a. Temporal Changes in Cytokine Gene Expression

Fold changes in cytokine gene expression in nasal mucosa of C57BL/6 mice after 1, 2, 4, 9-
weekday ozone exposure are shown in Table 2 (Appendix B). Values were expressed as mean =+

standard error of the mean, relative to air group within each individual time point.

b. Unsupervised Hierarchical Clustering of Gene Expression and Morphometric
Parameters

There were two fairly distinct main branches within the hierarchical tree of gene expressions
combined with morphometric parameters (Figure 20). Thl cytokine genes were clustered with
neutrophil density, while Th2 cytokine genes were clustered with increases in eosinophil density,
epithelial Ym1/2 proteins and mucosubstances. There was marked over expression of Cxcl2
(MIP-2), IL-1B, IL-6, Tnf-a, Cxcll (KC) and Ccl2 (MCP-1) mRNAs after a single day ozone
exposure. In contrast, 9-day exposure to ozone induced conspicuous over expression of Ccll1
(Eotaxin), Muc5AC, IL-13, IL-10, Argl, Ccl8 (MCP-2), Chi314 (YM2), Clca3 (Gob5), Saa-3,
Chi313 (YM1) mRNAs. Hmox and MCP1 were only expressed at the early 1-day (2 h post-
exposure) time point. Expressions of Saa3 and Ym1 were reduced at the earliest time point and
not significantly different from air control in the later time points. There was a biphasic
expression of IL-5 and IL-13, with increased expression seen after 1-day and 9-days of ozone

exposure.
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Figure 20. Unsupervised hierarchical clustering of temporal changes in ozone-induced gene

expression and morphometric phenotypes (*) in nasal mucosa of ozone-exposed mice relative to

air-exposed control mice.

Red intensity = Degree of up-regulation vs. air-exposed controls.

Green intensity = Degree of down-regulation vs. air-exposed controls.

Hierarchical clustering was performed in the TM4 Multiexperiment Viewer (MeV 4.8.1;
(http://www.tm4.org) using Pearson correlation metric.
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¢. Th2 Cytokine Gene Expression

The temporal fold changes in IL-5, IL-13 and Ym2 gene expressions, relative to air controls
within each time point, were statistically analysed and graphically represented (Figure 21). There
was a biphasic expression of IL-5, with most significant increase present in mice exposed to
ozone for 1 day (2h post-exposure), 1 day (24h post-exposure) and 9 days (24h post-exposure)
of ozone (Figure 21A). The most significant increase in IL-13 and Ym?2 expression was in the 9

day ozone exposed mice (Figure 21B, C).
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Figure 21: Temporal fold changes in gene expressions in nasal lateral wall of mice exposed to 1,
2,4 or 9 weekdays of ozone exposure, for selected Th2 genes. (A) There was a biphasic
expression of IL-5, most significant at 1 day and 9 day of ozone exposure. (B) and (C) IL-13 and
Ym2 gene expressions showed significant fold increases at 9 day of ozone exposure.
*Statistically different from air-control group, p < 0.05, by two-way ANOVA and Student-
Newman-Keuls post hoc test. Data are expressed as mean + SEM.
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d. Th1 Cytokine Gene Expression

The temporal fold changes in MIP-2, IL-1p, IL-6 and Tnf-a gene expression, relative to air
controls within each time point, were statistically analysed and graphically represented (Figure
22). The relative fold changes in the expression of these genes were greatest in mice exposed to
ozone for 1 day (2h post-exposure), 1 day (24h post-exposure) and 2 days (24h post-exposure)
ozone. Expressions of these Th1 genes by the ozone exposed animals were not significantly
different from air control animals at the 4-day and 9-day time points. The expression of Thl

cytokines decreased with increasing days of ozone exposure.
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Figure 22. Temporal fold changes in gene expressions in nasal lateral wall of mice exposed to 1,
2,4 or 9 weekdays of ozone exposure, for selected Thl genes. (A) Expression of MIP-2 was
significantly increased in 1 day (2h post-exposure), 1 day (24h post-exposure) and 2 days (24h
post-exposure) ozone exposed animals. (B) Expression of IL-1 was significantly increased in
the 1 day (2h post-exposure), 1 day (24h post-exposure) ozone exposed animals. (C, D)
Expressions of IL-6 and Tnf-a were significantly increased only at the 1 day (2hr) timepoint.
*Statistically different from air-control group, p < 0.05, by two-way ANOVA and Student-
Newman-Keuls post hoc test. Data are expressed as mean + SEM.
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e. MucSAC and Gob5 Cytokine Gene Expression
The temporal fold changes in Muc5AC and Gob5 gene expression were statistically analysed and
graphically represented (Figure 23). The greatest increase in Muc5AC expression was at the 1

day (24h post-exposure) time point, and the greatest fold increase for Gob5 gene expression was

in the 9-day ozone exposed animals.
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Figure 23: Temporal fold changes in gene expressions in nasal lateral wall of mice exposed to 1,
2,4 or 9 weekdays of ozone exposure, for MucSAC and GobS5 genes. (A) Expression of
Muc5AC was significantly increased in 1 day (24h post-exposure) ozone exposed animals. (B)
Expression of Gob5 was significantly increased in the 1 day (24h post-exposure), 4-day and 9-
day ozone exposed animals. *Statistically different from air-control group, p < 0.05, by two-way
ANOVA and Student-Newman-Keuls post hoc test. Data are expressed as mean + SEM.
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D. Discussion

In the present study, the nasal lesions caused by ozone in these mice were restricted to
proximal nasal passages (bilateral lesions) in a region that is lined by nasal transitional
epithelium, a low cuboidal pseudostratified airway epithelium, that is normally dominated by
cuboidal non-ciliated cells and basal cells and lesser numbers of cuboidal ciliated cells and very
few, if any, mucous goblet cells (Harkema et al., 2006). The few widely scattered ciliated cells of
the nasal transitional epithelium were most affected by the acute ozone exposures, undergoing
vacuolar degeneration, oncotic cell death (necrosis) and exfoliation. The intranasal distribution
and character of these epithelial and inflammatory lesions in mice were very similar to those
previously reported in rats and nonhuman primates acutely exposed to similar ozone regimens
(Hotchkiss et al., 1989; Carey et al., 2011). The novel finding in this study, however, was the
marked eosinophilic rhinitis in mice that received the longer-term episodic exposures to ozone
for 9 or 24 consecutive weekdays, four hours per day (subacute exposure). The remodeled nasal
epithelium was characterized by mucous cell metaplasia and epithelial hyperplasia/hypertrophy.
This was similar to that previously reported in laboratory rats and mice (Harkema et al., 2006)
and nonhuman primates (Carey et al., 2011) exposed to daily ozone exposures for several days,
weeks or even months. By using specific immunohistochemical markers for murine neutrophils
and eosinophils, these two infiltrating granulocytic populations could be easily distinguished by
light microscopy. To further confirm the ozone-induced eosinophilic inflammatory influx,
transmission electron microscopy was used to identify the unique ultrastuctural features of
eosinophils, i.e., cytoplasmic specific granules with an internal electron-dense, crystalline core
surrounded by an electron-lucent matrix, and the bilobed nucleus, that ultrastructurally

distinguishes these granulocytes from neutrophils.
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T lymphocytes that express the CD4 cell surface molecule are important sources of Th1
and Th2 cytokines, and these cytokines play important roles in immune and inflammatory
diseases. Thl cytokines, primary IL-2, IFN-y and TNF-p, direct a cell-mediated immune
response and are responsible for killing intracellular viruses, bacteria and fungal organisms, and
some autoimmune responses (Berger et al., 2000). Th2 cytokines include IL-4, IL-5 and IL-13.
IL-4 is the major factor that regulates IgE production by B-cells, and is required for optimal Th2
lymphocyte differentiation. IL-5 is an interleukin that is produced by T-helper 2 cells and mast
cells. It is a major factor for the maturation, activation, recruitment and survival of eosinophils
and is hence responsible for eosinophilic influx in diseases such as asthma and atopy. IL-13 has
partial gene sequence homology to and similar function as IL-4, and is also a cytokine that is
elevated in allergic diseases. IL-10 is another Th2 cytokine, which has more of an anti-
inflammatory role. The cytokines produced by Th1 or Th2 subsets of lymphocytes not only
enhance the activation and function of the subset that produces them (via autocrine effect), but
also diminishes the development and activity of the other subset, known as cross-regulation.

Besides lymphocytes, other cells such as monocytes, macrophages, endothelial cells and
epithelial cells are also sources of cytokines. While the primary function of the airway
epithelium was thought to be that of a protective barrier that prevents entry of harmful inhaled
substances, past studies have shown that airway epithelial cells are an important source of
cytokines such as RANTES, MCP-1 and other factors that are chemotactic for T-cells and
eosinophils. Hence, airway epithelial cells could mediate the inflammatory events in the
respiratory system (Renauld JC, 2001).

In the present study, relative changes in the expression of genes that are often associated

with eosinophilic or neutrophilic inflammatory responses further substantiated the dramatic shift
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in the nasal inflammatory cell and cytokine profiles with increasing days of ozone exposure. As
expected, elevations in mucosal gene expression for IL-1p, IL-6, TNF-a, KC, and MIP-2, all
cytokines that are known to respond quickly to cell/tissue injury, were restricted to mice that had
received 1- or 2-days exposures to ozone and had neutrophilic rhinitis with nasal epithelial
degeneration and necrosis. Similar innate inflammatory cell and cytokine responses have been
well documented in the pulmonary airways of laboratory animals and human subjects acutely
exposed to ozone (Lu et al., 2006; Johnston et al., 2000; Devlin et al., 1996; Bosson et al., 2003).

In contrast to the innate neutrophilic rhinitis caused by acute ozone exposures, the
eosinophilic inflammatory influx in the nasal mucosa of mice that received subacute episodic
exposures correlated with the exposure-related increases in gene expressions of IL-5, IL-13, and
CCL11 (eotaxin), which are Th2 cytokines that have been well documented to promote the tissue
recruitment and accumulation of eosinophils (Li et al., 1999).

In this study, there was an early and late marked biphasic pattern of expression in IL-5,
IL-13 and eotaxin genes, especially in the former two genes. The development of eosinophils
within the bone marrow is under the control of critical transcription factors such as GATA-1 and
PU-1. IL-3, IL-5 and GM-CSF are eosinophilopoietins that regulate the expansion of eosinophil
population (Rothenberg et al., 2006; Gonlugur et al., 2006). IL-5 plays a major role in migration
of eosinophils out of bone marrow (Rothenberg et al., 2006), and can be expressed in T-
lymphocytes, airway epithelial cells as well as in enterocytes in the gastrointestinal tract
(Rothenberg et al., 2006). Eotaxin, on the other hand, could be produced by a variety of cells
such as epithelial cells, endothelial cells, fibroblasts, eosinophils, T-lymphocytes, monocytes and
macrophages (Van CE, 1999). In this study, the expression of eotaxin (chemotaxic agent in

recruitment of eosinophils), IL-5, IL-10 and IL-13, fits into a Th2 directed immune response that
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peaked after 9 days of ozone exposure. The temporal development of eosinophilic rhinitis
accompanied this Th2 cytokine expression. The initial IL-5 and IL-13 gene expressions observed
at 1- and 2-days, however, were intriguing and warrant further investigation. Innate lymphoid
cells, a recently described specific immune cell population, could be responsible for this early
IL-5 and IL-13 expressions. This early IL-5 and IL-13 expressions could be an early innate
immune response, which subsequently drives the eosinophilic rhinitis and epithelial remodeling.
Group 2 innate lymphoid cells (ILC 2) produce Th2 cytokines such as IL-5 and IL-13, and are
seen in acute pulmonary inflammation, acute hypersensitivity reaction and viral infections
(Kumar et al., 2014). The over expression of these two cytokines suggest the potential role of
ILC2s in the early time points of this study.

Mechanisms of acute ozone-induced toxicity are due to lipid peroxidation of cellular
membranes, resulting in epithelial degeneration and necrosis due to oxidative stress and injury,
along with generation of free radicals and their related damage. In the present study, increase in
Hmox gene expression is accompanied by marked TNF-a and IL-6 expressions at 2 hr of ozone
exposure, due to an acute ozone-induced damage to nasal mucosa epithelial cells. Heme
oxygenase (Hmox) is an antioxidative enzyme that serves a protective role against TNF-a
associated airway inflammation via down regulation of IL-6 (Lee et al., 2009). In this study,
Hmox expression was restricted to the 1-day (2h post-exposure) time point, and the expression of
this gene was not elevated in subsequent days of ozone exposures, as epithelial remodeling

ensued.

I demonstrated, for the first time, the accumulation of Ym1/2 protein within nasal
epithelium that line the proximal nasal passage, in mice subjected to ozone inhalation exposure.

Ym?2 was expressed alongside the nasal mucosal eosinophilic influx in response to increased
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period of ozone exposure. In mice, chitinase 3-like-3 (Yml) and chitinase 3-like-4 (Ym?2) are
chitinase-like proteins with 95% of nucleotide sequence homology, the expression of which are
both dependent on IL-13 (Jin et al., 1998; Dianne et al., 2001). Yml is a homolog of YKL40 in
human, and is normally expressed in the spleen, bone marrow and lung, and has been shown to
be an eosinophil chemotactic chemokine in mice (Lee et al., 2011; Jin et al., 1998; Nio et al.,
2004; Owhashi et al., 2000). Ym1 has been reported to be strongly upregulated in the mucus
producing cells of upper airways of the lung, in response to allergic inflammation (Homer et al.,
2006), while Ym?2 is expressed by keratinocytes of the squamous portion in the stomach of mice,
and increased expression of Ym?2 is also seen in the lung in allergies (Nio et al., 2004; Jin et al.,
1998). YmI and Ym?2 protein have been shown to be upregulated along with inflammation in
neoplastic transformation of the epidermis, and have been suggested to be autoantigens in mice,
with serum immunoglobulin G reactivity (Qureshi et al., 2011). Chitin, a polymer of N-
acetylglycosamine, is the major component of fungal, arthropod, nematode and crustacean
organisms and is the second most abundant polysaccharide in the world, but do not exist in
mammals (Brinchmann et al., 2011). The family of chitinase proteins includes chitinases and
chitinase-like proteins. The former exists in mammals with a defense function against chitinous
parasites, and are glycoproteins that cleave B-glycosidic bonds between N-acetyleglucosamine
residues of chitin (Nio et al., 2004). Environmental exposure to chitin and immune activation of
chitinase pathway in human is implicated in development of allergic conditions such as asthma
(Brinchmann et al., 2011; Goldman et al., 2011). Chitinase-like proteins, on the other hand, lack
enzymatic activities but still bind to chitin and glysosaminoglycans The up-regulation of Ym?2
expression with increasing time of ozone exposure in this study could have been initiated by IL-

13 expression, and is at least in part responsible for the eosinophilic rhinitis. In this study, a
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temporal increase in Ym1/2 protein was evident in the nasal mucosal epithelium, and this was
accompanied by Ym2 gene over expression. Interestingly, Ym1 gene expression was not
significantly elevated in the initial and later time points, and it appeared that it was the Ym2 gene
that is driving Ym1/2 epithelial protein accumulation in the ozone exposed mice.

Ozone exposure causes nasal epithelial hyperplasia and mucous cell metaplasia in rats
and also enhances airway hyperresponsiveness allergen-sensitized mice (Hotchkiss et al., 1991;
Larsen et al., 2010). In our study, nasal epithelial hyperplasia and mucous cell metaplasia was
similarly seen in the lateral wall epithelium of mice exposed to ozone, in a time dependent
manner, along with increased IL-13, Gob5 and Muc5AC expressions. IL-13 has also been shown
to be involved in tissue eosinophilia and mucous cell metaplasia (Zhu et al., 1999). Gob5 is a
member of the calcium-activated chloride channel family, and is the primary protein responsible
for the mucus hypersecretion and goblet cell metaplasia in mice allergic asthma model
(Nakanishi et al., 2001). The expression pattern of IL-13, Gob5 and Muc5AC is in agreement
with the histological increase in epithelial mucosubstances of the nasal passage in this study, and
indicates that ozone induces a phenotype that resembles an allergic/non-allergic rhinitis and
asthma. In humans, allergic and non-allergic rhinitis had been described. Allergic rhinitis is
mediated by IgE, with associated mast cell histamine release and eosinophilic infiltration in the
nasal mucosa. IL-4 and IL-5 production (Th2 response) occurs in allergic rhinitis, which have
immediate and late phase responses to the allergen. Non-allergic rhinitis on the other hand, is
associated with chronic nasal symptoms in response to a non-allergen (e.g. cigarette smoke),
negative allergen test and is less well-understood (Tran et al., 2011). Even though ozone is not
thought to be a chemical sensitizer or allergen, the ozone induced eosinophilic rhinitis and

localized Th2 cytokine response in this study most resemble non-allergic rhinitis with
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eosinophilia syndrome (NARES) in humans. In the present study, I did not determine IgE levels
in the blood of these the air or ozone-exposed mice. Hence, whether the observed ozone-induced
eosinophilic rhinitis seen in these mice more resembles that of allergic or non-allergic rhinitis in
humans needs to be further elucidated.

There is an intimate relationship between upper and lower airways. In some diseases,
such as allergic rhinitis and asthma in humans, similar lesions can be seen in both parts of the
respiratory tract (Passalacqua et al., 2000). In experimentally allergen-sensitized mice, nasal
mucosal changes and eosinophilic rhinitis occurred alongside similar bronchiolar mucosa
changes and pulmonary inflammation. The upper airway plays a role in being the *first
responder’ to an allergic stimulation, with subsequent trickle-down effects on the lower
bronchial tree and lung. Hence, the nose could be the primary site in driving the pulmonary and
systemic allergic responses (Hellings et al., 2001; McCusker et al., 2002). Previous studies have
already showed exposure to ozone causes pulmonary eosinophilic inflammation and
hyperreactivity, as well as epithelial adaptation with chronicity of exposure (Kierstein et al.,
2008; Jang et al., 2006). The nasal epithelial changes and mucosal inflammation described in the
current studies followed a similar trend of changes. The nose should be viewed as having an
active integral immunological role in the pathophysiology of diseases, affecting the lower
respiratory tract.

In summary, the results of these studies clearly showed a dramatic shift in cytokine
expression, from an early Thl to a late Th2 gene profile, accompanied by a temporal shift from a
neutrophilic to an eosinophilic granulocytic influx nasal mucosa, due to prolonged ozone
exposure. This Th2 cytokine expression due to subacute ozone exposure occurred without

previous or concurrent inhalation exposures to a known aeroallergen. These studies showed that
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subacute intermittent ozone exposures, in the absence of aeroallogen, caused eosinophilic
rhinitis, Th2 inflammatory cytokine release, as well as epithelial remodeling and mucous cell
metaplasia in C57BL/6 mice. In humans, Th2 cytokine overexpression is typically associated
with allergies and atopic diseases. In asthma patients, Th2 cytokines such as IL-4, IL-5 and IL-13
are overexpressed by T cells (Renauld JC, 2001). Allergic and non-allergic rhinitis in humans are
also associated with eosinophilic influx in the nasal airways and Th2 immune response. The
present study showed that repeated ozone exposures induce Th2 cytokine expression, epithelial
remodeling and eosinophilic rhinitis that mimic changes seen in these human respiratory
diseases. Results of the present study provide biological plausibility to the epidemiological
associations between eosinophilic airway and systemic inflammation previously reported by
Frischer and colleagues (Frischer et al., 2001; Frischer et al., 1993). As lymphocytes and
associated leukocytes are responsible for orchestrating immune response to allergens, infectious
agents and otherwise adverse acute or chronic insults to the body, these mononuclear
inflammatory cells are likely sources of the Th2 cytokines associated with the influx of
eosinophils in the nasal mucosa of mice exposed to zone. In the next chapter, I will describe
studies that were designed to test the hypothesis that ozone-induced eosinophilic rhinitis is

dependent on Th2 cytokines produced by lymphoid cells.
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Appendix A

Inhalation Exposures Air Chamber Ozone Chamber
(necropsy time after last exposure) (ppm) * (ppm) *

1 day (2 hours) 0.005 +0.0005 0.517 +0.002

1 day (24 hours) 0.005 + 0.0005 0.517 +£0.002
2 days (24 hours) 0.003 +0.0007 0.498 +0.002
4 days (24 hours) 0.008 + 0.0004 0.493 + 0.004
9 days (24 hours) 0.008 + 0.0003 0.485 +0.002
24 days (24 hours) 0.004 + 0.0002 0.503 + 0.006

Table 1. Ozone chamber concentrations during inhalation exposures. (ppm; *mean + standard
error of the mean)
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Appendix B

Gene 1d 2h O3 1d 24h O3 2d 24h O3 4d O3 9d O3
Argl 1.074/-0.09 | 1.49+/-0.28 2.69+/-0.35 2.32+/-0.49 10.33+/-4.02
MCP1 3.59+/-0.44 | 1.20+/-0.23 1.27+/-0.16 -1.05+/-0.10 1.09+/-0.16
MCP2 1.27+/-0.18 1.58+/-0.34 3.50+/-0.61 2.814/-0.58 7.53+/-2.93
Eotaxin 1.79+/-0.24 | -1.01+/-0.12 1.20+/-0.08 1.25+/-0.16 5.90+/-2.07
YM1 -3.514/-0.82 | -1.06+/-0.17 1.23+/-0.26 -1.27+/-0.28 -1.18+/-0.24
YM2 -7.24+/-2.20 | 3.38+/-1.40 3.66+/-0.61 15.57+/-9.97 431.34+/-192.17
Gob5 -2.80+/-0.88 [ 6.12+/-2.29 3.90+/-0.39 9.56+/-4.85 145.82+/-61.93
KC 2.96+/-0.45 1.884/-0.55 1.75+/-0.49 -1.44+/-0.08 1.34+/-0.49
MIP2 5.75+/-1.61 | 10.04+/-2.67 | 3.23+/-1.12 -1.10+/-0.24 -1.17+/-0.57
Hmox 1.84+/-0.25 | -1.29+/-0.11 1.37+/-0.08 -1.12+/-0.04 1.04+/-0.10
Ifng 1.34+/-0.21 1.54+/-0.47 | -1.61+/-0.24 -1.39+/-0.11 -1.34+/-0.26
IL1b 5.93+/-1.22 | 2.14+/-0.34 1.52+/-0.33 -1.03+/-0.09 -1.24+/-0.44
IL2 1.07+/-0.23 1.314/-0.25
1L4 1.15+/-0.23 3.62+/-2.15
ILS 22.70+/-5.21 | 2.83+/-0.59 1.914/-0.25 3.79+/-1.06 26.74+/-12.71
IL6 15.314/-3.77 | 2.25+/-0.96 2.09+/-0.52 -1.66+/-0.24 2.35+/-1.17
IL9 -2.49+/-0.07 #DIV/0!
IL10 1.06+/-0.14 | -2.574+/-0.29 1.27+/-0.13 1.45+/-0.31 4.04+/-1.37
IL12a -1.26+/-0.26 -1.46+/-0.28
IL12b -1.41+/-0.42 -1.47+/-0.25
IL13 9.63+/-1.96 | 4.114/-1.29 3.01+/-0.65 8.114/-2.94 114.67+/-74.74
IL17a -1.23+/-0.38 | 2.31+/-0.46 1.18+/-0.36 -1.86+/-0.34 -2.15+/-1.80
Mmp8 -1.75+/-0.46 -3.83+/-1.27
Mmp12 1.59+/-0.27 | 1.45+/-0.19 1.15+/-0.22 1.49+/-0.26 2.43+/-0.60
Muc5AC 1.60+/-0.97 | 8.02+/-2.73 | -13.32+/-7.32 2.314/-0.83 3.63+/-1.01
Saa3 -25.26+/-6.78 [ 5.85+/-3.60 1.05+/-0.34 1.56+/-0.16 1.19+/-0.39
Tnfa 1.70+/-0.20 1.26+/-0.14 1.46+/-0.21 -1.33+/-0.12 1.17+/-0.21

Table 2. Temporal fold changes in gene expression in nasal mucosa of C57BL/6 mice after 1, 2,

4 or 9 days of inhalation exposure to ozone. Values are expressed as fold changes (mean +

SEM), relative to C57BL/6 air group within individual timepoint. Values highlighted in yellow

are significantly different.
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CHAPTER 3

ROLE OF LYMPHOCYTES IN OZONE-INDUCED EOSINOPHILIC RHINITIS,
USING RAG2(-/-) x ye(--) MICE AND C57BL/6 MICE
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A. Introduction

In the previous chapter, I described my finding that a shift in cytokine gene expression
from Th1 to Th2 profile accompanies the temporal development of eosinophilic rhinitis in the
nasal mucosa of C57BL/6 mice exposed to intermittent ozone. A Th2 cytokine gene expression
was concurrent with epithelial remodeling, hyalinosis and mucous cell metaplasia of the nasal
mucosa.

Transgenic and immunocompromised mice strains defective in T-lymphocytes, B-
lymphocytes and/or NK cells, are widely used in cancer studies as they do not reject allogenic or
xenogenic stem cells. Several strains of immunocompromised mice of different background
strains, such as BALB/c nude, ICR scid and NOD scid mice, are commonly used in research. In
a recently published study, several mice strains including Rag2 x common gamma chain (yc)-
deficient mice [double knockout, hereby described as RAG2(-/-) x yc(-/-)] were utilized to
investigate the potential role of innate lymphoid type 2 cells in induction of eosinophilia and Th2
associated immune stimulation (Molofsky et al., 2013). In the present study, I used lymphoid
depleted RAG2(-/-) x ye(-/-) mice, on C57BL/6 background, that lack both the common gamma
chain (I12rg or yc) and Rag2 (recombinase activating gene 2).

Lymphocytes serve a crucial role in recognizing and responding to antigenic stimulation
via immunoglobulin (Ig) and T-cell receptor (TCR) molecules. Ragl and Rag2 are recombinases
that facilitate the process of V(D)J recombination which is essential for the development and
maturation of lymphocytes (Jones et al., 2004), while the common gamma chain is essential for
functional IL-2, IL-4, IL-7, IL-9 and IL-15, and development of T, B and NK cells (Asao et al.,
2001; Kondo et al., 1997). As such, RAG2(-/-) x yc(-/-) mice are deficient in T, B and NK cells,

and lack development of gut associated lymphoid tissue (GALT), peripheral lymph nodes,
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intestinal intraepithelial lymphocytes and other lymphoid tissues such as splenic white pulp and
thymus (Cao et al., 1995). Owing to their immunocompromised phenotype, the RAG2(-/-) x yc(-
/-) mice are invaluable for xenograft transplant studies as well as stem cell research. As the
RAG2(-/-) x yc(-/-) mice are on the same background strain as the animals used in my previous
studies (C57BL/6 mice) and are lymphoid deficient, they were chosen to investigate the role of
lymphoid cells in ozone-induced Th2 cytokine gene expression, eosinophilic rhinitis and nasal
epithelial remodeling (e.g. mucous cell metaplasia)

I tested the hypothesis that lymphocytes, including innate lymphoid cells, are the major
source for the Th2 cytokines associated with ozone-induced eosinophilic rhinitis and nasal
epithelial remodeling. This study compared the epithelial changes, granulocyte influx and
cytokine gene expressions in air and ozone-exposed RAG2(-/-) x yc(-/-) mice, with that of

similarly exposed C57BL/6 mice.
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B. Materials and Methods

1. Laboratory Animals

Specific pathogen free male C57BL/6 and transgenic RAG2(-/-) x yc(-/-) (nomenclature:
B10;B6-Rag2™ 2112rg™ ") mice (8 weeks of age; Taconics, Huson NY) were used in this part
of study. Mice were housed in stainless steel wire cages, whole body inhalation exposure
chambers (H-1000; Lab Products Marywood, NJ). Animals were provided free access to food
(Harlan Teklad Irradiated 8940, Madison, WI) and water. Mice were maintained in Michigan
State University (MSU) animal housing facilities accredited by the Association for Assessment
and Accreditation of Laboratory Animal Care and according to the National Institutes of Health
guidelines as overseen by the MSU Institutional Animal Care and Use Committee. Rooms were
maintained at temperatures of 21°C—-24°C and relative humidities of 45-70%, with a 12-h

light/dark cycle starting at 7:30 A.M.

2. Experimental Design and Inhalation Exposures

Six mice per group [for each of C57BL/6 and RAG2(-/-) x yc(-/-) mice groups] were designated
for histopathology and exposed to either filtered air or 0.5 ppm ozone for 9 days, at 4 hours of
exposure per day. An additional 6 mice per group were similarly exposed and processed for nasal
RNA extraction. Mice were euthanized 24 hours after the end of exposure (ozone or air).
Animals were housed individually in stainless steel wire cages, and exposed in whole body
inhalation exposure chambers (H-100; Lab Products Marywood, NJ). Ozone was generated with
an OREC 03V1-Clone ozone generator (Ozone Research and Equipment Corp., AZ) using

compressed air as a source of oxygen. Total airflow through the exposure chambers was 250
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I/min (15 chamber air changes per hour). A Dasibi 1003 AH ambient air ozone monitor (Dasibi

Environmental Corp., Glendale, CA) was used to monitor the chamber ozone concentrations.

3. Necropsies and Nasal Tissue Collection

At 24h post last exposure, mice were anesthetized with sodium pentobarbital (Vortech
Pharmaceuticals, Ltd. Dearborn, MI) and sacrificed by exsanguination via the abdominal aorta.
Immediately after death, the head of each animal was removed from the carcass. After the lower
jaw and skin were removed, formalin or RNA-Later fluid was infused retrograde through the
nasopharyngeal meatus. The head was immersed in 10% neutral buffered formalin for routine
histology of the nasal cavity, or in RNA-Later (Sigma-Aldrich, an ammonium sulfate based

RNA fixative/stabilizer) for nasal mucosal RNA extraction.

4. Tissue Processing for Light Microscopy, Histochemistry and Immunohistochemistry
Transverse tissue blocks of four anatomic sites from the heads of the mice were selected for light
microscopy as previously described (Young 1981; Harkema et al. 2006; Islam et al. 2006).
Briefly, the proximal section (T1) was taken immediately caudal to the upper incisor teeth; the
middle section (T2) was taken at the level of the incisive papilla of the hard palate; the third
nasal section (T3) was taken at the level of the second palatal ridge; and the most caudal nasal
section (T4) was taken at the level of the intersection of the hard and soft palate, through the
proximal portion of the olfactory bulb of the brain (see Figure 2 on page 25). Nasal tissue blocks
were processed for histopathologic, immunohistochemical, and morphometric analyses. All of
these blocks were embedded in paraffin, and the anterior face of each block was sectioned at a

thickness of 5 microns and stained with hematoxylin and eosin for routine light microscopic
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examination. Additional slides were stained with Alcian Blue (pH 2.5)/Periodic Acid Schiff
(AB/PAS) to identify acidic and neutral mucosubstances stored in mucus-secreting cells of nasal
airway surface epithelium.

For immunohistochemistry, slides were placed in Tris Buffered Saline for pH adjustment,
followed by Heat Induced or Enzyme Induced Epitope Retrieval, and subsequently blocked for
endogenous peroxidase using 3% Hydrogen Peroxide/Methanol. Following pretreatments
standard Avidin, Biotin complex staining steps were performed at room temperature on the Dako
Autostainer. Slides were blocked for non-specific protein in Normal Goat / Normal Rabbit
Serum (Vector Labs — Burlingame, CA). Endogenous Biotin was blocked by incubation in
Avidin D (Vector) and d-Biotin (SigmaAldrich — St.Louis, MO).

Sections were immunostained for mouse eosinophil specific major basic protein (MBP) using a
rat antibody directed against murine MBP (1:10,000; Mayo Clinic, Scottsdale, AZ), and for
neutrophils using Rat Anti-Mouse Neutrophil 7/4 Allotypic Marker (1:2500 AbD Seroterc
Raleigh, NC). Sections were subsequently covered with secondary biotinylated antibodies,
treated with alkaline phosphatase and visualized with Fast Red (Substrate Kit 1). For Ym1/2
immunohistochemistry, unstained and hydrated paraffin sections were incubated for one hour
with rabbit polyclonal anti-Yml antibody at a dilution of 1:3,000. This antibody was a generous
gift from Dr. Shioko Kimura (National Cancer Institute, Bethesda, MD) and was prepared by
immunizing rabbits with 2 peptide sequences derived from eosinophilic crystals in gastric
epithelium of CYP1A2 deficient mice. Immunoreactivity of Ym1/2 was visualized with Vector
R.T.U. Elite ABC Peroxidase Reagent followed by Nova Red (Vector Laboratories Inc.,

Burlingame, CA). After immunohistochemistry, slides were dehydrated through ascending
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grades of ethanol; cleared through several changes of xylene and cover-slipped using permanent

mounting media.

5. Nasal Mucosal Morphometry

Amounts of epithelial mucosubstances, eosinophils and neutrophils in the mucosa, as well as
epithelial Ym1/2 protein, were estimated quantified by standard morphometry techniques. All
histological slides were scanned and digitalized with a slide scanner (VS110, Olympus) prior to
quantification. Analysis of the virtual slides was performed with the newCast system
(Visiopharm, Denmark). Briefly, images for analysis were sampled at the region of interest, i.e.,
entire length of the lateral walls in the T1 section, with a 100 % meander sampling at a 40x
magnification.

For estimation of the amount of intraepithelial mucosubstances per length of basal lamina, a
point-intercept grid was superimposed over the selected images. The point grids had an
area/point of 16.90 um? for estimating the area of mucosubstances per length of basal lamina. A
line grid with an area/point of 563.20 pm? was used to estimate the corresponding surface
density of the basal lamina.

The formula for the estimation of epithelial mucosubstances per basal lamina is described below.

Density of mucosubstances (Tf: M) was estimated by counting the number of points falling on
epithelial areas staining positively for AB/PAS (Py;) multiplied by the area/point (a/p) and

divided by the total number of point in all images (n) as shown in equation 1 (EQ1) .

- P, xa/
A =W EQ 1

The surface density of the basal lamina (3‘: sL) in the selected images was estimated by counting
the number of intercepts (I) of the line probe with the basal lamina of the lateral wall divided by

77



the length per point (I/p) and the number of points in all sampled images (n) as described in

equation 2 (EQ2).

S _2x) EQ2

" " 1/pxn

Stained mucosubstances per basal lamina of the lateral wall was then estimated by dividing v M

by Sp1. For quantification of Ym1/2 labelling within nasal epithelium of lateral wall, the same
formula and image analysis settings as that for mucus, with point grids area/point of 105.60 pm?,
were used.

The influx of neutrophil and eosinophil in the nasal mucosa was estimated by quantifying the
amount of Major Basic Protein (MBP) immunolabelling for eosinophils, and the amount of rat
anti-mouse neutrophil allotypic marker (clone 7/4) for neutrophils in the nasal mucosa of the
lateral wall. A point grid with an area/point of 16.90 um” was used to estimate the area of MBP
and neutrophil marker respectively and a point grid with an area/point of 563.20 um’ was used to
measure the reference space, i.e. the lamina propria and the epithelium of the lateral wall. The
total number of points was the multiplied by the area/point for either MBP stain or neutrophil
marker and for the reference space. The percentage of MBP or neutrophil marker per mucosa

was calculated by dividing the area of the stain by the area of the reference space.

6. Total RNA Isolation from Nasal Mucosa

A longitudinal incision was made along the midline of individual RNA-Later preserved head of
ozone-exposed and filtered air control group mice. The median septum was removed and the
turbinates and lateral wall tissues were microdissected from both left and right nasal cavities (see

Figure 2 on page 25). Tissues samples were removed and placed in RNALater and kept at 4°C
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for 24 hours then transferred to -80°C until processed. Total RNA was extracted using RNeasy
Mini Kit according to manufacturer’s instructions (Qiagen, Valencia, CA). Briefly, tissues were
homogenized in buffer RLT containing § -Mercaptoethanol with a Smm rotor-sator
Homogenizer (PRO Scientific, Oxford, CT) and centrifuged at 12,000g for 3 minutes. RNA was
purified from the supernatant using the RNeasy capture column. Samples were treated with
Qiagens Rnase-Free Dnase Set on the column (2X recommended concentration for 30min).
Eluted RNA was quantified using a Genequant pro spectrophotometer (BioCrom, Cambridge,

England).

7. Gene Expression Analysis

Reverse Transcription was performed using High Capacity cDNA archive Kit reagents (Applied
Biosystems, Foster City, CA). RNA was incubated in GeneAmp PCR System 9700
Thermocycler PE (Applied Biosystems, Foster City, CA) at 25°C for 10 Minutes, 37°C for 2
hours and held at 4°C. cDNA was diluted to 5ng/ul and 384 well reaction plates were set up
robotically using the BioMek 2000 Automated Workstation (Beckman Coulter, Fullerton, Ca).
Quantitative mRNA expression analysis was performed using the ABI PRISM 7900 HT
Sequence Detection System using Tagman Gene Expression Assay reagents (Applied
Biosystems). The cycling parameters were 48°C for 2min, 95°C for 10 min and 40 cycles of 95°C
for 15sec and 60°C for Imin. The real-time PCR reaction was relatively quantified using the
AACT method normalized to 18S, GAPDH and B-actin. Statistical analysis was performed in
individual relative fold increase values using Sigma Stat (SPSS Inc, Chicago, IL). Hierarchical
clustering of nasal mucosal gene expressions was performed in the TM4 Multiexperiment

Viewer (MeV 4.8.1; (http://www.tm4.org) using Pearson correlation metric.
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8. Statistical Analysis

Data are reported as mean + SEM. Exposure related effects between air and ozone were assessed
by a T-test for single comparisons where appropriate. Exposure and time related effects were
determined by ANOVA, followed by Student-Newman-Keuls post hoc test, for multiple
comparisons. Non-normal distributed data was analyzed by Kruskal-Wallis ANOVA on ranks.
Specific statistical analysis for each data set is provided in each figure. Significance was assigned

to p-values less than or equal to 0.05.
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C. Results

1. Histopathology and Morphometry

Similar site specific ozone-induced nasal lesions were present in the C57BL/6 mice exposed to
ozone for 9 consecutive weekdays, as previously described in the 9-day time course study. These
changes were, again, characterized by granulocyte influx, epithelial hyperplasia and mucous cell
metaplasia in the mucosa lining the lateral meatus of both proximal nasal passages. No nasal
histopathology was present in mice exposed to filtered air. In both air-exposed and ozone-
exposed RAG2(-/-) x yc(-/-) mice, there were scant granulocyte influx within the lamina propria

and no epithelial remodeling, similar to that in the ozone-exposed C57BL/6 mice.

i. Eosinophil Infiltration

Eosinophilic rhinitis was present in the C57BL/6 mice exposed to 0.5 ppm ozone. There was no
eosinophilic influx in the nasal mucosa of air control (0 ppm ozone) C57BL/6 mice, as well as in
both air (0 ppm ozone) and 0.5 ppm ozone-exposed RAG2(-/-) x yc(-/-) mice (Figure 24). The
morphometrically estimated quantities of eosinophils are shown in Figure 25. There was a
significant increase in the mucosal density of eosinophils in the ozone-exposed C57BL/6 mice
compared to all other groups. No eosinophils were detected in both air (0 ppm ozone) and 0.5
ppm ozone-exposed RAG2(-/-) x ye(-/-) mice.

Bone marrow within T1 to T4 sections of both air- and ozone-exposed mice were also examined
histologically. MBP-laden eosinophils were present in the bone marrow of C57BL/6 mice as

well as RAG2(-/-) x yc(-/-) mice, for both air and ozone exposure groups.
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Figure 24. Eosinophil infiltration within the nasal mucosa of C57BL/6 mice and RAG2(-/-) x
yc(-/-) mice after 9 weekdays of air (0 ppm) and ozone (0.5 ppm) exposures. (A, B) No
eosinophils were present in the air-exposed animals for both mice strains. (C) Eosinophils,
immunohistochemically labelled with Major Basic Protein (MBP) (solid arrow), predominate the
granulocyte influx in the nasal mucosa of ozone-exposed C57BL/6 mice. (D) There were no
eosinophils present in the nasal mucosa of ozone-exposed RAG2(-/-) x yc(-/-) mice. (bv: blood
vessel; e: epithelium; b:bone; g: gland)
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Figure 25. Morphometry of eosinophil infiltration in the mucosa of RAG2(-/-) x yc(-/-) and
C57BL/6 mice after 9-weekdays inhalation exposure. There was a significantly greater
eosinophilic influx in the ozone-exposed C57BL/6 mice compared to all other groups. No
eosinophils were detected in both air (O ppm ozone) and 0.5 ppm ozone-exposed RAG2(-/-) x
vc(-/-) mice. ND = Not detected. *Statistically different, p < 0.05, by two-way ANOVA and
Student-Newman-Keuls post hoc test. Data are expressed as mean = SEM.
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ii. Neutrophil Infiltration

Using rat anti-mouse neutrophil allotypic marker to label neutrophils, there was a very mild
neutrophilic influx in the nasal mucosa of the ozone-exposed C57BL/6 mice. No or few
neutrophils were present in the air-exposed (0 ppm ozone) C57BL/6 mice. In contrast, a
conspicuous neutrophilic rhinitis was present in both air (0 ppm ozone) and ozone (0.5 ppm)-
exposed RAG2(-/-) x yc(-/-) mice (Figure 26). Morphometrically estimated quantities of
neutrophils in the nasal mucosa are shown in Figure 27. There was a significant difference in the
neutrophilic infiltration in the ozone-exposed C57BL/6 mice compared to air control C57BL/6
mice. Both air and ozone-exposed RAG2(-/-) x yc(-/-) mice have significantly higher neutrophil

infiltration within the nasal mucosa, compared to filtered air control C57BL/6 mice.
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Figure 26. Neutrophils, immunohistochemistically labelled with rat anti-mouse neutrophil
allotypic marker, within nasal mucosa of C57BL/6 mice and RAG2(-/-) x yc(-/-) mice after 9
weekdays of air (0 ppm) and ozone (0.5 ppm) exposures. (A) Neutrophils were absent in the air-
exposed C57BL/6 mice. (C) Few neutrophils (solid arrows) were present in the ozone-exposed
C57BL/6 mice. (B, D) Granulocyte influx in the nasal mucosa of the air-exposed and ozone-
exposed RAG2(-/-) x yc(-/-) mice consisted of neutrophils (stippled arrows),. (bv: blood vessel;
e: epithelium; b:bone; g: gland)
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Figure 27. Morphometry of neutrophil infiltration in the mucosa of RAG2(-/-) X yc(-/-) and

C57BL/6 mice after 9-weekdays inhalation exposure. There was a significant difference in the

neutrophilic infiltration in the ozone-exposed C57BL/6 mice compared to air control C57BL/6
mice. Both air and ozone-exposed RAG2(-/-) x yc(-/-) mice had significantly greater neutrophil
density in the nasal mucosa, compared to air control C57BL/6 mice. *Statistically different, p <
0.05, by two-way ANOVA and Student-Newman-Keuls post hoc test. Data are expressed as

mean + SEM.
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iii. Epithelial Remodeling

On examination of the H&E sections, the previously described epithelial hyperplasia,
hypertrophy and hyalinosis were, as expected, seen in the C57BL/6 mice exposed to 0.5 ppm
ozone (Figure 28). These histological changes were not present in the air control C57BL/6 mice,
and were also not seen in both air (0 ppm ozone) and 0.5 ppm ozone exposed RAG2(-/-) x yc(-/-)
mice. The epithelium of both ozone and air-exposed RAG2(-/-) x yc(-/-) mice had no

histopathological changes, and were similar to that of air-exposed C57BL/6 mice.

C57BL/6 RAG2(-/-) x yc(-/-)
9-day Air Exposure

Figure 28. Light photomicrographs of nasal mucosa of C57BL/6 mice and RAG2(-/-) x yc(-/-)
mice after 9-weekdays inhalation exposure. (A, C) There was mucosal epithelial hypertrophy/
hyperplasia and accumulation of eosinophilic hyaline material (hyalinosis) in the ozone (0.5
ppm)-exposed animals, but not in the air-exposed (0 ppm ozone) animals. (B, D) The nasal
epithelium of both ozone- and air-exposed RAG2(-/-) x yc(-/-) mice had no histopathological
changes, and were similar to that of air-exposed C57BL/6 mice. (Hematoxylin and Eosin). (bv:
blood vessel; e: epithelium; b:bone; g: gland)
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ix. Intraepithelial Mucosubstances

Using Alcian Blue PAS (pH 2.5) histochemical stain to highlight mucosubstances, an increase in
amount of epithelial mucosubstances was observed in the apical aspect of the nasal epithelium
lining the lateral wall in the ozone-exposed C57BL/6 mice, consistent with mucous cell
metaplasia. Mucous cell metaplasia of the lateral wall mucosal epithelium was absent in air
control (0 ppm ozone) C57BL/6 mice, as well as in both air (0 ppm ozone) and 0.5 ppm ozone-
exposed RAG2(-/-) x yc(-/-) mice (Figure 29). Morphometrically estimated quantities of
epithelial mucosubstances are illustrated in Figure 30. There were significant increases in the
amount of epithelial mucosubstances in the ozone-exposed C57BL/6 mice compared to air-

exposed C57BL/6 mice and both air- and ozone-exposed RAG2(-/-) x yc(-/-) mice (Figure 30).
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Figure 29. Intraepithelial mucosubstances in the mucosa lining the proximal nasal airways of
RAG2(-/-) x yc(-/-) mice and C57BL/6 mice after 9-weekdays inhalation exposure. (A, C) There
was an increase in the amount of apical intraepithelial mucosubstances in the ozone-exposed
C57BL/6 mice (solid arrow), but was not present in the mucosa of air control (0 ppm ozone)
C57BL/6 mice. (B, D) The epithelium of both ozone and air-exposed RAG2(-/-) x yc(-/-) mice
had no intraepithelial mucosubstances. (Alcian Blue, pH 2.5 PAS) (bv: blood vessel; e:
epithelium; b:bone; g: gland)
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Figure 30. Morphometry of intraepithelial mucosubstances in the mucosa lining the proximal
nasal airways of RAG2(-/-) x yc(-/-) mice and C57BL/6 mice after 9-weekdays inhalation
exposures. There was a significant increase in the amount of epithelial mucosubstances in the
ozone-exposed C57BL/6 mice, compared to air-exposed C57BL/6 mice and both air and ozone-
exposed RAG2(-/-) x yc(-/-) mice. ND = Not detected *Statistically different, p < 0.05, by two-
way ANOVA and Student-Newman-Keuls post hoc test. Data are expressed as mean = SEM.
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x. Intraepithelial Ym1/2 Protein

Ym1/2 immunohistochemistry revealed marked epithelial Ym1/2 protein accumulation in the
ozone-exposed C57BL/6 mice. In contrast, scant amounts of Ym1/2 proteins were present in air
(0 ppm ozone) control C57BL/6 mice, as well as in both air and ozone-exposed RAG2(-/-) x yc(-
/-) mice (Figure 31). The amount of intraepithelial Ym1/2 (area of Ym1/2-stained protein per
length of airway basal lamina) was morphometrically estimated (Figure 32). Marked increases in
Ym1/2 protein were present in the 9 days ozone-exposed C57BL/6 animals, and was
significantly greater than that in air (0 ppm ozone) control C57BL/6 mice, as well as that in both
groups of RAG2(-/-) x yc(-/-) mice.

C57BL/6 RAG2(-/-) x yc(-/-)
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Figure 31. Epithelial Ym1/2 protein in nasal mucosa of C57BL/6 mice and RAG2(-/-) x yc(-/-)
mice after 9-weekdays of inhalation exposures. (A, C) There was marked epithelial Ym1/2
protein in the nasal epithelium of ozone-exposed C57BL/6 mice (solid arrow), but only scant
amounts of Ym1/2 protein was present in epithelium of air control (0 ppm ozone) C57BL/6
mice. (B, D) Nasal epithelium of both ozone- and air-exposed RAG2(-/-) x yc(-/-) mice had scant
Ym1/2 protein within the apical portion of the epithelium, and similar to that in air control
C57BL/6 mice. (rabbit polyclonal anti-Ym1 antibody) (bv: blood vessel; e: epithelium; b:bone;
g: gland)
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Figure 32. Morphometry of epithelial Ym1/2 in nasal mucosa of RAG2(-/-) x yc(-/-) mice and
C57BL/6 mice after 9-weekdays of inhalation exposures. A marked increase in Ym1/2 protein
was present in the ozone-exposed C57BL/6 animals, and this was significantly elevated
compared to air (0 ppm ozone) control C57BL/6 mice, as well as compared to both groups of
RAG2(-/-) x ye(-/-) mice. *Statistically different, p < 0.05, by two-way ANOVA and Student-
Newman-Keuls post hoc test. Data are expressed as mean = SEM.
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2. Cytokine Gene Expression in Nasal Mucosa

i. Cytokine Gene Expression in Nasal Mucosa of RAG2(-/-) x ye(-/-) Mice and C57BL/6
Mice

Fold changes in cytokine gene expression in nasal mucosa of C57BL/6 mice and RAG2(-/-) x
vc(-/-) mice after 9-day exposures to air and ozone are shown in Table 3 (Appendix). Values
were expressed as mean + standard error of the mean, relative to air group within each individual

time point.

ii. Unsupervised Hierarchical Clustering of Gene Expression

There were two main branches within the hierarchical tree (Figure 33), representing Th1 and Th2
gene expression clusters. Compared to air control C57BL/6 mice, both air- and ozone-exposed
RAG2(-/-) x yc(-/-) mice overexpressed Thl cytokine genes (Saa3, IL-13, RANTES and Tnf-a),
whereas ozone exposed C57BL/6 mice had expression of Th2 cytokines (Argl, Muc5SAC, Ym2,
Eotaxin, IL-10, IL-13, Gob-5, IL-5 and IL-4). There was a decrease in expression of Th2
cytokines (Ym2, IL-13, Gob-5, IL-5) in the RAG2(-/-) x yc(-/-) mice, relative to air control

C57BL/6 mice.
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Figure 33. Unsupervised hierarchical clustering of changes in ozone-induced gene expression in
nasal mucosa of RAG2(-/-) X yc(-/-) mice and C57BL/6 mice, relative to air-exposed C57BL/6
mice, after 9-weekdays of inhalation exposures

Red intensity = Degree of up-regulation vs. air-exposed controls.

Green intensity = Degree of down-regulation vs. air-exposed controls.

Hierarchical clustering was performed in the TM4 Multiexperiment Viewer (MeV 4.8.1;
(http://www.tm4.org) using Pearson correlation metric.
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iii. Th2 Cytokine Gene Expression

The fold changes in Argl, Eotaxin, IL-10, IL-13, IL-5, MCP2 and Ym2 gene expressions, for
both air and ozone-exposed RAG2(-/-) x yc(-/-) mice and C57BL/6 mice, were statistically
analysed and graphically represented (Figure 34). These cytokine gene expressions were
significantly elevated in the ozone-exposed compared to air-exposed C57BL/6 mice. In contrast,
these genes were only insignificantly elevated or have negative fold changes, in both air and

ozone-exposed RAG2(-/-) x yc(-/-) mice.
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Figure 34. Fold changes in gene expressions in nasal lateral wall of RAG2(-/-) X yc(-/-) mice and
C57BL/6 mice after 9-weekdays inhalation exposure, for selected Th2 cytokine genes. (A, B, C,
D, E, F, G) Compared to air-exposed C57BL/6 mice, ozone exposed C57BL/6 mice had marked
increases in the expression of Argl, Eotaxin, IL-10, I[L-13, IL-5, MCP2 and Ym?2 cytokine
genes. In contrast, these genes were not overexpressed or had negative fold changes, in both air
and ozone-exposed RAG2(-/-) x yc(-/-) mice. *Statistically different from air-control group, p <
0.05, by two-way ANOVA and Student-Newman-Keuls post hoc test. Data are expressed as
mean + SEM.
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Figure 34 (cont’d)
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ix. Gob5, Muc5AC and Muc5b Cytokine Gene Expression

The fold changes in Muc5AC, Muc5b and Gob5 gene expression were statistically analysed and
graphically represented (Figure 35). These cytokine gene expressions were significantly elevated
in the ozone-exposed compared to air-exposed C57BL/6 mice. These genes were not
overexpressed in either air- or ozone-exposed RAG2(-/-) x yc(-/-) mice.
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Figure 35. Fold changes in gene expressions in nasal lateral wall of RAG2(-/-) x yc(-/-) mice and
C57BL/6 mice after 9-weekdays inhalation exposures, for MucSAC, Muc5b and Gob5 genes.
The gene expression of these three cytokines were significantly elevated in the ozone-exposed
compared to air-exposed C57BL/6 mice. (A) Gob5 cytokine gene expression had negative fold
changes in both air and ozone-exposed RAG2(-/-) x yc(-/-) mice. (B, C) Muc5SAC and Muc5b
cytokine gene expressions were not overexpressed in either air- or ozone-exposed RAG2(-/-) x
vc(-/-) mice. *Statistically different from air-control group, p < 0.05, by two-way ANOVA and
Student-Newman-Keuls post hoc test. Data are expressed as mean = SEM.
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D. Discussion

Based on the results of this study, lymphocytes play a crucial role in the development of
eosinophilic rhinitis, nasal epithelial remodeling, mucous cell metaplasia and elevated Ym1/2
protein in the nasal epithelium of mice exposed to ozone. Th2 cytokines were overexpressed in
ozone-exposed C57BL/6 mice, along with these epithelial changes. Overexpression of Th2
cytokines, nasal epithelial remodeling and mucous cell metaplasia were absent in both air- and
ozone-exposed RAG2(-/-) x yc(-/-) mice.

Ozone-induced overexpression of Th2 cytokine genes was absent in the RAG2(-/-) x ye(-
/-) mice, indicating that lymphoid cells are the source of these cytokines. In addition, these
lymphoid depleted mice lacked overexpression of eotaxin, GobS5, IL-10, IL-13, IL-5, MCP-2 and
Muc5AC after exposure to ozone. Eotaxin and IL-5 are related to recruitment of eosinophils,
while Gob5 and Muc5AC are related to goblet cells hyperplasia/metaplasia. The absence of an
increase in eotaxin and IL-5 cytokine gene expressions in the ozone-exposed RAG2(-/-) x yc(-/-)
mice were correlated with the absence of eosinophilic rhinitis in these mice. The presence of
eosinophils within the bone marrow of RAG2(-/-) x yc(-/-) mice suggested that these animals are
not defective in the production of eosinophils, and that the absence of ozone-induced
eosinophilic rhinitis in these mice was most likely due to a lack of Th2 cytokines, IL-5 and
eotaxin that are responsible for eosinophil chemotaxis.

Likewise, the absence of mucous cell metaplasia and reduced expression of Muc5AC and
Gob5 genes in the ozone-exposed RAG2(-/-) x yc(-/-) mice was most likely due to an absence of
lymphocyte derived Th2 cytokines such as IL-13. Epithelial Ym1/2 protein accumulation in the
nasal mucosal epithelium was also absent in the RAG2(-/-) x yc(-/-) mice in both exposure
groups. It is interesting to note that the RAG2(-/-) x yc(-/-) mice had a much lower Ym2 gene

expression in both exposure groups compared to the ozone exposed C57BL/6 mice. The level of
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Ym2 expression in the RAG2(-/-) x yc(-/-) mice was likely too low to result in Ym1/2 protein
accumulation that was seen in the ozone exposed C57BL/6 mice. As the expression of both Ym1
and Ym2 in mice are dependent on IL-13, the absence of lymphocyte derived Th2 cytokines such
as [L-13 in RAG2(-/-) x yc(-/-) mice would most likely have resulted in the reduced expression
of YmI and Ym?2.

This study also demonstrated that neutrophils were the predominant inflammatory cells
present in both the air and ozone exposed RAG2(-/-) x yc(-/-) mice. This could be due to the
absence of a Th2 cytokine gene expression that is known to dampen Thl gene expression. Saa3,
Tnf-o and IL-1 cytokine gene expressions are associated with an acute inflammatory response,
and are related to the recruitment of neutrophils (Helen et al., 2010; Rider et al., 2011; Saber et
al., 2013). There was overexpression of these cytokines in the RAG2(-/-) x yc(-/-) mice
compared to the C57BL/6 mice, and this correlated with the neutrophilic influx present in the
nasal submucosal of the RAG2(-/-) x yc(-/-) mice. The nose is not sterile, and is constantly
exposed to inhaled particles (e.g. dust, pollen) as well as to resident microflora (i.e. commensal
bacteria). In response to these agents, the immunocompromised RAG2(-/-) x yc(-/-) mice may
have mounted a persistent and compensatory innate immune response (dominated by
neutrophils), and were unable to generate a Th2 cytokine driven adaptive immune response.

The absence of epithelial remodeling could be associated with the lack of development of
eosinophilic rhinitis in ozone-exposed RAG2(-/-) x yc(-/-) mice. Eosinophils have been shown to
play an important role in airway remodeling and fibrosis in asthma via activation of epithelium
and mesenchymal cells, possibly via the role of TGF-B1 and other cytokines (Kariyawasam et
al., 2007). Subcytotoxic levels of eosinophil cationic proteins (e.g. MBP) have also been shown

to induce bronchiolar epithelial cells to synthesize remodeling molecules such as transforming

96



growth factors (TGFs), matrix metalloproteinases (MMPs) and platelet-derived growth factor
(PDGFs) (Pégorier S et al, 2006). These factors, released by eosinophils during ozone-induced
rhinitis, could have similar effects on the nasal epithelium and be the driving forces behind the
nasal mucosal epithelial hyperplasia. In fact, in this study, expression levels of both MMPS8 and
MMP12 were decreased in the RAG2(-/-) x yc(-/-) mice compared to C57BL/6 mice.

In my previous study, the early expression of IL-5 and IL-13 observed in the ozone-
exposed mice may have been an early cytokine responses induced by innate lymphoid cell
population. Innate lymphoid cell Type 2 is a subtype of innate lymphoid cells that produces Th-2
cytokines including IL-5 and IL-13, which play a role in infections, asthma and allergy, as well
as inflammatory bowel disease (Walker et al., 2013). These cells have been reported in the
mesenteric lymph node, spleen, liver and bone marrow of mice (Hams et al., 2012).

Based on the results of this study, innate lymphoid (ILC2) cells and/or T-helper cells are
likely to the main lymphoid cells responsible for inducing ozone-induced eosinophilic rhinitis
and epithelial remodeling. CD4+ T-helper cells have been classically grouped as Th1, Th2, Th17
and regulatory T-cells (Mirchandani et al., 2014). Innate lymphoid cells, a unique and distinct
class of lymphoid cells, have only been recently described. When stimulated, these cells produce
several of the cytokines that were initially thought to be produced by the above-mentioned T-
helper cells (Walker et al., 2013). Three subsets, Group 1, 2 and 3, of innate lymphoid cells of
innate lymphoid cells (ILCs) have been described. Group 1 ILCs include NK cells and ILCls,
and produce predominantly Th1 cytokines. Group 2 ILCs include nuocytes, innate helper 2 cells
(ILC2s) and produce mainly Th2 cytokines. Group 3 ILCs include lymphoid tissue-inducer (LTi)
cells and ILC3s, and are associated with the production of IL-17a and IL-22 (Walker et al., 2013;

Kumar et al., 2014). ILC2s play important roles in allergy and asthma with regards to pathology
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and homeostasis, which is just beginning to be elucidated (Walker et al., 2013). In mice, ILC2s
are found in the airways and characterized by expression of CD45, IL17-RB, IL-33R and Thy-1,
CD117, CD25, CD69, CD90, among other markers (Mirchandani et al., 2014; Halim et al.,
2013). ILCs have been shown to boost CD4+ T-helper cell responses to immune stimulation
(Mirchandani et al., 2014), are also present in the lungs, and appear to be one of first responders
that subsequently drive the Th2 cascade (Halim et al., 2013). These cells are also an important
innate source of type 2 cytokines such as IL-5 and IL-13, which are involved in the pathogenesis
of asthma (Li et al., 2013). In human studies, it is suggested that innate immune response through
the action of innate T-helper cell (IL2) is responsible for IL-5, eotaxin and IL-33 production
(Kwon et al., 2013).

A previous study showed that experimentally induced Th2 cytokine response in mice, via
the infusion of IL-25, resulted in eosinophilic infiltration, increased mucus production and
epithelial cell hyperplasia/hypertrophy in the lung of mice (Fort et al., 2001). More recently, IL-
25 has been described as a cytokine that can be released from damaged epithelial cells damage
(Li et al., 2013), subsequently acting as an alarmin and driving ILC2 mediated Th2 cytokine
response. In my current series of studies, Th2 cytokine gene expression within the upper airways
was associated with nasal mucosal epithelial hyperplasia and eosinophilic rhinitis. The absence
of these cytokines, source of which could be Th2-helper cells or innate lymphoid cells (Type 2,
of which produce Th2 cytokines), may have been associated with the lack of development of
nasal epithelial remodeling and eosinophilic rhinitis in the RAG2(-/-) x yc(-/-) exposed to ozone.

Through this series of experiments, it is evident that ozone induced eosinophilic rhinitis,
epithelial hyperplasia and mucous cell metaplasia, as well as overexpression of Ym1/2 protein,

are lymphoid dependent. Lymphocytes may not be the sole source of cytokine production in

98



upper airway disease however, and the role of epithelium in airway defense may be more than a
physical barrier. It has been shown that IL-33, an alarmin that is constitutively expressed in
nucleus of several mouse tissues, is released during epithelial cell injury or necrosis. The
cytokine IL-33, as well as IL-25 and TSLP, can be released by airway epithelial cells in response
to stimuli or damage. Innate lymphoid cells (Type 2) (ILC2) are major responders to alarmin
release from damaged tissues (Pichery et al., 2012; Bartemes et al., 2012), and ILC2 could be
orchestrating the subsequent downstream pathway that involves eosinophilic rhinitis (via IL-4,
IL-5, IL-13) and nasal epithelial remodeling.

The possibility of ILC2 cells playing a role in ozone-induced nasal pathology forms the
basis for further studies, and a proposed pathway could be adapted from the recent paper by Li et
al. (Lietal., 2013). Ozone-induced epithelial damage in the nasal airways signals the release of
TSLP, IL-25 and IL-33 (alarmins) from the nasal epithelial cells. These cytokines activate ILC2
cells, which subsequently produce IL-4, IL-5 and IL-13, which then stimulate plasma cells to
produce IgE, as well as induce an eosinophilic rhinitis. Eosinophils, being a source of Th2
cytokines, augment the Th2 cytokine overexpression initiated by ILC2. Eosinophil cationic
proteins, released by eosinophils, cause epithelial hyperplasia and remodeling with increasing
time of ozone exposure. Obliteration of the lymphoid population, including the ILC2s, will
eliminate this pathway of ozone-induced rhinitis and epithelial changes.

The absence of epithelial remodeling, sustained epithelial damage, mucous cell
metaplasia or eosinophilic rhinitis in the RAG2(-/-) x yc(-/-) histologically, despite ozone
exposure begs the question of whether these responses are indeed beneficial to the ozone-
exposed immunocompetent subjects, or whether these responses are an exaggerated immune

response to a noxious stimulant. Extending this newly described paradigm of lymphoid
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dependent, ozone-induced eosinophilic rhinitis (likely involving the role of ILC2s) beyond
inhalation toxicology, one might speculate that ILC2s could play a role in other
conditions/diseases characterized by eosinophilic influx in humans (e.g. asthma) (Saglani et al.,
2014) and animals [e.g. canine eosinophilic bronchopneumopathy in dogs (Clercx et al., 2007),
eosinophilic granuloma complex in cats]. In the next and last chapter, I will summarize and

further discuss my current findings.
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APPENDIX

Gene C57B6 - Air C57B6 - O3 Rag2GammacC - Air Rag2GammacC - O3
Arbp 1.00+/-0.18 -1.23+/-0.19 -1.16+/-0.26 1.03+/-0.22
Hmox 1.00+/-0.12 -1.49+/-0.08 (*) -1.22+/-0.06 -1.21+/-0.07
Hprtl 1.00+/-0.03 -1.05+/-0.05 -1.06+/-0.06 -1.02+/-0.06
Mmp8 1.00+/-0.23 -1.17+/-0.33 -1.88+/-0.29 -2.17+/-0.19
KC 1.00+/-0.38 -1.314/-0.44 1.60+/-0.51 -1.45+/-0.19
IL6 1.00+/-0.56 -1.83+/-0.46 1.02+/-0.26 -1.12+/-0.21
Argl 1.00+/-0.12 4.78+/-0.44 (*) -1.01+/-0.12 1.26+/-0.21 (#)
Gob5 1.00+/-0.25 202.65+/-26.33 (*) -2.82+/-0.32 (#) -1.74+/-0.31 (#)
1L13 1.00+/-0.19 76.92+/-4.33 (*) -6.48+/-2.00 (#) -3.83+/-1.31 (#)
IL5 1.00+/-0.17 17.78+/-1.39 (*) -2.56+/-0.17 (#) -1.95+/-0.20 (#)
IL4 1.00+/-0.39 4.78+/-1.19 -1.08+/-0.01 -1.05+/-0.02
Gapd 1.00+/-0.05 1.04+/-0.08 -1.13+/-0.09 -1.20+/-0.07
Mmp12 1.00+/-0.21 2.21+/-0.66 (*) -1.47+/-0.55 -1.48+/-0.27 (#)
YM2 1.00+/-0.56 193.15+/-15.72 (*) -2,183.08+/-520.62 (#) | -17.70+/-15.09 (*,#)
IL1b 1.00+/-0.14 1.91+/-1.02 4.98+/-1.46 (#) 3.56+/-0.89 (#)
Gusb 1.00+/-0.06 1.03+/-0.11 1.91+/-0.21 (#) 1.27+/-0.12 (*)
MCP1 1.00+/-0.15 1.00+/-0.19 2.09+/-0.58 1.23+/-0.26
MIP2 1.00+/-0.54 2.74+/-2.38 4.84+/-1.51 (#) 1.80+/-0.74
IL17a 1.00+/-0.54 1.35+/-1.24 N/D N/D

IL2 1.00+/-0.12 1.37+/-0.28 N/D N/D

Actb 1.00+/-0.03 1.02+/-0.04 1.21+/-0.03 1.24+/-0.02
Tgfbl 1.00+/-0.09 1.19+/-0.12 1.42+/-0.15 (#) 1.09+/-0.08
YM1 1.00+/-0.16 1.42+/-0.26 1.55+/-0.33 1.10+/-0.16
Eotaxin 1.00+/-0.07 2.14+/-0.11 (*) 1.34+/-0.15 (#) 1.19+/-0.12 (#)
IL10 1.00+/-0.08 2.78+/-0.28 (¥) 1.38+/-0.09 (#) 1.214/-0.13 (#)
Muc5b 1.00+/-0.10 3.22+/-0.26 (*) 1.77+/-0.25 (#) 2.23+/-0.42 (#)
Muc5AC 1.00+/-0.30 7.78+/-1.98 (*) 5.37+/-1.85 (#) 3.35+/-1.83 (#)
MCP2 1.00+/-0.32 7.13+/-1.10 (¥) 2.31+/-0.36 (#) 2.18+/-0.57 (#)
Saa3 1.00+/-0.34 1.35+/-0.82 18.25+/-4.41 (#) 12.13+/-4.52 (#)
RANTES 1.00+/-0.18 -1.06+/-0.09 3.90+/-0.89 (#) 2.26+/-0.85 (*)
Tnfa 1.00+/-0.11 -1.09+/-0.24 7.67+/-2.33 (#) 2.09+/-0.48 (*#)

Table 3. Gene expression in nasal mucosa of RAG2(-/-) x yc(-/-) mice and C57BL/6 mice after 9
days of ozone inhalation exposure. Values are expressed as fold changes, relative to C5S7BL/6 air
group. N/D = undetected. * = statistically different within mouse strain. # = statistically different
from C57BL/6 mouse, within exposure group
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In the first chapter, I introduced ground level ozone as a common secondary gaseous air
pollutant and a principal oxidant air pollutant of photochemical smog. Ozone exerts adverse
health effects on the respiratory tract of humans, associated with increased morbidity and
mortality (Bell et al., 2004; Burnett et al., 2001; Gryparis et al., 2004; Jerrett et al., 2013), as well
as impairment of pulmonary function (Bromberg et al., 1995). Children and infants are at higher
risk to the adverse effects of airway injury from air pollution (Kim, 2004), and exposure of
children to unhealthy levels of ozone at a young age can cause injury to the respiratory system
and result adverse health effects later in life. I also discussed the ozone inhalation toxicity studies
in animals, and highlighted differences in gross structure and distribution of nasal epithelium
between species.

In the second chapter, I described the temporal changes in nature of inflammatory cell
infiltration, mucosal epithelial remodeling, as well as localized cytokine expression in the nasal
cavity of mice, induced by subacute ozone exposure. A marked eosinophilic rhinitis was
observed in mice that received the longer-term episodic exposures to ozone for nine or 24
consecutive weekdays. As murine granulocytes are often indistinguishable via routine H&E,
specific immunohistochemical markers for murine neutrophils and eosinophils were used to
differentiate these two granulocytic populations. Transmission electron microscopy was also
used to identify the ultrastructural features of eosinophils, further confirming the infiltrating
granulocytes as eosinophils. The temporal changes in epithelial remodeling were characterized
by epithelial hyperplasia, Ym1/2 protein accumulation as well as increase in epithelial
mucosubstances. These changes were morphometrically analysed for mice exposed to 1, 2,4, 9
and 24 days of ozone and filtered air. I also described an early Thl followed by predominantly

Th2 cytokine gene expression profile in the nasal mucosa of ozone-exposed mice, which
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accompanied the temporal development of eosinophilic rhinitis and epithelial remodeling.
Expression of Thl cytokines was restricted to mice that had received 1 or 2 day exposures to
ozone, while Th2 cytokines expression was seen in mice exposed to ozone in the later time
points after 4 to 9 days of exposure. The Th2 cytokine gene expression was observed along with
the epithelial remodeling, hyalinosis and mucous cell metaplasia of nasal mucosa. The biphasic
pattern of expression in IL-5, IL-10, eotaxin and IL-13 genes prompted further investigation into
the possible role of lymphoid cells as an early source of Th2 cytokines that subsequently drives
the Th2 cytokine directed immune response and epithelial remodeling.

In the third chapter, I conducted studies that were designed to test the hypothesis that
ozone-induced eosinophilic rhinitis is dependent on Th2 cytokines produced by lymphoid cells.
RAG2(-/-) x yc(-/-) mice, which are deficient in T-lymphocytes, B-lymphocytes and NK cells, do
not develop eosinophilic rhinitis when subjected to 9 days of ozone inhalation exposures. The
presence of eosinophils within bone marrow of both air and ozone exposed RAG2(-/-) x yc(-/-)
mice suggested that the absence of ozone-induced eosinophilic rhinitis is most related to lack of
eosinophil chemotaxis rather than eosinophil production. In both the air and ozone exposed
RAG2(-/-) x yc(-/-) mice, neutrophils were the predominant inflammatory cells present. RAG2(-
/-) x yc(-/-) mice exposed to 9-day ozone, also do not develop nasal epithelial remodeling,
mucous cell metaplasia nor overexpression of Th2 cytokines. These studies showed that
lymphocytes play a crucial role and are the primary source of Th2 cytokines associated with the
development of ozone-induced eosinophilic rhinitis, nasal epithelial remodeling, mucous cell
metaplasia and Ym1/2 protein accumulation in the nasal mucosa of mice.

The results of this study provided an insight into the question of how the eosinophilic

rhinitis and epithelial remodeling due to repeated ozone exposure in mice, could be related to the
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injury to the respiratory tract and to the development of chronic diseases in humans. The early
nasal changes seen in C57BL/6 mice exposed to 0.5 ppm ozone, characterized by neutrophilic
rhinitis and epithelial injury, are very similar to that seen in humans subjected to short term
ozone exposure (Bascom et al., 1990; Koren et al., 1989). The nasal changes seen at the later
time-points in these mice, characterized by Th2 cytokine expression, epithelial remodeling and
eosinophilic rhinitis, mimic changes seen in human respiratory diseases with eosinophilic
inflammation such as asthma, allergic and non-allergic rhinitis. Epidemiological studies have
reported associations between elevated ambient ozone concentrations and the increase in
eosinophil-derived proteins (e.g., eosinophil cationic protein and eosinophil protein X) in the
urine of both asthmatic and non-asthmatic children, suggesting that repeated ozone exposures is
associated with eosinophilic, rather than neutrophilic, airway inflammation in humans (Frischer
T et al, 1993; Frischer T et al., 2001; Hiltermann et al., 1997). While ozone by itself is not an
allergen, studies have shown that ozone has a priming effect in nasal airways of humans to
allergen (Peden DB et al, 1995) and has been associated with increased allergic sensitization and
asthma in children, as well as increased prevalence of atopy and susceptibility to the ozone-
induced rhinitis (Kim et al., 2012; Pénard-Morand et al.; 2005; Peden et al., 2001).

Ym1/2 proteins, demonstrated in this study to accumulate within mucosal epithelium of
mice repeatedly exposed to ozone, have been shown to be chemotactic for eosinophils and to
play a role in airway remodeling in the allergic lung of mice (Webb DC, 2001). It has also been
suggested that these proteins act as an auto-antigen in mice (Qureshi et al, 2011). Based on these
literature and the current results, one can further postulate that nasal epithelial Ym1/2 proteins
could be an ‘auto-antigen’ that induce an eosinophilic rhinitis that is markedly enhanced by

0zone exposure in mice.
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The findings of this study on ozone induced eosinophilic rhinitis and epithelial
remodeling, along with currently available literature, suggests a hypothetical pathway (mode of
action or pathogenesis) for ozone-induced airway inflammation and remodeling in mice (Figure
36), partially adapted from the recent paper by Li et al ( Li et al., 2013). Nasal mucosal
epithelium is normally lined by ciliated cells and a protective mucus layer. Ozone, with its
oxidizing properties, exhausts the anti-oxidant capabilities of this protective layer and generates
free radicals that subsequently cause lipid peroxidation of the epithelial cell membranes. In the
early stage of ozone-exposure, damaged epithelial cells are unable to maintain osmotic balance
and hence exhibit vacuolar swelling and degeneration. Early epithelial damage by ozone also
stimulates an innate immune response typified by neutrophilic influx within the lamina propria.
Epithelial damage in the nasal airways also signals the release of TSLP, IL-25 and IL-33
(alarmin) from the nasal epithelial cells. These cytokines activate lymphoid cells (possibly
ILC2s), which then produce an early increase in IL-5, eotaxin and IL-13, subsequently inducing
an eosinophilic rhinitis. The expression of IL-13 and mucous genes also initiate mucous cell
metaplasia and increased epithelial mucosubstances lining the nasal mucosal epithelium. Ym1/2
protein within the nasal epithelium could act as a chemotactic agent for eosinophils, as well as an
auto-antigen which then generate a persistent and marked eosinophilic rhinitis with repeated
ozone exposure. Eosinophils, also a source of Th2 cytokines, augment the Th2 cytokine
overexpression initiated by the lymphoid cells. Eosinophil cationic proteins (e.g. MBP) released
by eosinophils could induce nasal epithelial cells to synthesize remodeling molecules such as
TGFs, MMPs and PDGFs, which subsequently cause epithelial hyperplasia and remodeling.
Obliteration of the lymphoid population (including the ILC2s) in the RAG2(-/-) x yc(-/-) mice,

may not alter the initial epithelial damage of ozone, but my study with these mice did
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demonstrate that lymphoid cells are crucial for the development of ozone-induced eosinophilic

rhinitis and epithelial remodeling, including mucous cell metaplasia, Ym1/2 overexpression.
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Figure 36. Ozone-Induced Airway Inflammation & Remodeling in Mice. In the early stage of
exposure, ozone exhausts the anti-oxidant capabilities of the protective layer lining airway
epithelium, and generates free radicals that subsequently cause cell membrane lipid peroxidation,
vacuolar swelling and degeneration, as well as intercellular edema. Early epithelial damage by
ozone also stimulates a neutrophilic rhinitis. Epithelial damage in the nasal airways also signals
the release of TSLP, IL-25 and IL-33 from the nasal epithelial cells, which then activate
lymphoid cells to produce an early increase in IL-4, IL-5, eotaxin and IL-13. IL-4, IL-5 and
eotaxin induce an eosinophilic rhinitis, while expression of IL-13 along with mucus genes results
in mucous cell metaplasia and increased production of epithelial mucosubstances. Generation of
Ym1/2 proteins within the nasal epithelium may be acting act as a chemotactic agent for
eosinophils. Eosinophil cationic proteins (e.g. MBP) released by eosinophils, induce nasal
epithelial cells to synthesize remodeling molecules such as TGFs, MMPs and PDGFs, which
subsequently cause epithelial hyperplasia and remodeling.
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Further investigations are needed to support, amend, modify and/or supplement my
proposed pathway. These include the roles of ILC2, IgE in ozone-induced eosinophilic rhinitis,
effects of eosinophilic cationic proteins on nasal epithelial cells, as well as role of nociceptors
(sensory nerve endings) in the nasal cavity of mice exposed to ozone.

Based on the current studies, innate lymphoid (ILC2) cells and/or T-helper cells appear to
be part of a pathway in driving ozone-induced eosinophilic rhinitis and epithelial remodeling.
Specifically, Group 2 ILCs, which play important roles in allergy and asthma, and produce
mainly Th2 cytokines, could be the major source of innate IL-5 and IL-13 seen in the early time
points of these studies. Interestingly, Rag2 (-/-) mice, in contrast to RAG2(-/-) x yc(-/-) mice, still
have functional common gamma chain which is required for development of T, B and NK cells.
As development of ILC2s (also known as nuocytes and natural helper cells) is also dependent on
the expression of gamma C surface receptor (Hwang Y'Y et al, 2013), one could postulate that
via the use of Rag2 (-/-) mice, the role of ILC2 in the temporal development of ozone-induced
eosinophilic rhinitis could be further elucidated. If ozone exposed Rag2 (-/-) mice developed the
previously described epithelial, inflammatory and gene expression changes similar to those seen
in C57BL/6 mice, it would suggest that ILC2 cells, rather than T- lymphocytes, are essential for
the Th2 cytokine production, development of ozone-induced eosinophilic rhinitis and epithelial
remodeling. In fact, a study by Halim et al., the authors used adoptive transfer of Type 2 innate
lymphoid cells into Rag2GammaC double knockout mice, and restored the allergic phenotype in
lungs of these mice (Halim TY et al, 2012). At the time of that report, these cells were called
‘lung natural helper cells’. The classification and nomenclature of these newly described cells

has been actively changing as new discoveries are made.
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We know that IL-5 is a major factor for the maturation, activation, recruitment and
survival of eosinophils. Via the use of IL-5 knockout mice, one would expect that ozone
exposure will not induce an eosinophilic rhinitis. However, it would be difficult to differentiate if
this absence of eosinophilic influx is due to the lack of production/maturation of eosinophils in
the bone marrow, or due to the lack of eosinophil chemotaxis.

The IgE level of mice in this study was not investigated. In humans, allergic and non-
allergic rhinitis have been described. Allergic rhinitis is differentiated from its counterpart by the
elevation of systemic IgE level in affected patients. Non-allergic rhinitis, on the other hand, is
associated with chronic nasal symptoms in response to a non-allergen (e.g. cigarette smoke) and
a negative allergen test. Hence, determining whether or not mice with ozone-induced
eosinophilic have elevated IgE levels, could help associate the findings of this study as a being a
better representation and perhaps model for human allergic or non-allergic rhinitis.

Epithelial remodeling could be related to the presence of subcytotoxic levels of
eosinophil cationic proteins (e.g. MBP), which have been shown to induce bronchiolar epithelial
cells to synthesize remodeling molecules such as transforming growth factors (TGFs), matrix
metalloproteinases (MMPs) and platelet-derived growth factor (PDGFs) (Pégorier S et al, 2006).
A similar mechanism of action could perhaps, be extrapolated to this study with regards to the
nasal epithelial remodeling in response to ozone. However, further experiments are required to
support this postulation.

The nose is innervated by trigeminal free nerve endings and solitary chemosensory cells
(SCC) that facilitate protective reflexes in the nasal passage (Saunders CJ et al, 2014). A possible
role of solitary chemosensory cells (SCC) in development of non-allergic rhinitis in human was

discussed in a recent paper by Saunders CJ et al, 2014. In that study, a pathway involving

115



nociceptive fibers stimulation by airway irritant and subsequent release of Substance P, followed
by stimulation of mast cell degranulation by Substance P, was proposed. Although no increase in
mast cells was identified in the mucosa of mice exposed to ozone in our present study, these cells
are also associated with eosinophilic airway disease and may have a role in ozone-induced
changes in the nasal passages.

In summary, repeated inhalation exposures to ozone in mice cause a temporal
development of eosinophilic rhinitis, overexpressed Ym1/2 protein, mucous cell metaplasia, and
Th2 cytokines gene expression, all of which are lymphoid dependent. The possible role of ILC2s
as major sources of these Th2 cytokines, involved in ozone-induced eosinophilic rhinitis and

nasal epithelial remodeling, warrants further investigation in the near future.
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