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ABSTRACT

Ozone (O3), a criteria air pollutant, is the primary component of photochemical
smog. Currently, over 140 million people in the United States are exposed to levels of Os
deemed unhealthy by the Environmental Protection Agency. Short and long-term
exposure to O3 has been associated with increased susceptibility and/or exacerbations
of chronic pulmonary diseases through lung injury and inflammation. Os induces
pulmonary inflammation in part through generating damage associated molecular
patterns (DAMPS), which are recognized by pattern recognition receptors (PRRs), such
as toll like receptors (TLRs) and scavenger receptors (SRs). This inflammatory response
is mediated by alveolar macrophages (AMs) which highly express PRRs, including
Scavenger Receptor B-I (SR-BI). SR-BI is a PRR known to recognize DAMPSs, apoptotic
cells, and facilitate the phagocytosis of apoptotic cells termed ‘efferocytosis’. The central
hypothesis of this study was that SR-BI resolves Os-induced inflammation and injury by
facilitating clearance of DAMPs and maintaining alveolar macrophage efferocytosis. The
first aim of this study was to determine whether acute Os exposure impairs AM

efferocytosis whereas the second aim of this study was to determine if SR-Bl mediates



AM efferocytosis following Oz exposure leading to resolution of lung inflammation and/or
injury. Our findings demonstrated that acute O3 exposure impairs AM efferocytosis.
Additionally, we proved that SR-BI is protective against Os-induced lung inflammation by
decreasing airspace neutrophilia and maintaining AM efferocytosis. Collectively, these
results identified novel mechanisms of how Os induces pulmonary inflammation and

increase the susceptibility and/or exacerbations of chronic lung diseases.
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CHAPTER 1: GENERAL INTRODUCTION

1.1 Scientific Premise

Ambient air pollution is a significant cause of morbidity and mortality, contributing
to approximately 9 million premature deaths annually (Landrigan et al., 2018).
Additionally, the World Health Organization estimates that approximately 7 million people
die prematurely due to ambient air pollutant exposure (World Health Organization et al.,
2014). Most air pollution related deaths occur in individuals with underlying pulmonary
and/or cardiovascular complications, including chronic lung disease (Miller et al., 2016 &
Carlsen et al., 2013). In addition, increases in ambient criteria air pollutants increases the
prevalence of chronic lung diseases (Bai et al., 2018 & Orru et al., 2017).

The Environmental Protection Agency (EPA) currently monitors several criteria air
pollutants known to cause negative health effects. These criteria air pollutants include
particulate matter (PM), sulfur dioxide, nitrogen dioxide, lead, carbon monoxide, and
ground-level ozone (O3) (Bai et al., 2018 & Suh et al., 2000). Despite stricter air quality
standards to reduce levels of these criteria air pollutants, ground-level Os levels continue
to rise (Orru et al., 2017, Zhang et al., 2016, Tibbetts 2015). The National Ambient Air
Quality Standard (NAAQS) for O3z is 0.070 ppm for 8 hours; however, this level of
exposure is still known to induce upper respiratory issues, including shortness of breath,
coughing, and throat irritation (U.S EPA). Therefore, there is an urgent need to identify
mechanisms by which Os induces pulmonary dysfunction and exacerbates chronic

respiratory diseases to design effective therapeutics.



1.2 Osand thelnnate Immune Response

O3 exposure induces both pulmonary and cardiovascular inflammation and injury
(Bourdrel et al., 2017, lerodiakonou et al., 2016, Carlsen et al., 2013, Tager et al., 2005,
Al-Hegalan et al., 2011 & Bouthillier et al., 1998). It is thought that O3z does this through
oxidizing components of lung lining fluid, such as phospholipids, cholesterol, and
surfactant proteins (Bromberg 2016 & Michaudel et al., 2016). These secondary oxidation
products are known as damage associated molecular patterns (DAMPs) that are
recognized by pattern recognition receptors including toll like receptors (TLRs) and
scavenger receptors (SRs) present on the surface of epithelial cells and alveolar
macrophages (AMs) (Michaudel et al., 2016, Bauer et al., 2012, Al-Hegelan et al., 2011).
This activation of the pattern recognition receptors increases pro-inflammatory cytokine
secretion from M¢s, leading to lung inflammation and injury (Hodge et al., 2019, Jakab et
al.,, 1995, Gilmour et al., 1991). The secretion of pro-inflammatory cytokines and
chemokines recruit neutrophils (PMNSs) to the lung where these innate immune cells
generate reactive oxygen species and perpetuate the inflammatory response. Although,
O3 generates an inflammatory response, the underlying molecular mechanisms that
trigger this response are currently unknown (Kilburg-Basnyat et al., 2018 & Backus et al.,
2010). If the Os-induced inflammatory response is not resolved, then necrosis, tissue
injury, and development of chronic lung disease can ensue (Morimoto et al., 2012).

1.3 Scavenger Receptors and the Lung

Scavenger receptors are pattern recognition receptors known to recognize and

clear DAMPs, such as oxidized lipids and oxidized proteins, but also to facilitate clearance

of apoptotic cells (Canton et al., 2013). Currently, there are 10 classes of scavenger



receptors, classes A-H, that have been identified; however, few have been examined in
the context of Os-induced lung inflammation/injury. (Canton et al., 2013 & PrabhuDas et
al., 2017). Two class A scavenger receptors, macrophage receptor with collagenous
structure (MARCO) and SR-AIl/ll, have been found to scavenge oxidized phospholipids
and cholesterols that are generated by Oz (Dahl et al., 2007 & Arredouani et al., 2007).
The class B scavenger receptor, CD36, has been shown to potentiate the inflammatory
response and mediate vascular dysfunction in mice exposed to Os (Robertson et al.,
2013). However, more studies are needed to understand the importance of these
receptors in the context of Os-induced lung inflammation.
1.4 Scavenger Receptor Class B Type 1

SR-BIl is a class B scavenger receptor that plays a vital role in cholesterol
homeostasis, lipoprotein metabolism, and innate immunity (Linton et al., 2017, Rigotti et
al., 2003, Krieger et al., 1999). SR-BI was discovered as an extracellular high-density
lipoprotein (HDL) receptor, that is responsible for reverse cholesterol transport between
HDL and extrahepatic tissues (Linton et al., 2017, Shen et al., 2018, Van Eck et al., 2003).
However, SR-BI is also responsible for the uptake of cholesterol esters from HDL in the
liver for biliary excretion (Acton et al., 1996 & Hoekstra et al., 2017). By mediating HDL
uptake, SR-BI preserves HDL function and decreases serum levels of low-density
lipoproteins (LDL). Humans with loss-of-function mutations in this receptor are adrenally
insufficient, have high levels of HDL, and a 1.8-fold increased risk for developing coronary
artery disease. These characteristics are also noted in the SR-BI deficient murine model
(Vergeer et al., 2011 & Khovidhunkit et al., 2011). Although this receptor is ubiquitously

expressed in all tissues, it is predominantly expressed on steroidogenic tissues,



endothelial cells, and M¢s (Shen et al., 2018 & Hu et al., 2013). The role of SR-BI has
been mainly studied in the aspect of cardiovascular disease, but its roles in pulmonary
immune response have not been fully understood.

Prior studies by Gowdy et al., have highlighted the protective role of SR-BI in the
lung following bacterial infection of Klebsiella pneumoniae, where SR-BI deficient (SR-BI
) mice display increased morbidity, mortality, and decreased clearance of bacteria in
both the lung and blood compared to their wildtype (SR-BI**) counterparts. Additionally,
SR-BI has been shown to mediate the glucocorticoid response following endotoxin-
induced sepsis, but also in attenuating the pro-inflammatory signaling response in vivo
and in vitro through interaction with TLR4 surface expression and signaling (Gowdy et al.,
2015, Cai et al., 2012 & Cai et al., 2008). However, it is unknown whether SR-BI mediates
pulmonary inflammation/injury induced by criteria air pollutants such as Os.

1.5 Efferocytosis in the Lung

Typically, after an inflammatory response in the lung, resolution of tissue
inflammation must occur to prevent further injury and restore homeostasis. The processes
known to promote the resolution of inflammation include apoptosis of recruited immune
cells (PMNs, Eosinophils, Lymphocytes), production of anti-inflammatory mediators (IL-
10 and TGF-B), and the process of M¢$ uptake and clearance of apoptotic cells termed
‘efferocytosis’(Gheibi Hayat et al., 2019 & Angsana et al., 2016, Donnelly et al., 2012).
M¢ efferocytosis is a tightly regulated process that attenuates the innate immune
response by engulfing apoptotic cells and secreting anti-inflammatory mediators including
IL-10, TGF-B, and PGE2 (Garabuczi et al., 2015, Fadok et al., 1998, Becker et al., 1991).

M¢s use phagocytic receptors such as MERTK, MFG-E8, RhoA, TIM4, BAIl, TG2, and



scavenger receptors, CD36, SR-Al, SR-F1, and SR-BI, to recognize apoptotic cells
through directly binding with extracellular phosphatidylserine or direct cell-cell
communication (Das et al., 2016, Frasch et al., 2011, Marik et al., 2011, Zahuczky et al.,
2011). Previous studies have also emphasized SR-BI activates the MAPK/GULP/Racl
pathway to mediate efferocytosis in sertoli cells (Osada et al., 2009). Likewise, recent
studies have shown that SR-BI”- peritoneal M¢$s have an impaired efferocytic response in
atherosclerotic lesions through suppressed activation of the Src/PI3K/Racl pathway and
increased secretion of pro-inflammatory cytokines (Tao et al., 2015). Taken together,
these data indicate that SR-BI is critical in processes known to resolve tissue
inflammation and injury.

Impaired efferocytosis contributes to the pathogenesis of chronic lung diseases
like asthma and interstitial pulmonary fibrosis (Grabiec et al., 2017 & Frasch et al., 2011).
Uncleared apoptotic cells in the lung lead to secondary necrosis and autoimmunity, which
promote and increase the severity of chronic lung diseases (Gregoire et al., 2018 &
Vandivier et al., 2009). The functions of the previously listed phagocytic receptors have
been characterized extensively; yet, further study of how scavenger receptors, including
SR-BI, can mediate efferocytosis in the context of lung inflammation/injury is needed.

1.6 Innovation

These studies would be the first to uncover the effects of Oz inhalation on the
resolution of pulmonary inflammation and injury. Additionally, it will define the role of SR-
Bl in mediating efferocytosis in the context of Os-induced pulmonary injury. A well-
planned research strategy will generate first-hand data on how Osz will impair the

resolution of the pulmonary inflammatory response and how that can increase one’s



susceptibility to developing chronic respiratory diseases. Lastly, this project will uncover
the role of SR-BI following a non-infectious pulmonary inflammatory response. Data
collected from this project will help us understand how patients who have single
nucleotide polymorphisms in SR-BI are not only susceptible to cardiovascular disease,
but also to environmental lung diseases.
1.7 Aims of the Study

Specific Aim 1. Determine whether acute O3 exposure impairs alveolar macrophage
efferocytosis.

Rationale: Os induces inflammation and injury through generation of DAMPS, oxidative
stress, and impairing AM phagocytosis of bacteria (Bromberg et al., 2016, Park et al.,
2013, Cai et al., 2008). Moreover, O3z exacerbates chronic pulmonary diseases and
increases one’s susceptibility to developing respiratory infections (Madrigano et al.,
2015). However, the underlying mechanisms of how Oz can exacerbate respiratory
diseases is unknown. One factor is the impairment of efferocytosis. Efficient efferocytosis
in the lung is imperative in resolving inflammation and restoring tissue homeostasis.
However, impaired efferocytosis is a known indicator of chronic pulmonary diseases
including asthma, chronic obstructive pulmonary disease, and acute lung injury (Morimoto
et al., 2012, Hou et al., 2007, Jakab et al., 1995, Gilmour et al., 1993, Gilmour et al.,
1991). In Aim 1, we will determine whether acute Os exposure impairs efferocytosis and
potentiates pulmonary inflammation and injury. These integrative studies will address
unresolved questions about this environmental issue. These experiments will address the

guestion:



1. Does Os exposure impair the resolution of pulmonary injury through decreasing

the efferocytic response?

Specific Aim 2: Determine if SR-BI mediates alveolar macrophage efferocytosis in the
lung following O3 exposure to resolve pulmonary inflammation and injury.
Rationale: SR-BI has mainly been studied in the context of vascular physiology and
atherosclerosis as an HDL receptor, but few studies have uncovered its function in innate
immunity. It is known that SR-BI mediates peritoneal M¢ efferocytosis in atherosclerotic
lesions through activation of the Src/PI3K/Racl pathway (Tao et al., 2015). However, it
is unknown whether Os-induced impairment of alveolar macrophage efferocytosis is
dependent on SR-BI. Efferocytosis of apoptotic PMNs is a critical process in resolving
inflammation after an innate immune response in the lung. Preliminary data shows that
exposing wild-type (WT) mice to Os decreases SR-BI mRNA but increases protein
expression in whole lung tissue. Also, through cell sorting pulmonary M¢ populations in
WT mice exposed to Os, we uncovered that Oz increases SR-BI mRNA in interstitial
macrophages 24 hours following exposure. Additionally, SR-BI’- mice have increased
pulmonary airspace neutrophilia and secretion of pro-inflammatory cytokines compared
to WT mice 24 hours post Os exposure. SR-BI”- mice were observed to have increased
total apoptotic cells 24 hours post O3z exposure. In Aim 2, we will determine whether SR-
Bl mediates efferocytosis following Os-induced pulmonary inflammation. These
integrative studies will address these unresolved questions about this environmental
issue:

1. Is SR-BI protective during Os-induced pulmonary inflammation and injury by

mediating alveolar macrophage efferocytosis?



2. Does SR-BI scavenge oxidized phospholipids generated by Os to mitigate the

pulmonary inflammatory response?



%
4

[}

wriee
Apoptoti = “ =) nﬁ SR-BI

ool D@ g ‘

\ 4 \ 4

ﬁ Pulmonary Inflammation @ Pulmonary Inflammation

ﬁ Airspace Neutrophilia @ Airspace Neutrophilia

Efferocytosis Efferocytosis

! !

Unresolved Resolved
Lung Injury Lung Injury

Figure 1



Figure 1: Specific aims of study. Aim 1 is determining whether acute Os exposure
impairs alveolar macrophage efferocytosis to cause unresolved pulmonary
inflammation/injury. Aim 2 is determining whether SR-BI mediates efferocytosis in the

lung after O3z exposure leading to resolution of pulmonary inflammation.
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CHAPTER TWO: OZONE EXPOSURE IMPAIRS ALVEOLAR MACROPHAGE
EFFEROCYTOSIS IN VIVO

2.1 ABSTRACT:

Ozone (O3) is a criteria air pollutant that exacerbates and increases the incidence
of chronic pulmonary diseases. Oz exposure is known to induce pulmonary inflammation
but little is known how exposure alters processes important in the resolution of
inflammation. Efferocytosis is a resolution process whereby macrophages phagocytize
apoptotic cells. The purpose of this protocol was to measure alveolar macrophage
efferocytosis following Osz-induced lung injury and inflammation. Several methods have
been described in the literature for measuring efferocytosis however most require ex vivo
manipulations. Herein, we described in detail a protocol to measure alveolar macrophage
efferocytosis in vivo 24 h after Os exposure, which avoids ex vivo manipulations of
macrophages and gives an accurate representation of perturbations in this resolution
process. Our protocol is a technically non-intensive and relatively inexpensive method
that involves whole body Os inhalation followed by an oropharyngeal aspiration (i.e.,
inhalation) of apoptotic cells (i.e. Jurkat T cells) while under general anesthesia. Alveolar
macrophage efferocytosis is then measured by light microscopy evaluation of
macrophages collected from bronchoalveolar (BAL) lavage. Efferocytosis is measured by
calculating an efferocytic index (i.e. the ratio of alveolar macrophages that have
phagocytosed apoptotic Jurkat T cells compared to alveolar macrophages without
apoptotic cell uptake). Collectively, the methods outlined in this protocol serve as the

basis for a simple experimental technique that can be used to accurately quantify



efferocytic activity in the lung in vivo, while serving to analyze the negative health effects
of Os or other inhaled insults.
2.2 INTRODUCTION:

The lung is constantly exposed to environmental insults, including air particulates,
viruses, bacteria, and oxidant gases that trigger pulmonary inflammation (Puttur et al.,
2019, Gregoire et al., 2018, Fan et al., 2018). These insults can compromise gas
exchange and induce irreversible tissue injury (Bhattacharya et al., 2016 & Michlewska
et al., 2007). Alveolar macrophages, which constitutes approximately 95% of the immune
cells found in murine and human lungs at homeostasis, are critical regulators of
pulmonary inflammation after environmental insults (Puttur et al., 2019, Gregoire et al.,
2018, Fan et al., 2018, Bhattacharya et al., 2016, Michlewska et al., 2007). Alveolar
macrophages are essential during host defense by phagocytizing and eliminating
pathogens. Recently, alveolar macrophages have been shown to promote tissue
homeostasis and the resolution of inflammation through efferocytosis (Donnelly et al.,
2012 & Morimoto et al., 2012). Efferocytosis is a phagocytic program where macrophages
engulf and eliminate apoptotic cells (Grabiec et al., 2017, Vandivier et al., 2009, Chen et
al., 2001). The process of efferocytosis also results in the production of mediators, such
as IL-10, TGF-B, PGE2, and nitric oxide, that further augment the process, resulting in the
resolution of inflammation (Grabiec et al., 2017, Angsana et al., 2016, Brouckaert et al.,
2004, O’Brien et al., 2002, Chen et al., 2001, Gao et al., 1998). This process is necessary
in preventing secondary necrosis and promoting tissue homeostasis (Allard et al., 2018,
Shen et al., 2017, O’Brien et al., 2002). Several research studies have linked impaired

efferocytosis with various chronic lung diseases, including asthma, chronic obstructive
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pulmonary disease, and idiopathic pulmonary fibrosis (Hamon et al., 2018, Grabiec et al.,
2017, Karaji et al., 2017, Angsana et al., 2016, Vandivier et al., 2009).

Ozone (O3) is a criteria air pollutant that exacerbates and increases the incidence
of chronic pulmonary diseases (Kilburg-Basnyat et al., 2018, Gonzalez-Guevara et al.,
2014, Robertson et al.,, 2013). Os induces pulmonary inflammation and injury and is
known to impair alveolar macrophage phagocytosis of bacterial pathogens (Jakab et al.,
1995 & Gilmour et al., 1991). However, it is unknown if Oz impairs alveolar macrophage
efferocytosis. Investigating Os-induced alterations in alveolar macrophage efferocytosis
will provide potential mechanisms of how exposure can lead to chronic pulmonary
disease incidence and exacerbation. Below we describe a simple method to evaluate
alveolar macrophage efferocytosis in the lungs of female mice after acute Oz exposure.

The method outlined in this protocol has several advantages over other
efferocytosis protocols commonly used in the field by eliminating the use of costly
fluorescent dyes, extensive flow cytometry measurements, and ex vivo manipulation of
alveolar macrophages (Nayak et al., 2018 & Tao et al., 2015). Additionally, this protocol
measures alveolar macrophage efferocytosis in the context of the lung microenvironment
which can influence macrophage function.

2.3 MATERIALS AND METHODS:
All methods described here have been approved by the Institutional Animal Care and Use
Committee (IACUC) of East Carolina University.

1. Day 1: Ozone (O3) and Filtered Air Exposures

1.1 Place a maximum of 12 8-12-week-old C57BL/6J female mice in a steel cage (has

12 separate compartments) with wire mesh lids into Oz exposure chamber.
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1.2

1.3

1.4

15

2.1

2.2

Place thermometer in exposure chamber with cage to accurately record

temperature and humidity.

Turn on oxygen and ultraviolet (UV) light that is attached to the apparatus. To note,
the Oz apparatus delivers a regulated airflow (>30 air changes/h) with controlled
temperature (22-23 °C) and relative humidity (45-50%). The system generates O3
in the exposure chamber by directing 100% oxygen through an UV light generator

and then mixing with a filtered air supply.

Adjust the Oz concentration to 1 ppm and regularly record O3 levels every 10 min
for 3 h. Temperature and humidity of chamber air are monitored continuously, as
is the Os concentration with a T400 ultraviolet light photometer. Filtered air
exposures are done in a similar apparatus with just a filtered air supply flowing

through the exposure chamber.

Return the animals to their respective cages with bedding, food, and water ad

libitum after 3 h of Os/ffiltered air exposure.

. Day 2: Preparation of Jurkat T Cell Line (ATCC CRL-2899) (All procedures

are conducted in a Class Il Biological Safety Cabinet)

Culture Jurkat T cells in 24 mL of basal cell culture medium + 10% FBS + 5%
Penicillin Streptomycin at 37 °C + 5% CO:2 (Table of Materials). Jurkat T cells are
a suspension cell line that can be maintained through passaging 1:6-1:8 into pre-

warmed culturing media every 3 days. Do not shake.

To prepare apoptotic cells, grow them to 90% confluency in each flask (which takes
3-4 days to achieve after passaging them). For this study, 5 T75 flasks of cells are
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2.3

2.4

2.5

2.6

2.7

2.8

2.9

2.10

sufficient for the number of cells used in this protocol. NOTE: A confluent flask

contains about 20-24 million cells.

Pipet up cells (which is the entire flask) from each flask (approximately 24 mL) and
transfer cells to a sterile 50 mL conical tube using a serological pipet. Use multiple

conical tubes for multiple flasks.

Count cells by removing an 11 pL aliquot of cells from 50 mL conical tube and mix

with 11 uL of trypan blue stain and pipette 11 pL onto hemocytometer slides.

Insert slide into an automated cell counter and record the number of live cells to
calculate the total cell count in each flask by multiplying the number of live cells by

24 as each flask contains 24 mL of media.
Centrifuge cell suspension at 271 x g for 5 min at room temperature to pellet cells.

Discard supernatant by aspiration and resuspend cell pellet in the amount of media

used to obtain 3.0*10° cells per mL.

Aliquot 5 mL of cells in 100 x 20 mm tissue culture dishes (approximately 9 dishes
will be used and the total amount of cells in each dish should be approximately

15*109).
Use 1 dish for control/unexposed, and the remaining dishes will be exposed to UV.

Set UV crosslinker to correct energy level, press the energy button and enter in
600 using the number pad, which the machine will read as 600 uJ/cm?*100. NOTE:
UV crosslinker energy units is in pJ/cm? *100, therefore, to achieve 60

millijoules/cm2, you must convert units to the UV crosslinker.
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2.11

2.12

2.13

2131

2.13.2

2.13.3

2.13.4

Irradiate all dishes with cells, not including the control, at 60 millijoules (mJ)/cm?
using a UV Crosslinker, NOTE: Remove the top cover of the tissue culture dishes

during UV exposure. UV light will not penetrate plastic cover.

Incubate all the dishes in a cell culture incubator, including unexposed control, at

37 °C at 5% COzfor 4 h.

Confirm apoptosis by flow cytometry using an apoptosis assay detection kit
containing Annexin V and Propidium lodide (PI), which are markers for apoptosis
and necrosis respectively, after 4 h of incubation, per manufacturer’s instructions
26-27 When irradiating Jurkat T cells in the UV Crosslinker at an energy level of 600
ud/cm?, following a 4 h incubation lead to 275% of apoptotic (both early and late)
cells having more early apoptotic cells than late apoptotic cells makes it easier for
alveolar macrophages to recognize them and engulf as their membranes are
uncompromised unlike late apoptotic cells, leading to a higher efferocytic index

and more accurate imaging of alveolar macrophage efferocytosis in this study.

Pool 333 pL (1*108 cells) of Jurkat T cells from several dishes (both No UV and

UV exposed) together to use for compensation analysis tubes.

Aliquot 333 pL of Jurkat T cells in an unstained, annexin V single stain, Pl single

stain, no UV control, and 600 pJ/cm? UV exposed labelled flow cytometry tubes.

Centrifugation tubes at 188 x g for 5 minutes at room temperature and decant

supernatant.

Wash cells by resuspending in 500 uL of cold 1X Phosphate buffered saline (PBS).
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2.13.5

2.13.6

2.13.7

2.13.8

2.13.9

2.13.10

2.13.11

2.14

Centrifuge and pellet cells at 188 x g for 5 minutes at room temperature. Discard

supernatant after centrifugation.

Prepare 400 uL of 1X binding buffer per flow tube by diluting 10X binding buffer

with distilled water while cells are centrifuging.

Prepare Annexin V and PI incubation reagent (100 uL per sample/tube) per

manufacturer’s instructions.

Decant supernatant after centrifugation and gently resuspend all tubes in 400 pyL
of 1X binding buffer, then add 100 pL of Annexin V incubation reagent to each
sample tube. Lastly, add 100 pyL of Annexin V single stain and PI single stain to
their respective tubes, but do not add anything beyond the 1X binding buffer to the

unstained tube.

Incubate tubes in the dark for 15 minutes at room temperature.

Centrifuge all cells at 188 x g for 5 minutes at room temperature and decant

supernatant.

Resuspend cells in 400 pL of 1X binding buffer and then analyze samples for
apoptosis by flow cytometry. Collect at least 10,000 events per tube to allow

accurate representation of staining.

Combine all the irradiated cells from dishes into a 50 mL conical tube and pellet

cells by centrifugation at 271 x g for 5 min at room temperature.
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2.15

2.16

Discard supernatant from tube by aspiration and resuspend cells in 24 mls of
sterile phosphate buffered saline (PBS) and pellet cells by centrifugation at 271 x

g for 5 min at room temperature.

Discard supernatant from tube by aspiration and resuspend cells in the amount of
PBS used for dosing mice approved by IACUC. The dose used is between 5-10 x
108 cells/50 pL per mouse; therefore, for 10 mice resuspend in 500 pL (number of
cells in each dose will vary on how many cells are cultured for irradiation).
Recommended: make up at least 2 additional doses to account for any liquid that

might stick to the sides of the pipette tip resulting in the loss of cells.

Day 2: Murine Oropharyngeal (0.p.) Instillation of Apoptotic Cells

3.1

3.2

3.3

Prepare dosing inoculum of apoptotic cells using a P200 pipette prior to
anesthetizing mice to expedite procedure. As per institutional guidelines, a volume
of 50 pL containing approximately 5-10 x 108 cells is utilized for oropharyngeal

(0.p.) instillation to ensure best results.

Anesthetize mice in a clear chamber with isoflurane gas (e.g., 2% isoflurane at
flow rate of 1 L/min) or as per institutional guidelines. The number of mice to
anesthetized together is determined by comfort level of the experimenter, usually
1-2 are done at a time. Observe breathing and confirm level of anesthesia once

deep breaths are visible and 2-3 sec can be counted between breaths.

Once a mouse is anesthetized, position it in a semi recumbent supine position,
suspended by the maxillary incisors from a surgical string tied between pegs on a

slanted acrylic sheet board.
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3.4

3.5

3.6

3.7

4.1

Lightly grab and pull the mouse tongue with a pair of blunt non-ridged forceps and
deposit dose of apoptotic cells into the oral cavity with a P200 pipette. Exercise
great care to avoid inducing trauma to either the tongue or the oropharynx before
instillation. Dosing is successful when the mice make a crackling noise 1-2 sec

after giving dose.

Gently occlude the nose with a gloved finger until the mouse inhales while the
tongue is retracted and cover the nose until the mouse has taken two or more
inhalations, and no liquid is visible in the oral cavity. NOTE: Covering the nose
helps ensure that the mouse will inhale the apoptotic cells into the lungs, as mice

are obligate nose breathers.

Remove the mouse from the inoculation board and return to its cage, placing the
mouse on its back to prevent bedding or debris from blocking the nares while the

mouse is recovering from anesthesia.

Wait 90 min to allow alveolar macrophages to engulf influx of apoptotic cells after
all the mice have awoken from anesthesia (Typically, this will take 1-2 minutes for
the mice to awake following anesthesia, which should not affect the

outcome/timing of the instillation).

. Day 2: Bronchoalveolar Lavage (BAL) Fluid Collection and Processing

Euthanize each mouse per institutional guidelines 90 mins after dosing with
apoptotic cells. Here, a lethal injection of ketamine/xylazine is used (90 mg/kg/10

mg/kg) followed by excising the diaphragm. NOTE: This time point allows
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4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

sufficient time for alveolar macrophages to sense and engulf apoptotic cells

(Park et al., 2008).

Weigh all mice (in grams) on scale and record weight. Body weight is used to

calculate BAL volume (26.25 mL/kg body weight).

Place mouse on their back and sterilize it by spraying fur with 70% ethanol over

chest and neck area.

Make a 2 in longitudinal cut just below the sternum along the entire ventral side
with surgical scissors and while holding the sternum with forceps, nick the

diaphragm to allow the lungs to fall back into the chest cavity.

Cut laterally along the sides of the rib cage to allow lungs to have more room to

expand when lavaging and fold chest cavity back with forceps.

Cut a 1 in vertical cut up along vascular up through the neck to expose the trachea.

, Use two forceps to pull muscle and tissue off trachea to expose it to avoid
additional potential bleeding and cutting the trachea, since it is surrounded by

vasculature, longitudinal muscles and connective tissue.

Use a needle to make a slit in the trachea (about % of the way down from the head)
and insert a cannula (18 G x 1 ¥ inches) with a syringe pre-loaded with 1x PBS
(26.25 mL/kg body weight, approximately 0.7-1.0 ml in an 8-10-week-old female

C57BI/6J mouse) caudally into the trachea.

Push volume of PBS into the lungs slowly to allow the lungs to inflate then, pull the

volume back out into the syringe. Repeat this process a total of 3 times. If PBS is
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coming out of the nostrils, either the cannula has not been inserted far enough into
the trachea or inflation is occurring too quickly. Alternatively, if the lungs are not

inflating well, the cannula has been pushed in too far, so withdraw cannula slightly.

4.10 Collect pooled lavage fluid from each specific mouse in a 15 mL tube.

4.11 Centrifuge the bronchoalveolar lavage at 610 x g for 6 min at 4 °C and collect
supernatant into a 1.5 mL tube and freeze at -80 °C. The pellet represents cells

from the bronchoalveolar space.

4.12 Remove residual red blood cells in collected BAL fluid by adding 1 mL of ACK RBC
Lysis buffer to the cell pellet, then vortex well, and lyse for 1 min on ice. Afterwards,

add 4 mL of PBS to stop lysis reaction.

4.13 Pellet cells by centrifugation at 610 x g for 6 min at 4 °C and aspirate supernatant

with vacuum aspirator.

4.14 Resuspend cells in 1 mL 1x PBS+10% FBS to each BAL sample tube.

Count cells on a hemocytometer for quantification of total airspace cells from each sample
(No trypan blue). Each sample (120 uL) is centrifuged onto slides at 41 x g for 3 min,
medium acceleration, using a cytocentrifuge. Slides are set aside to dry overnight.

4. Day 3: Calculation of Alveolar Macrophage Efferocytic Index

5.1 Stain slides with hematoxylin and eosin to allow for calculation of both efferocytic

and differential cell counts, with at least 200 cells counted from each slide.

5.2 view slides on brightfield setting on a biological microscope (20 or 40 x objective

will work best).
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5.3

Calculate the efferocytic index based on the ratio of the number of alveolar
macrophages that phagocytosed apoptotic Jurkat T cells to alveolar macrophages
without apoptotic cell uptake out of a total 200 macrophages on a cell differential
slide. The ratio is then converted to a percentage for data input. (Number of
alveolar macrophages engulfed apoptotic cells/Number of alveolar macrophages
that did not engulf cells *100). Examples of efferocytic macrophages are denoted

by black arrows in figure 3.
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2.4 RESULTS:

O3 exposure is known to induce pulmonary inflammation and injury and
efferocytosis is required to maintain tissue homeostasis. C57BL/6J female mice were
exposed to filtered air (FA) or 1 ppm Os for 3 h and necropsied 24 h post exposure to
examine pulmonary inflammation and injury. Os exposed mice displayed a significant
increase in macrophages and neutrophils in their airspace compared to the FA control
group (Figure 1A and B). Additionally, Oz exposed mice had a significant increase in BAL
protein, a marker of alveolar epithelial barrier dysfunction 24 h post exposure (Figure 1C).
To determine if Os-induced pulmonary inflammation was associated with defects in
alveolar macrophage efferocytosis in vivo, C57BL/6J female mice were instilled with
apoptotic Jurkat T cells via oropharyngeal aspiration 24 h post FA or Oz exposure.
Apoptosis in Jurkat T cells was confirmed by flow cytometry prior to dosing and there was
a significant increase in early (Annexin V* PI- and late (Annexin V* and PI1*) apoptotic cells
(Figure 2A and B). The exposure level and incubation time resulted in repetitive results
of ~75% apoptotic Jurkat T cells. A magnified image of what is identified as an efferocytic
macrophage is shown in Figure 3A. Efferocytic macrophages were identified as
macrophages that had engulfed a Jurkat T cell (indicated by black arrows), when
compared to regular alveolar macrophage (indicated by white arrows) (Figure 3B). When
alveolar macrophage efferocytosis was assessed utilizing the protocol described above,
there was a statistically significant decrease in the efferocytic index in the Os exposed
group when compared to FA controls (Figure 3B and C). These data indicate that Os-
induced pulmonary inflammation is associated with decreased clearance of apoptotic

cells, which may prolong lung injury and inflammation.
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Figure 1: Oz exposure induces pulmonary inflammation and injury. C57BL/6J female
mice were exposed to filtered air (FA) or 1 ppm Os for 3 h. 24 h post exposure, mice were
necropsied to analyze pulmonary inflammation and injury (n=6/group). A)
Bronchoalveolar lavage (BAL) cell differentials were calculated and epithelial (epi),
eosinophils (eos), lymphocytes (lymph), macrophages (M¢), and neutrophils (PMN) were
identified with at least 200 cells counted from each slide. B) A representative image of
cellular differentials. C) Total protein in the BAL fluid. Data are expressed as +SEM

**p<.01.
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Figure 2: Confirmation of UV induced apoptosis in Jurkat T cells. Jurkat T cells were
exposed to UV (60 mJ/cm?) using a UV Crosslinker (Model 1800). Following UV exposure
Jurkat T cells were incubated at 37 °C with 5% CO: for 4 h. Following incubation, Jurkat
T cells were stained with Annexin V and Propidium lodide (Pl) and apoptosis was
evaluated by flow cytometry. Early apoptotic, late apoptotic, and necrotic cells are
identified as Annexin V*/PI" and Annexin V*/PI*, Annexin V7/PI*, respectively.
Representative flow cytometry scatter plots, with 10,000 events recorded, of A)

unexposed Jurkat T cells and B) UV exposed Jurkat T cells.
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Figure 3: O3z exposure decreases alveolar macrophage efferocytosis. C57BL/6J
female mice were exposed to filtered air (FA) or 1 ppm Os for 3 h. 24 h post exposure
mice were oropharyngeally instilled with approximately 5 x 10 apoptotic Jurkat T cells.
1.5 h after instillation, bronchoalveolar lavage (BAL) was performed and the efferocytic
index was calculated in BAL macrophages by light microscopy after counting 200
macrophages (n=11/group). A) Representative image of an efferocytic macrophage. B)
Identification of alveolar macrophages (white arrows) and efferocytic macrophage (black
arrows) after FA or Os exposure. C) Calculation of the efferocytic index after FA or Os

exposure. ***p<.0001.
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Figure 4: Suboptimal Jurkat T cell apoptosis using 350 nm frosted bulbs. Jurkat T
cells were irradiated using the UV Crosslinker Model 1800 for 10 min and incubated at 37
°C at 5% COz2 for 1 h. Following UV exposure Jurkat T cells were incubated at 37 °C with
5% CO:2 for 4 h. Following incubation, Jurkat T cells were stained with Annexin V and
Propidium lodide (PI) and apoptosis was evaluated by flow cytometry. Early apoptotic,
late apoptotic, and necrotic cells are identified as Annexin V*/PI" and Annexin V*/PI*,
Annexin V°/PI*, respectively. Representative flow cytometry plots, with 10,000 events

recorded, of UV exposed Jurkat T cells with 350 nm bulbs.
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2.5 DISCUSSION:

Efferocytosis is an anti-inflammatory process whereby macrophages clear out
apoptotic cells and debris as well as produce multiple anti-inflammatory mediators
(Grabiec et al., 2017, Angsana et al., 2016, Brouckaert et al., 2004, O’Brien et al., 2002,
Chenetal., 2001, Gao et al., 1998). Multiple models of efferocytosis have provided insight
into how the macrophage is a critical cell in the resolution of inflammation (Donnelly et
al., 2012 & Morimoto et al., 2012). Recently, the progression of chronic lung diseases
has been associated with defects in efferocytosis (Hamon et al., 2018, Grabiec et al.,
2017, Karaji et al., 2017, Angsana et al., 2016, Vandivier et al., 2009). However, it is
currently unclear if exposure to air pollutants such as Os, results in defects in efferocytosis.
The protocol outlined here enables the evaluation of alveolar macrophage efferocytosis
after Os exposure. This protocol quantifies efferocytosis in vivo using light microscopy
and allots measurement of efferocytosis in the context of the lung microenvironment,
without ex vivo manipulations or expensive fluorescent dyes. Although this protocol is
performed in the context of Oz exposure, multiple models of lung inflammation and injury
can be used with this protocol to evaluate alveolar macrophage efferocytosis.

Advantages of this method over existing methods is the ability to analyze alveolar
macrophages in the context of their physiological environment. Ex vivo analysis of
alveolar macrophages includes plating and incubation with apoptotic cells. Plating
alveolar macrophages can induce both physiological and genomic changes that may alter
efferocytosis (Beattie et al., 2016, Van de Laar et al., 2016, Lavin et al., 2014).
Additionally, in the lung, alveolar macrophages are in a microenvironment that contains

surfactant and components of the lung lining fluid that are known to influences
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macrophage function (Svedberg et al., 2019, Gomez Perdiguero et al., 2015, Silveyra et
al., 2012, Crowther et al., 2004, Schagat et al., 2001). Our method allows efferocytosis
measurements in the lung with no ex vivo manipulations, which is more physiologically
relevant. Future applications of this protocol can lead to more in-depth studies about the
how the lung microenvironment can alter alveolar macrophage efferocytosis.

A critical component of this protocol is the generation of apoptotic cells for
evaluation of alveolar macrophage efferocytosis. This involves optimizing the correct UV
exposure level to induce apoptosis not necrosis. Our protocol uses the UV crosslinker
Model 1800 with 254 nm wavelength emission bulbs and an exposure level of 60 mJ/cm?2.
The UV bulb choices is critical to producing apoptosis not necrosis. 350 nm UV bulbs are
excellent for protein membrane cross-linking and sterilization but fail to induce apoptosis
(Nebbioso et al., 2017, Gomez Perdiguero et al., 2015, Novak et al., 2004). An example
dot plot of Jurkat T cells exposed to 60 mJ/cm? with 350 nm bulbs are shown in Figure 4
with a significant increase in late apoptotic and necrotic cells. Additionally, our protocol
uses a 4 h incubation post UV exposure. To optimize this part of the protocol, we
previously examined various incubation times. 1.5 and 2 h incubation post exposure only
yielded approximately 40% apoptosis, with efferocytic index of less than 5% (data not
shown). Based on current literature, ~70-80% total apoptotic cells are sufficient for
measuring efferocytosis (Park et al., 2008).

We acknowledge a limitation to this protocol is that it examines the efferocytic
response of all macrophages in the airspace after FA or Os exposure and does not
distinguish tissue resident macrophages from recruited macrophages. The lung resident

macrophage termed ‘alveolar macrophage’ originate from the fetal liver, whereas
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recruited macrophages derive from a blood-borne embryonic origin. Upon injury, the lung
can have a highly heterogeneous macrophage population with unique genetics and
expression of cell surface markers (Svedberg et al., 2019, Beattie et al., 2016, Van de
Laar et al., 2016, Gomez Perdiguero et al., 2015, Lavin et al., 2014, Silveyra et al., 2012,
Crowther et al., 2004, Schagat et al., 2001). It is known that the immunological response
and function of these macrophage populations are different, however recent studies have
indicated that the tissue resident macrophage have a greater efferocytic response when
compared to recruited macrophages (Svedberg et al., 2019, Beattie et al., 2016, Lavin et
al., 2014). To determine the efferocytic response of tissue resident macrophages versus
recruited macrophages can be assessed with the current protocol, however, the
macrophage populations would need to be purified by FACS and then plated on slides
for analysis. Additionally, this protocol only assesses alveolar macrophage efferocytic
function in one strain of inbred, commercially available mice. It has previously been
reported that different strains of mice have different response to Oz exposure, including
pulmonary inflammation (Wesselkamper et al., 2001 & Kleeberger et al., 2000).
Therefore, there could be differences in alveolar macrophage efferocytosis based on
strain examined. This is a variable that should be considered when performing this in vivo
assay.

In conclusion, the protocol described above allows the evaluation of alveolar
macrophage efferocytosis in vivo. This protocol is cost effective and simple, making it an
assay that can be widely utilized. Moreover, this method can be applied to numerous
models of lung injury and/or inflammation to increase our understanding of how various

pulmonary insults can alter macrophage efferocytosis.
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CHAPTER THREE: SCAVENGER RECEPTOR B-I MITIGATES OZONE-INDUCED
PULMONARY INFLAMMATION THROUGH MAINTAINING ALVEOLAR
MACROPHAGE EFFEROCYTOSIS

3.1 ABSTRACT:

Ozone (0Os), a criteria air pollutant, is the primary component of photochemical
smog. Short and long-term exposure to Os has been associated with increased
susceptibility and/or exacerbations of chronic pulmonary diseases through lung injury and
inflammation. O; induces pulmonary inflammation in part through generating damage
associated molecular patterns (DAMPS) including oxidized phospholipids (oxPLs). These
DAMPs are then recognized by pattern recognition receptors (PRRs), such as toll-like
receptors (TLRs) and scavenger receptors (SRs). Scavenger Receptor B-l (SR-BI), a
class B SR, is known to recognize oxPLs and facilitate the clearance of apoptotic cells
termed “efferocytosis.” The central hypothesis of this study was that SR-BI attenuates Os-
induced pulmonary inflammation by maintaining effective alveolar macrophage
efferocytosis. Our findings demonstrated that Os increases the levels of SR-BI in the lung.
Also, our model showed both acute O3 exposure and oxidized 1-palmitoyl-2-arachidonyl-
sn-glycero-3-phosphorylcholine (oxPAPC) induce pulmonary inflammation and injury.
However, Oz induced pulmonary injury was not dependent on the generation of oxPLs in
either WT or SR-BI”- mice. Additionally, SR-BI*- mice exposed to Os; had increased
pulmonary neutrophilia that persisted up to 48 h post exposure and impaired alveolar
macrophage (AM) efferocytosis 24 h post exposure. Furthermore, SR-BI* mice dosed

with oxPAPC had augmented pulmonary inflammation and injury. Collectively, these



findings uncovered a protective role for SR-BI in the Os and Osinduced DAMP pulmonary

inflammatory response.

3.2 INTRODUCTION:

Despite increasing regulations, air pollution levels continue to rise and significantly
contributing to global morbidity and mortality. Exposure to ozone (Os), a criteria pollutant,
exacerbates existing lung diseases, causes decrements in lung function, and increases
susceptibility to respiratory infections (Zhang et al., 2019, Chen et al., 2015, Pino et al.,
1992). These responses have profound health effects on at risk populations including
individuals with underlying respiratory diseases (asthma, COPD), children, and the
elderly. Os; impairs respiratory responses by inducing pulmonary inflammation and injury
which is characterized by epithelial cell damage, cytokine/chemokine release by
macrophages, suppression of alveolar macrophage phagocytosis, and neutrophil (PMN)
recruitment into the airspace (Al-Hegalan et al., 2011, Hollingsworth et al., 2007, Mikerov
et al., 2008, Gilmour et al., 1991). If Os-induced inflammation is not resolved, the lung
does not return to homeostasis and chronic inflammation occurs; causing or exacerbating

chronic pulmonary diseases.

When O:s is inhaled, its primary target is the epithelial lung lining fluid. This results
in the generation of secondary oxidation products termed danger associated molecular
patterns (DAMPSs). Known Os-induced DAMPs include oxidized phospholipids (oxPLSs),
low molecular weight hyaluronan (HA), and oxysterols (Bromberg 2016). These DAMPs
are recognized by pattern recognition receptors including toll-like receptors (TLRs) and

scavenger receptors (SRs) and promote pulmonary inflammation and injury (Roh et al.,
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2018, Komai et al., 2017, Bauer et al., 2011, Dahl et al., 2007, Williams et al., 2007).
Adequate clearance of these DAMPSs is critical for the restoration of the lung to

homeostasis.

Scavenger Receptor B-lI (SR-BI), a class B scavenger receptor, is a membrane
bound receptor, mostly studied in vascular biology because of its role in cholesterol ester
uptake from high density lipoprotein (HDL) (Linton et al., 2017, Zhang et al., 2005, Krieger
etal., 1999). In addition to recognizing HDL, SR-BI has also been reported to bind a broad
array of ligands, both endogenous (oxPLs, serum amyloid A, a-1 antitrypsin (A1AT) and
exogenous (pathogens, lipopolysaccharide) (Shen et al., 2018, Cai et al. 2012, Cai et al.,
2005). While there have been multiple studies investigating the role of class A SRs in lung
diseases, the role of SR-BI in the lung is understudied. In the airspace, SR-BI is
expressed on alveolar macrophages and alveolar epithelial cells where it mediates the
uptake of Vitamin E (Santander et al., 2017, Valacchi et al., 2007, Kolleck et al., 2000).
Recent studies from our lab indicate that SR-BI is critical in the pulmonary host defense
response during bacterial pneumonia (Gowdy et al., 2015). However, the role of SR-BI in
oxidant-induced lung diseases, such as pulmonary inflammation and injury noted after Os
exposure, have not been defined. Therefore, we hypothesized that SR-BI is protective
against Os-induced pulmonary inflammation and injury through maintaining alveolar

macrophage efferocytosis and clearance of DAMPs.

Herein, we report that SR-BI expression is increased in the lung after acute Os
exposure, modeling levels seen during ‘O; action days.” Additionally, SR-BI* mice have

increased PMN recruitment to the airspace that is coupled with impaired alveolar
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macrophage efferocytosis. Similar findings were noted when SR-BI- mice were dosed
with an Os-induced DAMP, oxPL and when SR-BI is pharmacologically inhibited in the
airspace. Taken together, we report a new and essential role for SR-BI in the oxidant-

induced pulmonary inflammatory response noted after Os exposure.

3.3 MATERIALS AND METHODS:

Animals

C57BL/6J (WT) and B6;129S2-Scarb1™*/J (SR-BI*) female mice, 8-13 weeks old and
weighing 18-22g, were purchased from Jackson Laboratories (Bar Harbor, ME) and bred
in house. SR-BI”- mice were backcrossed >6 generations onto C57BL/6J before use.
Previous experiments conducted using both littermate SR-BI** and commercial SR-BI**
(C57BL/6J) controls confirmed very similar responses (Gowdy et al., 2014). All
experiments were performed in accordance with the Animal Welfare Act and the U.S.
Public Health Service Policy on Humane Care and Use of Laboratory Animals after review

by the Animal Care and Use Committee of East Carolina University.

Murine in vivo exposures

WT and SR-BI" mice were placed in stainless steel wire exposure chambers inside a
metal hinders chamber and exposed to filtered air (FA) or ozone (Os) for 3 h at a dose of
1ppm. The 1 ppm Os exposure dose was designed to mimic a human exposure of 200
ppb and is based on prior data and published deposition fractions between rodents and
humans (Hatch et al., 1994 & Wiester et al., 1988). O is generated in the chamber by

directing 100% oxygen through an ultraviolet light generator using a Teledyne T703 Os
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calibrator (Teledyne API, San Diego, CA) and then mixing with a filtered air supply.
Temperature and humidity of chamber air are monitored continuously, as is the Os
concentration with a Teledyne T400 ultraviolet light photometer (Teledyne API). For some
experiments, mice were given Blocking Lipid Transport 2 (BLT-2) (ChemBridge, San
Diego, CA; 250ug/kg) by oropharyngeal aspiration (0.p.) to block SR-BI in the airspace
as previously described (Shannahan et al., 2015). To evaluate the role of Os-induced
oxidized phospholipids in pulmonary inflammation, 200ug/ml of oxidized 1-palmitoyl-2-
arachidonyl-sn-glycero-3-phosphorylcholine (oxPAPC) (Hycult Biotech, Wayne, PA;
200pg/kg) was instilled o.p. The doses of BLT-2 and oxPAPC instilled in mice were used
based on the previous publications (Aldossari et al., 2015 and Thimmulappa et al., 2012).
Mice were euthanized with an intraperitoneal (i.p.) injection of ketamine/xylazine (90

mg/kg/10 mg/kg).

Bronchoalveolar lavage fluid (BALF) collection and analysis

BALF was collected immediately following sacrifice. The lung lobes were lavaged 3 times
with 3 volumes of 0.9% saline solution (Braun Medical Inc., Irvine, CA). The lavage
volume was based on bodyweight (26.25 ml/kg body weight) as previously described
(Wang et al., 2011 & Draper et al., 2010). The resulting lavage was centrifuged (1800
RPM, 6 min, at 4°C). Total protein was measured in BALF supernatant using the
bicinchoninic acid assay (BCA) Protein-Assay Kit (Thermo Scientific, Hercules, CA).
Differential analyses of cells in BALF was performed as described previously (Kilburg-

Basnyat et al., 2018 and Van Hoecke et al., 2017).
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Isolation of alveolar and interstitial macrophages

To isolate alveolar macrophages, WT and SR-BI- mice were either naive or exposed to
1ppm O and necropsied 24 h and 48 h post exposure. Whole lung tissue was perfused
with cold saline and digested with 10mg/ml of Collagenase A (Roche, Indianapolis, IN)
and 20 mg/ml of DNase | (Roche) in Hanks’ balanced salt solution with 5% fetal bovine
serum and 10mM of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES). Lung
tissues was digested at 37°C with continuous agitation for 30 minutes and washed with
PBS until dissolved into single cell suspensions. Single cell suspension was then passed
through at 70um filter and counted on a hemocytometer. Cells were blocked and then
stained with zombie aqua viability dye, (Biolegend, San Diego, CA) and additional
markers to isolate alveolar macrophages. Alveolar macrophages were defined as
CD45+CD24Ly6GCD64*CD11b"" by fluorescence activated cell sorting (FACS) using a
BD FACSAria™ Fusion (BD Biosciences). Flow antibodies used were Anti-CD45 (APC-
Cy7), Anti-CD64 (APC), Anti-CD11b (PE-Cy7), Anti-CD11c (PerCP Cy5.5), Anti-Ly6C
(FITC), Anti-Ly6G (BV421), Anti-CD24 (BV421). clone #1A8), -CD11c (PerCP-Cy5.5,

clone#N418), and -CD11b (Pacific Blue, clone#M1/70).

Oxidized phospholipid (oxPL) measurement in BALF

100 pl of sample was added to 1 ml of water and mixed with 1.8 ml methanol containing
3% acetic acid and 0.01% butylated hydroxytoluene (BHT). 5.3 ul of 0.5 puM [?H4]C16:0-

platelet activating factor ([?H:] PAF) was added as an internal standard and the mixture
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vortexed. 4 ml of heptane with 0.01% BHT was then added, the sample vortexed, and
centrifuged at 1750 g for 10 min. The upper phase was then removed by aspiration and
discarded and the lower phased washed two more times with heptane/BHT. To extract
oxidized phosphatidylcholines (oxPC), a mixture of 4 ml of chloroform with 0.01% BHT
(0.01%) and 1 ml of 0.7 M formic acid was added to the lower phase and vortexed well.
After centrifugation, the resulting lower (chloroform) phase was collected and dried under
nitrogen gas and the sample reconstituted in 100 pl of 85% methanol with 0.1% formic
acid, sonicated, filtered through a 0.2 um filter, and then transferred to autosample vials

for injection on LC/MS.

LC/MS was carried out using Waters Acquity UPLC coupled to AB Sciex QTRAP6500
Solvent A was 0.1% formic acid in water, Solvent B was 0.1% formic acid in methanol,
and the HPLC column was Waters BEH C18 1.7 um 2.1x50 mm column. Initial conditions
were a flow rate of 0.2 ml/min at 50% A for 3 min, followed by linear gradient ramp to 15%
A for 2 min; then a gradient ramp to 0% A over 2 min along with ramp of flow rate to 0.4
ml/min; after a 2 min hold at these conditions, flow and solvent were returned to initial
conditions and allowed to equilibrate for 1.5 min prior to starting the next injection . The
mass spectrometer was operated in multiple reaction monitoring positive ion mode, with
ion source spray voltage set at 5,500 V, temperature at 400°C. Nitrogen was used for the
ion source gas 1 and gas 2 at pressures of 30 and 50 arbitrary units, respectively. For
each analyte, transition reactions to the m/z 184.1 product ion at -35 eV collision energy
were monitored. Precursor ions for these transitions were as follows: PGPC m/z 610.3,
SGPC m/z 638.3, POVPC m/z 594.3, SOVPC m/z 622.3, PONPC m/z 650.3, SONPC

m/z 678.3, PAzPC m/z 666.3, SAzPC m/z 694.3, [?Hs] PAF internal standard m/z 528.3.
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Values in sample for each analyte were calculated using the ratio of peak areas for the
analyte vs [?Hi] PAF times the amount of internal standard added (2.7 pmol) divided by

sample volume.

RNA isolation and quantitative polymerase chain reaction (QPCR)

RNA was isolated by RNEasy kit (Qiagen, Venlo, Netherlands). Complementary DNAs
(cDNA) were generated from purified RNA using TagMan reverse transcription reagents
from Applied Biosystems (Foster City, CA). Real time PCR was performed in triplicate
with Tagman PCR Mix (Applied Biosystems) in the HT7900 ABI sequence Detection
System (Applied Biosystems). Predesigned primers were purchased from Applied
Biosystems. Fold changes in expression for mRNA quantities were calculated using Ct
values and the 222¢t method. Samples were normalized to 18S as previously described

(Kilburg-Basnyat et al., 2018). See Table 1 for primer information.

Western Blot Analyses

Total proteins were extracted from lung tissue samples using a RIPA lysis buffer (Thermo
Scientific, Rockford, IL) containing a protease inhibitor cocktail (Calbiochem, San Diego,
CA), and NaF at 1M. Lysis buffer was added to each sample according to weight (50
pL/mg) and homogenized using a bead mill 4 homogenizer (Fisherbrand, Waltham, MA).
Protein concentrations were quantified using a Pierce BCA Protein Assay Kit (Thermo
Scientific, Rockford, IL). 30 ug of protein was mixed with an equal volume of 2x sample
buffer, loaded on a 12% SDS-PAGE gel, electrophoresed and transferred to a

polyvinylidene difluoride (PVDF) membrane by a transfer system (Bio-Rad Laboratories,
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Inc. Des Plaines, IL). The membrane was blocked with 5% BSA in Tris-buffered saline
with Tween 20 and incubated with a primary anti-rabbit polyclonal SR-B1 (82 kDa)
antibody (1:1000) at 4°C overnight. A goat anti-rabbit IgG (H+L) secondary antibody
(1:8000) was used to incubate the membrane at room temperature for 1 h followed by
incubation for 1 minute with clarity western ECL substrate (Bio-Rad Laboratories, Inc.
Des Plaines, IL). The blot was then imaged in molecular imager with B-actin (42 kDa)
used as an internal control. The intensity of the blot band was quantified and analyzed by

Image Lab.

In Vivo Efferocytosis Assay

Assay procedures were performed as previously described (Hodge et al., 2019). Jurkat T
cells (ATCC® CRL-2899™), were grown based on manufacturer’s instructions, plated, and
UV irradiated (Stratalinker® UV Crosslinker model 1800) at 60mJ/cm? to induce
apoptosis. Following irradiation, Jurkat T cells were incubated for 4 h at 37°C with 5%
CO.. Apoptosis was confirmed via Annexin V and Propidium lodide (PI) (Trevigen,
Gaithersburg, MD) staining by flow cytometry (Analyzed on BD Biosciences LSRII). Cells
were approximately 75% apoptotic. 1*10¢ cells were instilled o.p. and 1.5 h after dosing,
mice were euthanized and BALF harvested for cytospins. The efferocytic index was
calculated based on the number of alveolar macrophages that phagocytosed apoptotic
Jurkat T cells compared to the number of alveolar macrophages without apoptotic cell

uptake out of a total 200 macrophages.
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In Vitro oxPAPC Stimulation and Efferocytosis Assay

To harvest peritoneal macrophages, WT and SR-BI* Mice were euthanized 96 h after i.p.
injection of 2 ml 4% thioglycolate. Peritoneal cells were harvested by peritoneal lavage
with sterile PBS and counted using an automated cell counter (Countess Il Automated
Cell Counter (Thermofisher, Waltham, MA). To determine differences in the inflammatory
response between WT and SR-BI" mice, plated macrophages were incubated with RPMI
+ 0.1% FBS low-serum media or low-serum media plus 50ug/ml oxPAPC for 3 h. Cell
lysates were used to isolate RNA for RT-PCR. To determine differences in the efferocytic
response, peritoneal macrophages were incubated with Calcein AM (1mg/ml)
(Thermofisher, Waltham, MA) fluorescent dye stained apoptotic Jurkat T cells for 20 min,
with and without prior oxPAPC incubation, and the efferocytic index was calculated.

Approximately 1000 macrophages were counted to calculate the efferocytic index.

Statistical Analysis

Data were pooled from 3 studies/experiments to compare O: and FA exposure. For the
BLT-2 and oxPAPC studies, data were pooled from 2 exposure studies/experiments. Data
are expressed as means £ SEM. Due to small sample sizes (n<20), data generated from
experiments were analyzed using nonparametric one-way ANOVA (Kruskal-Wallis
test) and two-way ANOVA followed by comparison using a Dunn’s and Sidak’s multiple
comparisons test, respectively, in GraphPad Prism 7.00 (San Diego, CA). With
comparisons of two groups an unpaired nonparametric t-test (Mann-Whitney tests) was

utilized. A value of p<0.05 was significant.
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3.4 RESULTS:

The expression of SR-Bl is increased in the lung after O; exposure

Previous reports have noted that SRs (SR-A, MARCO, and CD36) can alter Os-induced
pulmonary inflammation. Additionally, recent studies have reported that SR-BI
expression is increased in lung epithelial cells after Os exposure (Sticozzi et al., 2018).
However, it is currently unknown if SR-BI expression is altered in the lung after Os;
exposure and if this SR has a role in Os-induced pulmonary inflammation. We
hypothesized that SR-BI is protective against Osz-induced pulmonary inflammation and
injury through maintaining alveolar macrophage efferocytosis. To determine if Os
exposure modulates the expression of SR-BI at the mRNA and/or protein level(s) in lung
tissue, WT female mice were exposed to FA or 1ppm Os. Mice were necropsied at 6, 24,
or 48 h post exposure and lung tissue was harvested. When compared to the mRNA
levels of SR-B1 from the lung of mice exposed to FA, Os significantly decreased SR-BI
expression 24 h and 48 h following exposure. (Figure 1A). In contrast, when compared to
FA, Os increased SR-BI protein levels increased 4 to 5-fold at both 6 h and 24 h post Os
exposure, respectively, before decreasing 2-fold towards baseline 48 h post Os; exposure
(Figure 1B-C). Taken together, these results indicate that Os; exposure alters SR-BI

MRNA levels and protein production in whole lung tissue.

SR-BI protects against Os-induced neutrophilic inflammation

Given that SR-BI expression was modulated by Os exposure, it was of interest to

investigate the role of this SR in Os-induced pulmonary inflammation and injury. WT and
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SR-BI deficient (SR-BI*) mice were exposed to FA or 1ppm of Os as described earlier and
24 h post exposure mice were necropsied to assess pulmonary inflammation and
injury. When compared to WT controls, SR-BI*- mice had a significant increase in the
number of neutrophils in their airspace after O; exposure (Figure 2A). However, SR-BI*
mice had no difference in BAL protein, an indicator of alveolar-epithelial barrier injury
(Figure 2B). Subsequent pathological analysis of lung tissue sections from Os-exposed
WT and SR-BI* mice stained with hematoxylin and eosin also indicated minimal
differences in pulmonary injury between the two strains (Figure 2C-D). To determine if
these effects persisted past 24 h, markers of pulmonary inflammation and injury were
assessed 48 h post Oz exposure. Compared to WT control mice, SR-BI-- mice again had
an increase in the number of neutrophils in their airspace (p=0.07) and no difference in
BAL protein 48 h post exposure (Figure 2E-F). Altogether, these findings indicated that
SR-BI protects against inflammation and PMN infiltration into the airspace post Os

exposure.

SR-BI deficiency increases alveolar macrophage expression of Os-induced pro-

inflammatory cytokines

Given the increased pulmonary neutrophilia in SR-BI* mice following Os-exposure, we
were interested in determining if this was associated with increased production of pro-
inflammatory cyto/chemokines important in PMN recruitment. We have previously
reported that SR-BI* mice do not have baseline increases in pulmonary inflammation
and/or injury (Gowdy et al., 2015). However, following Os-exposure the pulmonary

expression of pro-inflammatory cytokines TNF-a, IL-6, IL-13, PMN chemo-attractants
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CXCL1 (also known as KC), CXCL2 (or Mg inflammatory protein; MIP2), and CCL3 (or
macrophage inflammatory protein 1-a (MIP-1-a)) were not different between strains
(Figure 3A). Given that macrophages are a significant source of cytokine and chemokine
production in the lung following Os-exposure, we isolated alveolar macrophages
(CD45*CD24Ly6GCD64*CD11b*) to measure pro-inflammatory cyto/chemokine
expression (Sunil et al.,, 2012 & Hollingsworth et al., 2007). TNF-a expression was
unchanged between WT and SR-BI* alveolar macrophages regardless of exposure
(Figure 3B). In contrast, when compared to WT controls, IL-6 and CXCL2 expression
were upregulated in SR-BI* alveolar macrophages after FA or Os (Figure 3C). Overall,
these results indicate that SR-BI deficiency in alveolar macrophages can lead to

augmented pro-inflammatory cyto/chemokine expression.

SR-BI* mice do not have increased oxidized phospholipid levels in airspace after

Os exposure

O:s is thought to elicit pulmonary inflammation through the production of DAMPs including
low molecular weight hyaluronan (HA) and oxidized phospholipids (oxPL) (Bromberg
2016). SR-BI has previously been reported to bind and recognize oxPLs (Lockett et al.,
2015, Banerjee et al., 2011). To determine if excessive oxPLs in the airspace drives the
increased pulmonary neutrophilia in SR-BI- mice, we used reverse phase HPLC tandem
mass spectrometry to measure known oxPLs in BAL fluid. There were several oxPLs
measurable in the BAL including 1-palmitoyl-2-glutaryl-sn-glycero-3-phosphocholine
(PGPC), 1-stearoyl-2-glutaroyl-sn-glycero-3-phosphocholine (SGPC), 1-palmitoyl-2-(5’-

oxo-valeroyl)-sn-glycero-3-phosphocholine (POVPC), 1-stearoyl-2-(5-oxovaleroyl)-sn-
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glycero-3-phosphocholine (SOVPC), 1-Hexadecanoyl-2-(9-oxo-nonanoyl)-sn-glycero-3-
phosphocholine (PONPC), 1-stearoyl-2-(9-oxo-nonanoyl)-sn-glycero-3-phosphocholine
(SONPC), 1-Palmitoyl-2-azelaoyl-sn-glycero-3-phosphocholine (PAzPC), 1-stearoyl-sn-
glycero-3-phosphocholine (SAzPC), and 1-O-octadecyl-2-acetyl-sn-glycero-3-
phosphocholine (C18Kodia-PC). Despite SR-BI deficiency, we observed no significant
differences in fold changes in airspace oxPL levels between WT or SR-BI’- mice 6 h and
24 h following O3 exposure (Figure 4A-B). These findings indicate that the amount of Os-

generated oxPLs in the airspace is independent of SR-BI expression/production.

oxPLs induce pulmonary neutrophilia and microvascular lung in SR-Bl”mice

DAMPs, including oxPLs, are generated in the airspace after Os; exposure and are known
to induce pulmonary inflammation and injury (Dahl et al., 2007) but it is unclear if SR-BI
mitigates the pulmonary inflammatory response to oxPLs. To determine whether SR-BI
protects against oxPLs generated after Os;, we instilled a known oxPL, oxPAPC,
oropharyngeally (0.p.) into WT and SR-BI* mice. 4 h after instillation, SR-BI* mice had
an increase, although not statistically significant, in BAL macrophages and a significant
increase in airspace neutrophils (Figure 5A). Likewise, when compared to WT mice, SR-
Bl mice had increased protein in BAL fluid (Figure 5B). Given that SR-BI is expressed
on multiple cells in the lung airspace, interstitial, and vascular spaces, we sought to
determine if blocking SR-BI specifically in the airspace was sufficient to augment oxPAPC
induced lung inflammation and injury. To block SR-BI in the airspace, we dosed WT mice
0.p. with Blocking Lipid Transport 2 (BLT-2), an SR-BI inhibitor (Nieland et al., 2002), 1 h

before oxPAPC dosing. BLT-2 treated mice had an increase, although not reaching
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statistical significance, in BAL neutrophils (Figure 5C) and a significant increase in BAL
protein (Figure 5D). Given the increased neutrophilic response and injury in SR-BI*mice
after instillation of oxPAPC, we aimed to analyze how the immune response of SR-BI*
macrophages contributes to the inflammatory response. To accomplish this, we
harvested peritoneal macrophages from WT and SR-BI*- mice using 4% thioglycolate.
Plated peritoneal macrophages were then incubated with 50ug of oxPAPC or low-serum
media for 3 h before harvesting cell lysates for RT-PCR. When compared to WT
peritoneal macrophages incubated with oxPAPC, SR-BI* peritoneal macrophages had
significantly higher expression of TNF-a, CXCL1, CXCL2, and CCL2 (Figure 5E). These
results indicate SR-BI protects the lung against DAMPS known to drive Os-induced

inflammation.

SR-BI deficiency impairs alveolar macrophage efferocytosis and prolongs

neutrophilia after Os exposure

After inflammation and injury, lung tissue returns to homeostasis in part through a
resolution process termed ‘efferocytosis’ (Kim et al., 2018 & Janssen and Morimoto
2012). Efferocytosis is where phagocytic cells, including macrophages, detect and
remove dead cells while subsequently producing anti-inflammatory factors including IL-
10 and TGF-B (Gheibi Hayat et al., 2019, Angsana et al., 2016, Chen et al., 2001).
Recently, SR-BI was reported to be critical in the recognition of phosphatidylserine on
dead cells facilitating macrophage efferocytosis in atherosclerotic lesions (Tao et al.,
2015). Given the prolonged pulmonary inflammation noted in Os exposed SR-BI* mice,

we sought to determine if this was a result of impaired alveolar macrophage
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efferocytosis. To first determine if SR-BI* mice have an increased accumulation of dead
cells in the airspace after Os exposure, we utilized flow to determine the number of
apoptotic (Annexin V+ PI), late apoptotic (Annexin V*PI*) and necrotic (Annexin V-PI*)
cells. SR-BI* mice had a ~4.5-fold increase in total apoptotic cells 24 h post Os exposure
(Figure 6A). Next, to evaluate if the increase in dead cells is a result of impaired alveolar
macrophage efferocytosis, WT and SR-BI- mice were exposed to FA or Os; and 24 h post
exposure, mice were o.p. instilled with apoptotic cells. 1.5 h after instillation, BAL cells
were harvested and the efferocytic response of alveolar macrophages was evaluated as
previously described (Hodge et al., 2019). Interestingly, regardless of genotype, Os
exposure alone decreased alveolar macrophage efferocytosis. Additionally, SR-BI*
alveolar macrophages had a significant decrease in efferocytosis at baseline that was
further decreased after Os; exposure (Figure 6B). Representative images of alveolar
macrophages engulfing apoptotic cells from each treatment group are indicated by black
arrows and alveolar macrophages that did not engulf apoptotic cells are designated by
white arrows (Figure 6C). In total, these findings indicate that SR-BI deficiency and Os

decrease in the efferocytic response in alveolar macrophages.

SR-BI deficiency increases efferocytic genes in alveolar macrophages

Given the decreases in macrophage efferocytosis seen after Os; exposure and/or SR-BI
deficiency, we sought to determine if this was a result of impaired activation of pathways
known to be important in efferocytosis. c-Mer tyrosine kinase (MerTK), T-cell
immunoglobulin and mucin domains containing protein 4 (Tim4), and CD36 promote

efferocytosis through serving as receptors for phosphatidylserine (Nishi et al., 2019 & Kim
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et al., 2018). Activation of these receptors on macrophages promotes the production of
anti-inflammatory cytokines IL-10 and TGF-B (de Couto et al., 2019 & Nishi et al., 2019).
To determine if Os exposure and/or SR-BI deficiency alters the pulmonary expression of
these efferocytic pathways, MerTK, IL-10, TGF-B, and CD36 were measured in whole
lung tissue 24 h post Os exposure. However, no significant changes in pulmonary
expression of the genes associated with efferocytosis between WT and SR-BI-/- mice
following exposure to Os. (Figure 7A). Next, given that macrophages are the primary
mediators of efferocytosis, we sorted alveolar macrophages from WT and SR-BI mice
exposed to FA or O; and analyzed efferocytic gene expression. At baseline, SR-BI*
alveolar macrophages have dramatically increased MerTK that was unchanged with Os
exposure (Figure 7B). In contrast, SR-BI deficiency and/or O; exposure did not change
IL-10 expression in sorted alveolar macrophages; however, Os did significantly decreased
IL-10 expression in WT alveolar macrophages (Figure 7C). However, O; exposure
significantly decreased Tim4 expression in WT alveolar macrophages (Figure 7D). When
compared to WT alveolar macrophages, SR-BI- alveolar macrophages had lower Tim4
expression after FA exposure, whereas after O; exposure, Tim4 expression was
significantly increased compared to the WT O: exposed alveolar macrophages.
Altogether, these results indicate that SR-BI deficiency and Os induce significant changes

in genes important for mediating efferocytosis.
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SR-BI deficiency impairs efferocytosis at baseline and is further decreased

following incubation with oxPAPC in vitro

After observing that SR-BI deficiency and/or Os impairs alveolar macrophages
efferocytosis, we sought to determine if this was a consequence of Os-induced DAMPSs.
Therefore, WT and SR-BI" peritoneal macrophages were incubated with oxPAPC and
then efferocytic capabilities were measured. Again, when compared to WT macrophages,
SR-BI" macrophages had decreased efferocytosis. However, oxPAPC treatment
decreased WT macrophage efferocytosis but did not alter the already reduced efferocytic
response of SR-BI" macrophages (Figure 8A). Representative images of peritoneal
macrophages engulfing apoptotic cells from each treatment group are indicated by black
arrows and peritoneal macrophages that did not engulf apoptotic cells are designated by
white arrows (Figure 8B). Taken together, these results support that SR-BI is important
in mediating the macrophage efferocytosis but also indicate that Os-induced DAMPs may

be a mechanism by which exposure reduces macrophage efferocytosis.
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Tagman Primers

Primer Assay ID/Reference Number
Euk 18S rRNA 4352655

TNF-a Mm00443258 m1
IL-18 Mm00434228 m1
IL-6 MmO00446190 m1
CXCL1 Mm04207460 m1
CXCL2 Mm00436450 m1
CCL2 Mm00441242 m1
CCL3 Mm00441259 g1
SR-BI Mm00450234 m1
CD36 Mm00432403 m1
CD163 Mm00474091 m1
IL-10 Mm01288386_m1
TGF-8 Mm01178820 m1
MerTK Mm00434920 m1
Tim4 Mm00724709 m1
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Table 1: Primer sequences obtained from Tagman for quantitative PCR of

chemokines and cytokine gene expression in whole lung homogenate.
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Figure 1. Os induces SR-Bl expression in the lung and sorted pulmonary
macrophages. C57Bl/6J (WT) mice were exposed to filtered air (FA) or 1ppm Os for 3 h
and necropsied 6 h, 24 h, and 48 h following exposure. Lung tissue was harvested and
analyzed for A) SR-BI mRNA expression, which was normalized to 18S, B) Whole
western blot with protein ladder, samples, and beta actin controls and C) protein
expression was normalized to beta actin and quantified using Image lab software. C).

n=3-8 per group. *p<0.05, **p<0.0001, ****p<0.0001.
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Figure 2: SR-BI is protective against Osinduced pulmonary inflammation. WT and
SR-BI* mice were exposed to 1ppm O; (3 h) and necropsied 24 h and 48 h following
exposure. Bronchoalveolar lavage (BAL) was analyzed for A) cell differentials and B)
total protein 24 h post exposure. C) Lung tissue was sectioned and stained with
hematoxylin and eosin to examine pulmonary damage and D) tissue histology scoring
was measured on harvested lung tissue. Bronchoalveolar lavage (BAL) was analyzed for
E) cell differentials and F) total protein 48 h post exposure. Pathology scoring system is

described in supplementary methods. n=6-10 per group. *p<0.01.
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Figure 3: SR-Bl deficiency augments expression of pro-inflammatory cytokines and
chemokines in pulmonary macrophages, but not in whole lung after Os. WT and SR-
Bl mice were naive or exposed to 1ppm Os (3 h) and necropsied 24 h following exposure.
A) Whole lung homogenate was analyzed for gene expression of TNF-a, IL-1(3, IL-6,
CXCL1, and CXCL2. B) Lung tissue was digested for FACS isolation of alveolar
macrophages (AM; CD45+CD24Ly6GCD64*CD11b"") to determine TNF-a, C) IL-6, and
D) CXCL2 expression in these purified populations. Gene expression was normalized to

18S. (n=6-8/treatment). *p<0.05; ***p<0.001.
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Figure 4: SR-BI* mice have unaltered changes in the oxidized phospholipids
present in their BAL fluid compared to WT mice after Os exposure. WT and SR-BI*
mice were exposed to Os and necropsied A) 6 h and B) 24 h following exposure.
Bronchoalveolar lavage (BAL) was analyzed for oxidized phospholipids (oxPLs) by LC-
MS/MS and fold changes were normalized to WT FA levels in BAL. n=5/group. Dashed

line represents WT FA group.
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Figure 5: Pulmonary SR-BI protects against oxidized phospholipid (oxPL) induced
pulmonary inflammation and injury. WT and SR-BlI* mice were instilled
oropharyngeally (0.p.) with 200pug/ml of oxPAPC. 4 h following exposure, bronchoalveolar
lavage (BAL) was analyzed for A) cellular differentials and B) total protein. To determine
if SR-BI in the lung was critical in protecting against oxPLs, WT mice were instilled o.p.
with 1XPBS or BLT-2 (250ug/kg) 1h before oxPAPC exposure. Bronchoalveolar lavage
(BAL) was analyzed for C) cellular differentials and D) total protein. Peritoneal
macrophages were harvested from WT and SR-BlI* mice and plated overnight.
Macrophages were then incubated with either low-serum media or low-serum media plus
50ug/ml of oxPAPC for 3 h. E) Cell lysates were harvested for RT-PCR to measure pro-
inflammatory gene expression. n=6-10/group. n=6 replicates/treatment. *p<0.05;

**p<0.01; ***p<0.001.

65



600 *
. © 500-
o x
S O 300-
Z o
f_g £ 200-
= 8_ T
< 100_
0 T /
WT SR-BI™
24 h post exposure
25+
0= WT
< ond - * i
& 20 T . SR’
X
)
E 15+
.2
<., 101
(&}
o *
2 57 ——
w
0 , -
Unexposed O,-exposed
24 h post exposure
s i ’
C =« % - | 4 4
A" " =] o

- - -
WTFA WTO
> .‘._ A

- Ll -
t.cio @ ‘;' *®
~"' bt . I"hsw:: "

b ® @ * o -

= N

e 2 Py - L L~} & - 2 ﬂ |
Y HT » 0

SR-BI* FA SR-BI* O,



Figure 6: SR-Bl deficiency impairs alveolar macrophage efferocytosis and
resolution of Osinduced pulmonary inflammation. WT and SR-Bl”- mice were
exposed to filtered air (FA) or 1ppm Os (3 h). 24 h post exposure bronchoalveolar lavage
(BAL) cells were analyzed via flow cytometry for markers of apoptosis and necrosis. Early
apoptotic, late apoptotic, and necrotic cells are identified as Annexin V*/PI, Annexin
V*/PI*, and Annexin V/PI*, respectively. A) Enumeration of the total number of Annexin
V*/PI and Annexin V*/PI* cells after Os exposure based on total cell count were
calculated. B) Efferocytic capabilities of alveolar macrophages after FA or Os exposure in
WT and SR-BI* mice. C) Representative images of alveolar macrophages for calculation
of efferocytic index. Black arrows represent alveolar macrophages that engulfed apoptotic

cells and white arrows represent macrophages that did not. n=4-7/group. *p<0.05.
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Figure 7. SR-BI deficient alveolar macrophages have increased expression of
efferocytosis markers. WT (and SR-BI*) mice were exposed to 1ppm Os and necropsied
24 h following exposure. A) Whole lung tissue was analyzed for markers of efferocytosis
by RT-PCR. The resulting RT-PCR analysis on sorted alveolar macrophages isolated
from exposed WT mice. WT v SR-BI* RT-PCR analysis of genes associated with
efferocytosis B) MerTK, C) IL-10, and D) Tim4 were measured in sorted alveolar
macrophages. Gene expression was normalized to 18S. (n=3-8/treatment). *p<0.01,

**p<0.01, ***p<0.001.
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Figure 8: SR-BI deficiency augments inflammatory response to oxPAPC and
impairs efferocytosis in vitro. Peritoneal macrophages were harvested from WT and
SR-BI* mice and plated overnight. Macrophages were then incubated with either low-
serum media or low-serum media plus 50ug/ml of oxPAPC for 3 h. A) The efferocytic
index was calculated at baseline and after incubation with oxPAPC and apoptotic cells
with harvested peritoneal macrophages from WT and SR-Bl* mice. B) Representative
images of plated WT and SR-BI*- peritoneal macrophages and Calcein AM stained
apoptotic cells for calculation of efferocytic index. (n=5 replicates/treatment). Additional
representative images of plated WT and SR-BI* peritoneal macrophages and Calcein AM
stained apoptotic cells after oxPAPC incubation for calculation of efferocytic index. (n=6
replicates/treatment). Black arrows represent peritoneal macrophages that engulfed

apoptotic cells and white arrows represent macrophages that did not. *p<0.05; **p<0.01.
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Supplemental Methods

Lung histopathological scoring

Lungs were fixed (10% neutral-buffered formalin for 24 h) 24 h post-O: exposure. The
tissues were then processed, paraffin embedded, sectioned (5 ym), and stained with
hematoxylin & eosin. Inflammation was semi-quantitatively scored on a 0-3 scale (shown
below) by a pathologist blinded to genotype. After grading, the slides were scanned using
an Aperio slide scanner (Leica Biosystems, IL) and images were captured using Aperio’s
ImageScope. Representative images of lung histology from C57BL/6J (WT) and SR-BI*

mice 24 h post-O; exposure are shown in Figure 1D.

Table 2. Quantitation of Histopathologic Changes in the Lungs of
Transplanted Mice

Periluminal Infiltrates Pneumonitis
Score (around airways/vessels) (alveolar/interstitial)
0 No infiltrates* No infiltrates*

1 1-3 cell diameters thick Increased cells, only visible at high
magnification (x<400)

2 4-10 cell diameters thick Easily seen cellular infiltrate or
interstitial thickening

3 -10 cell diameters thick Consolidation by inflammatory
cells and interstitial thickening

The severity of histopathologic changes observed was scored using
coded slides. The extent of injury was also quantitated according to
the percentage of lung tissue involved (5% to 25% = 1; >25% to 50%

2; >50% = 3). Values for total index were generated by summation
of periluminal infiltrate and pneumonitis scores.

® Infiltrates are macrophages, neutrophils, lymphocytes, admixed
fibrin, or edema fluid.
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3.5 DISCUSSION:

Increases in ambient levels of Os have been associated with increased
susceptibility to and exacerbations of chronic pulmonary diseases. These detrimental
pulmonary consequences are thought to occur in part as a result of enhanced lung
inflammation and injury (Environmental Protection Agency 2019 & Chen et al., 2015). In
the current study, we used female mice because several studies have uncovered females
are more susceptible to the negative effects of O3 compared to their male counterparts
(Fuentes et al., 2019). Additionally, we report that the PRR, SR-BI, is protective against
O:s-induced pulmonary inflammation by dampening airspace neutrophilia and maintaining
effective alveolar macrophage efferocytosis. Additionally, SR-BI deficient mice had
augmented pulmonary inflammation and injury when dosed with the Os-induced DAMP,
oxPAPC, indicating that this PRR may protect the lung from DAMP-induced inflammation.
Furthermore, in vitro culture of SR-BI deficient macrophages with oxPAPC, increased
expression of pro-inflammatory cytokines/chemokines. Collectively, these data indicate a
protective role for SR-BI in the Os-induced pulmonary inflammatory and the resolution of

this response.

In the current study, we observed that acute Os; exposure modulates pulmonary
SR-BI expression and production. Specifically, Os exposure increased SR-BI mRNA and
protein expression. Our data adds to a growing body of literature indicating that Oz can
modulate SR-BI, yet the mechanisms are not completely understood (Sticozzi et al., 2018
& Valacchi et al., 2007). Os-induced alterations in SR-BI expression/production could

reflect differential regulation of transcription factors known to drive SR-BI expression
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(Shen et al., 2018, Speen et al., 2016, Lopez et al., 1999, Cao et al., 1997). Os is known
to inactivate LXR, a transcription factor known to regulate SR-BI expression (Shen et al.,
2018 & Bromberg 2016). Furthermore, the increased pulmonary SR-BI production may
be in response to Os-induced DAMPs known to be SR-BI ligands including high mobility
group box 1 protein (HMGB1) and oxPLs (Bromberg 2016, Lockett et al., 2015, Banerjee
et al., 2011, Gillotte-Taylor et al., 2001, Cao et al., 1997). Lastly, Os exposure may
increase the cholesterol demand of the lung, thus requiring increased cholesterol
trafficking and SR-BI expression/production (Fessler et al., 2017 & Dai et al., 2012).
These data highlight the increased pulmonary need for SR-BI in mitigating the Os-induced

pulmonary inflammatory response.

Our findings link SR-BI to enhanced airspace neutrophilia after Os exposure. These
findings were independent of increased markers of lung injury (e.g. BAL protein or lung
histology) and augmented pulmonary expression of CXCR2 ligands. The enhanced
airspace neutrophilia in SR-BI* mice has previously been reported after bacterial
pneumonia and/or pulmonary silicosis; however, these studies also reported increased
lung injury (Gowdy et al.,, 2015 & Tsugita et al., 2017). The increased pulmonary
neutrophilia noted in SR-BI- mice following O;exposure could be a result of insufficient
glucocorticoid production leading to increased PMN chemotaxis (Ronchetti et al., 2018,
Cavalcanti et al., 2006, Schleimer 2004). SR-BI- mice have been reported to be adrenally
insufficient when challenged (Gowdy et al., 2015, Gilbert et al., 2014, Hoekstra et al.,
2009). Additionally, Os is known to modulate the stress axis to induce corticosterone and
corticosteroid production in rats and humans, respectively (Henriquez et al., 2017, Miller

et al., 2016, Miller et al., 2015). Furthermore, the increased neutrophilia noted in the SR-
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Bl deficient mice could be a result of the impaired efferocytic response we observed.
Neutrophils have a short half-life and become apoptotic once they have extravasated into
inflamed tissues (Jones et al., 2016, Moret et al., 2011, Saffar et al., 2011). We did
observe increased apoptotic cells in the airspace of SR-BI*- mice following Os as well as
impaired alveolar macrophage uptake of apoptotic cells. Therefore, it is possible that the
augmented neutrophilia in noted in SR-BI deficient mice after could link this Osinduced
inflammatory response to glucocorticoid production and/or impaired uptake of apoptotic

cells.

The increased airspace neutrophilia noted in SR-BI* mice led us to examine
whether the efferocytic function of alveolar macrophages was dependent on SR-BI and if
Os exposure mitigated this resolution process. SRs, including SR-BI, have previously
been reported to mediate efferocytosis by recognizing phosphatidylserine on the cell
surface of apoptotic cells promoting engulfment (Kim et al., 2018, Grabiec et al., 2016,
Penberthy & Ravichandran et al., 2016, Parks et al., 2013, Zhang et al., 2019, Tao et al.,
2015, Osada et al., 2009). However, whether SR-BI expression on alveolar macrophages
is critical to resolve O; induced lung inflammation is unknown. Our data, both in vitro and
in vivo, confirm that SR-BI is critical for macrophage efferocytosis. Surprisingly, we found
that Os exposure decreased alveolar macrophage efferocytosis. It has previously been
reported that Os; exposure impairs alveolar macrophage phagocytosis of extracellular
pathogens but to our knowledge these are the first data to report reduced efferocytic
function (Jakab et al., 1995 & Gilmour et al., 1991). Os induced impairments in alveolar
macrophage efferocytosis could be a result of suppressed production of specialized pro-

resolving lipid mediators (SPMs) known to promote macrophage efferocytosis and the
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resolution of inflammation (Dalli and Serhan 2017 & Serhan et al., 2009). Previous studies
from our laboratory have demonstrated that acute Os: exposure decreases pulmonary
SPM levels (Rymut et al., 2020 & Kilburg-Basnyat et al., 2018). Additionally, Os exposure
generates DAMPSs, such as oxPLs and high mobility group box 1 (HMGB1), which are
known to disrupt macrophage efferocytosis by competing with apoptotic cells for
engulfment (Linton et al., 2016, Banerjee et al., 2011, Kadl et al., 2004). We did observe
decreased efferocytosis in peritoneal macrophages following incubation with oxPAPC.
Taken together, these data reveal a novel pathway by which Os alters the pulmonary

inflammation by potentially delaying processes known to promote tissue resolution.

O; produces DAMPs known to induce pulmonary inflammation and injury
(Bromberg 2016 Bauer et al., 2012 & Bauer et al., 2011). In our study, SR-BI deficiency
did not alter the amount of oxPLs in the airspace after Os exposure. In contrast, SR-BI*
mice and BLT-2 instilled WT mice had significantly increased lung injury and airspace
neutrophilia after dosing with oxPAPC, supporting our hypothesis that SR-BI is essential
in regulating the pulmonary immune response to oxPLs. It is known that oxPLs are ligands
for SR-BI, TLR2, and TLR4 and produce a pulmonary inflammatory response via NF-kB
signaling (Kadl et al., 2011 & Imai et al., 2008). However, we speculate that the increased
injury and inflammation in SR-BI*- mice may be the result of several factors. First being
diminished cellular uptake pathways, which tempers subsequent TLR signaling. Other
studies have proven that SR-Bl cooperates with TLR signaling through observing
potentiated TNF-a secretion in mice with isolated hematopoietic cell SR-BI deficiency
following exposure to LPS, PAM3, and other TLR ligands, which supports our in vitro

oxPL data (Gowdy et al., 2015). Although not characterized with SR-BI, class A
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scavenger receptors are known to facilitate clearance of oxidized lipids and cholesterol
(Dahl et al., 2007). Second, our results may be the result of decreased suppressive effects
of HDL in the lung. SR-BI- mice are known to have altered lipid profiles and their HDL
does not nearly produce as many antioxidants as WT mice do, resulting in increased
oxidative stress in these animals (Van Eck et al., 2007 & Rigotti et al., 1997). It would be
of interest to confirm these whether these factors are involved in the protective role of SR-

Bl in DAMP induced pulmonary inflammation and injury.

Despite our novel findings, we acknowledge that our study has limitations. First
being that we only used female mice. There are known sex differences in the pulmonary
responses to Oz and development of chronic lung diseases (Buja et al., 2020 & Cho et
al., 2019). Including both sexes would strengthen the significance of this study. This study
mainly focuses on the pulmonary inflammatory and injury at two timepoints, 24 h and 48
h, following Os exposure whereas the efferocytic response was only examined 24 h
following Os. Measuring the efferocytic response at further timepoints would uncover if
this impairment persists or if efferocytic responses were restored. Additionally, we
acknowledge that we only measured one class of phospholipids, phosphatidylcholines,
following Os exposure. Phosphatidylcholines are the most abundant class of
phospholipids in the airspace (Karnati et al., 2018 & Agassandian and Mallampalli 2013)
however, there are other classes of phospholipids that also stimulate innate immune
responses including phosphatidylinositols and phosphatidylglycerols (Voelker and
Numata 2019). Lastly, we chemically inhibited SR-BI in the lung through BLT-2 to observe
if SR-Bl expression in the lung is responsible for mitigating Os-induced

inflammation. Unfortunately, this does not allow us to evaluate cell-specific SR-BI
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expression. Future studies will utilize cell specific SR-BI deficient mice in order to better

decipher the role of SR-BI in protecting the lung from Os exposure.

In conclusion, these data provide evidence that SR-Bl mitigates the pro-
inflammatory effects of Os through decreasing airspace neutrophilia, mediating alveolar
macrophage efferocytosis. Given that genetic and pharmacological alterations in SR-BI
have been identified in the human population, this could contribute to the pulmonary
pathogenesis after Oz exposure (Helgadottir et al., 2018 & Vickers and Rodriguez 2015).
Further studies will be needed to identify cell specific contributions and the signaling
mechanism of how SR-Bl mediates efferocytosis and mitigates airspace neutrophilia.
Overall these data indicate that augmenting SR-BI and identification of individuals with
known loss-of-function mutations may be a potential strategy to decrease the negative

health effects of Os(Zanoni et al., 2016 & Vergeer et al., 2011).
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CHAPTER FOUR: GENERAL DISCUSSION AND SUMMARY

The present study was designed to investigate the molecular mechanisms of how
the criteria air pollutant, Os, increases the susceptibility to chronic lung diseases and if
SR-BI is protective against the Os-induced pulmonary inflammation known to drive lung
disease. In aim 1, we determined whether acute Os exposure impairs alveolar
macrophage efferocytosis, a reparative process known to be critical in restoring damaged
tissue to homeostasis and preventing chronic inflammation, secondary necrosis, and
autoimmunity (Elliot et al., 2017 & Angsana et al., 2016). Whereas the premise of aim 2
is to investigate the role of SR-BI, an innate immune receptor known to promote
macrophage efferocytosis, during Os-induced pulmonary inflammation and injury. These
data generated in this report provide insight into understanding how Os alters the
pulmonary innate immune response and how SRs protective the lung from unresolved
inflammations can mitigate these changes.

Aim 1 of this project focuses on the resolution of Os-induced pulmonary
inflammation and injury. Os in known to cause and exacerbate chronic lung diseases in
mice and humans (Sun et al., 2017 & Hansel et al., 2016). In the present study, we found
that acute Os exposure impairs the efferocytic response of alveolar macrophages (Hodge
et al., 2019). However, the underlying molecular mechanisms that induce this impairment
are still unknown. Unresolved pulmonary inflammation and injury specifically through
impaired efferocytosis is a key characteristic of several chronic lung diseases, such as
asthma, pulmonary fibrosis, and chronic obstructive pulmonary disorder (COPD)

(Berenson et al., 2013). Perhaps, the Os induced perturbations in macrophage



efferocytosis is one of the reasons why individuals living in areas of increased ambient
levels of O3 have a higher incidence of chronic lung disease and/or more frequent
exacerbations.

There are several hypotheses that could explain the molecular mechanisms by
which Os impairs alveolar macrophage efferocytosis. First, it is known that Os induces
oxidative stress in the lung and systemically (Castaneda et al., 2017, Rivas-Arancibia et
al., 2010, Kirkham 2007). Increased oxidative stress has previously been shown to impair
efferocytosis by inducing apoptosis in healthy phagocytes, oxidizing externalized
phosphatidylserine on apoptotic cells, and inducing necrosis, thus preventing the
resolution of inflammation (Lee and Surh 2013 & Anderson et al., 2002). Secondly, in
apoptotic cells undergo secondary necrosis are known to produce autoantigens, which
can stimulate other immune cells to produce inflammatory cytokines and reactive oxygen
species, leading to decreased efferocytosis (Kawano and Nagata 2018, McCubbrey and
Curtis 2013, Hanayama et al., 2004). Third, in chronic pulmonary diseases where
oxidative stress is enhanced, RhoA protein levels in phagocytes are significantly
increased, which inhibits Rac, a G-protein responsible for mediating cytoskeletal
rearrangement to engulf apoptotic cells (McCubbrey and Curtis 2013 & Richens et al.,
2009). Lastly, decreases in the efferocytic response following O3 exposure may reflect
the increased presence of Os-generated DAMPs, such as high mobility group box 1
protein (HMGB1) and oxPLs, both which suppress efferocytosis signaling pathways in
macrophages (Yurdagul et al., 2018 & Michaudel et al., 2016). Our data report that there
are increased apoptotic cells in the airspace following acute Oz exposure, however how

this relates to oxidative stress, cell death, autoantigens, DAMPs, or RhoA activation was
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not evaluated. Collectively, these data may reveal the causation of how O3 can increase
one’s susceptibility to and exacerbations of chronic lung disease as impaired efferocytosis
in part is responsible for the progression of chronic pulmonary diseases. However, more
work needs to be done to determine the exact molecular mechanisms by which Osimpairs
the resolution of pulmonary inflammation and/or injury.

Aim 2 of this study focuses on defining the role of SR-BI in regulating the Os-
induced pulmonary inflammation and the resolution of this response. In our study, we
found that mice lacking SR-BI have increased pulmonary neutrophilia, impaired alveolar
macrophage efferocytosis, and potentiated oxPL-induced pulmonary injury and
macrophage production of proinflammatory cytokine expression despite no change in
oxPL levels in the BAL following Os exposure. However, the underlying mechanisms of
how SR-BI regulates efferocytosis and inflammatory gene expression in macrophages
are unknown. Although our data supports previous studies highlighting the ability of SR-
Bl to mediate efferocytosis, to our knowledge, we are the first lab to uncover that mice
lacking SR-BI have an impaired alveolar macrophage efferocytic responses that is further
decreased following acute Os exposure (Tao et al., 2015, Osada et al., 2009). The
baseline impaired efferocytosis observed in SR-BI”- mice, that is exacerbated by Oz, may
be the result of decreased recognition of phosphatidylserine (PS), which would delay
engulfment as phagocytes deficient in other PS receptors, such as MerTK and MFG-E8
produce similar responses (de Couto et al., 2019, Wang et al., 2017, Elliot et al., 2017).
Another consideration for decreased efferocytosis in SR-BI”- macrophages is that in
addition to delayed recognition of PS, they cannot secure an apoptotic cell for engulfment

as SR-BI has been shown to be able to tether and mediate internalization of silica dust
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and cholesterol (Tsugita et al., 2017 & de la Llera-Moya et al., 1999). Additionally, the
potentiated inflammatory and injury response in SR-BlI” mice and peritoneal
macrophages we observed after exposure to oxPLs reveal another role of SR-BI in
regulating the innate immune response to DAMPs. A consideration for this phenomenon
would be that SR-BI mitigates inflammatory signaling induced by oxPLs through
cooperating with TLR4, which has been implicated in multiple studies (Gowdy et al., 2015,
Cai et al., 2012). Although SR-BI can bind to apoptotic cells, oxPLs are a known ligand
for SR-BI as well (Kadl et al., 2011 & Imai et al., 2008). The increased pulmonary injury
and neutrophilia we observed in SR-BI”- mice may reflect decreased cellular uptake
pathways and decreased levels of HDL-derived antioxidants, which quiesces
inflammatory signaling pathways such as TLR4/NF-kB. Collectively, these data indicate
provide evidence for a novel protective role for SR-BI in the lung following Os exposure.
Altogether, these two distinct aims of this dissertation project uncovered the
negative effects of O3 on resolution of inflammation and injury as well as providing data
that shows how SR-BI regulates the pulmonary immune response. First, we determined
that acute Os exposure impairs alveolar macrophage efferocytosis. Second, we defined
the role of SR-BI during Os-induced pulmonary inflammation and injury as being a
mediator of efferocytosis and suppressing neutrophilic inflammation. These data could
reveal susceptibilities to developing chronic pulmonary diseases in individuals with single
nucleotide polymorphism (SNPs) loss-of-function mutations in SR-BI (Zanoni et al., 2016
& Vergeer et al., 2011). Long-term Os exposure studies have correlated Os and reduced
lung function; however, studies have not analyzed pulmonary function in people with SR-

Bl SNPs (Paulin et al., 2019). Future clinical studies/observations on these individuals
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may prove our findings in SR-BI”- mice congruent with a specific susceptible population.
Additionally, several therapeutic drugs and nutraceuticals such as statins, aspirin,
nifedipine, and Vitamin E have increase SR-BI expression and production (Higuchi et al.,
2013, Zhang et al., 2013, Lu et al., 2010, Kimura et al., 2008). Aspirin, nifedipine, and
Vitamin E all increase the SR-BI binding activity and have all been used to attenuate
pulmonary inflammation, injury and hypertension in various lung disease models but have
yet to be described in the pulmonary effects of O3 exposure (Hamid et al., 2017 , Cook-
Mills et al., 2013, Moon et al.,, 2010). Future studies may include the use these
pharmaceuticals in conjunction with Os exposure to evaluate pulmonary inflammation
and/or efferocytosis at doses known to increase SR-BI production.
4.1: CONCLUSIONS

In conclusion, our data indicate that Oz alters pulmonary macrophage efferocytosis
and SR-BI is protective in the lung through dampening neutrophil recruitment to the lung
and maintaining efferocytosis. These are the first data, to our knowledge, that analyzed
the efferocytic response of macrophages in the lung following acute Os exposure.
Additionally, our data describe a novel role of the pattern recognition receptor, SR-BI, in
the lung following Os exposure. Although more studies are needed to fully understand the
signaling mechanisms of how O3 can induce these effects, these data indicate a pathway
of how Os can increase exacerbation/susceptibility of chronic lung diseases and a
possible therapeutic target for susceptible individuals. Future studies will also help us to
understand whether individuals with known loss-of-function mutations in SR-BI are more

vulnerable to developing chronic lung diseases after exposure to air pollutants. These
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data add to a growing body of evidence that further our understanding how Os modulates
pulmonary inflammation and injury.
4.2: LIMITATIONS

Although our findings are novel, we understand that this study has limitations. We
were able to isolate and analyze differences in expression of inflammatory cytokines and
efferocytosis genes in sorted alveolar macrophages between WT and SR-BI”- mice.
However, the lung has multiple subset populations that contribute to pulmonary innate
immunity (Kapellos et al., 2018 & Morales-Nebreda et al., 2015). Sorting other
understudied pulmonary macrophage populations, such as interstitial macrophages,
residual, and inflammatory monocytes to analyze cytokine expression and function would
allow us to determine the effects of Oz and SR-BI on other immune cells and how these
cells function during chronic lung diseases. Unfortunately, the contribution of these
various monocyte/macrophage populations to regulating pulmonary immunity is not
completely understood. Additionally, we found that SR-BI deficiency causes increased
pulmonary injury and neutrophilia. It would be interesting if we had overexpressed SR-BI
in our model to analyze whether injury, neutrophilia, and efferocytosis improve even
beyond what we see in our WT mice. Lastly, we showed that there is impaired
efferocytosis following Os exposure in WT and SR-BI’- mice. However, efferocytosis is a
multi-step process going from recognition to engulfment of apoptotic cells. Determining
whether Os inhibits recognition of apoptotic cells in alveolar macrophage or inhibits the
ability to rearrange its cytoskeleton to make a phagocytic cup for engulfment would allow
us to further understand what we observed in our efferocytosis assay experiments. Using

immunofluorescence and imaging techniques, we could measure and quantify the
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different stages of the phagocytosis of apoptotic cells (Yeo et al., 2013 & Morioka et al.,
2018). Although our study has limitations, future studies can uncover the underlying
mechanisms regarding Os impairing efferocytosis and increasing one’s susceptibility to
and exacerbations of chronic lung disease.
4.3: FUTURE DIRECTIONS

Future research projects will build on these results of this to bridge knowledge gaps
in two important areas. First, studies on determining the underlying molecular
mechanisms in pulmonary macrophages that cause an impaired efferocytic response
following acute Os exposure. Additional experiments analyzing the how Os modulates
efferocytosis and cytokine secretion in pulmonary macrophage populations would help us
further understand the negative effects of Oz on innate immunity. Second, to examine the
signaling mechanism of SR-BI mediated efferocytosis following Os exposure. Future
experiments with Cre driver mice would prove fruitful in further understanding the effects
of SR-BI deficiency in specific cell types. Recent evidence has discovered gene variants
of SR-BI in humans, including gain of function and some loss of function SNP mutations
(Manichaikul et al., 2018, Zanoni et al., 2016, Wu et al., 2012, Vergeer et al., 2011). Future
clinical studies on these individuals will help us to understand whether they are more
susceptible to the negative effects of air pollutants like Os, such as increased
susceptibilities/exacerbations of chronic lung diseases. With Os levels increasing despite
stricter regulations and millions suffering from chronic lung diseases, these novel findings
will advance our understanding of the negative effects of criteria air pollutants on the
immune system and the implications of using scavenger receptors to mitigate those

effects.
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APPENDIX B- SUPPLEMENTARY DATA
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Supplementary Figure 1: Flow cytometry panel for sorting pulmonary macrophage
populations from whole lung tissue. Alveolar macrophages (AMs) were defined as
CD45*CD24Ly6G CD64*CD11b"" and interstitial macrophages (IMs) were defined as
CD45*CD24Ly6G CD64*CD11bMd" by fluorescence activated cell sorting (FACS) using
a BD FACSAria™ Fusion (BD Biosciences). Zombie aqua was used as a viability dye so

the machine will sort only live macrophages.
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Supplementary Figure 2: Os induces SR-BI expression in the lung and sorted
pulmonary macrophages. WT (and SR-BI”") mice were exposed to filtered air (FA) or
1ppm Os (3 h) and necropsied 24 h following exposure. Lung tissue was digested for
FACS isolation of alveolar macrophages (AM; CD45*CD24Ly6G CD64*CD11b"") and
interstitial macrophages (IM; CD45*CD24Ly6G CD64*CD11b"9") to determine A) SR-BI
B) CD-36, and C) CD163 scavenger receptor expression in these pulmonary macrophage

populations. Gene expression was normalized to 18S. (n=4-7/treatment). *p<0.05.
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Supplementary Figure 3: SR-BI deficient interstitial macrophages have increased
expression of efferocytosis markers. WT (and SR-BI’") mice were exposed to filtered
air (FA) or 1ppm O3 and necropsied 24 h following exposure. Lung tissue was digested
for FACS isolation of interstitial macrophages (IM; CD45*CD24 Ly6G CD64+*CD11b"d") to
determine A) MerTK, B) IL-10, and C) Tim4 expression in this pulmonary macrophage
population. Gene expression was normalized to 18S. (n=4-8/treatment). *p<0.05,

*#*p<0.01, **p<0.001, ***p<0.0001.
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Supplementary Figure 4: SR-Bl deficiency augments expression of pro-
inflammatory cytokines and chemokines in pulmonary macrophages, but not in
whole lung after Oz. WT (and SR-BI”") mice were exposed to filtered air (FA) or 1ppm
O3 (3 h) and necropsied 24 h following exposure. Lung tissue was digested for FACS
isolation of interstitial macrophages (IM; CD45*CD24'Ly6G CD64*CD11bMdh) to
determine A) TNF-q, B) IL-6, and C) CXCL2 expression in this pulmonary macrophage
population. Gene expression was normalized to 18S. (n=7-8/treatment). **p<0.01,

*+n<0.001.
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Supplementary Figure 5: SR-Bl deficiency impairs alveolar macrophage
efferocytosis and resolution of Os-induced pulmonary inflammation. WT and SR-BI
"~ mice were exposed to filtered air (FA) or 1ppm Oz (3 h). 24 h post exposure neutrophils
(PMNSs) in the bronchoalveolar lavage (defined as Ly6G*) (BAL) were analyzed via flow
cytometry for markers of apoptosis and necrosis. The percentage of early apoptotic, late
apoptotic, and necrotic PMNs were indicated by Annexin V*/PI/Ly6G*, Annexin

V*/PI*/Ly6G*, and Annexin V/PI*/Ly6G™ staining, respectively.
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