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Abstract

Lung inflammation, caused by acute exposure to ozone (Os)— one of the six criteria air
pollutants — is a significant source of morbidity in susceptible individuals. The adverse
effects of ozone (Os) on respiratory health and its significant impact on global public
health are well-established, but the cellular mechanisms that drive these effects remain
poorly understood. This study explores mechanisms that regulate resolution of Os-
induced lung inflammation, specifically focused on the function of alveolar
macrophages. Alveolar macrophages (AMs) are central regulators of lung immune
responses including both the initiation and resolution of inflammation. They regulate
inflammation via functions such as production of cytokines, phagocytosis, and
efferocytosis. While prior Os exposure studies have highlighted that exposure leads to
an increase in AMs, the specific role of AMs in promoting resolution of Os-induced

lung inflammation remains unclear.

One reason that it is challenging to define the role of AMOs following acute Os exposure
is that within the lung, macrophages can have different origins (ontogeny). This
uncertainty has motivated a series of studies focused on determining if differences in
AM@ functions are due to their distinct ontogeny. While it has been observed that AMO

derived from circulating monocytes (i.e. monocyte-derived AMs) play a critical role in
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regulating chronic/severe injury, the ontogeny of AMUs (i.e. tissue-resident versus
monocyte-derived) following acute Os exposure has been undefined. Using mouse
models (lineage labeled, genetic knockouts, and wildtype), we traced the origin of
AM@s and found them to be predominantly tissue-resident AMOs following acute Os
exposure, which was then confirmed using data from Os-exposed human volunteers.
Depletion of these tissue-resident AMs resulted in a persistence of neutrophils in the
alveolar space after Os exposure, indicating impaired clearance and persistent
inflammation. This impaired clearance was associated with reduced efferocytosis, the
clearance of apoptotic cells, a process crucial for resolving inflammation. Mice with a
genetic deficiency in MerTK — a key receptor regulating efferocytosis — also resulted in
impaired clearance of apoptotic neutrophils following Os exposure. We thus defined the
pivotal role of tissue-resident AMOs in resolving Os-induced inflammation via MerTK-

mediated efferocytosis.

We then focused on intracellular mechanisms of inflammation resolution that occur
within AMUs. We focused on a previously established pathway of inflammation
resolution regulation through the metabolism of the amino acid, L-arginine. While L-
arginine metabolism by nitric oxide synthase can promote inflammatory responses, L-
arginine metabolism by arginase-1 generates metabolites that have the potential to direct

inflammation resolution. One such metabolite of L-arginine is spermidine, and it is of



interest due to its anti-inflammatory properties observed in many tissues (pulmonary
and non-pulmonary) and macrophages. Additionally, prior research suggests that
spermidine inhibits N-methyl-d-aspartate (NMDA) receptor activation. This is of
interest as the NMDA receptor is a known regulator of the pro-inflammatory Nuclear
factor kappa B (NF-kB) pathway. We therefore hypothesized that the mechanism by
which spermidine leads to resolution of macrophage-derived inflammation is via
inhibition of NMDA, thereby reducing the activation of the pro-inflammatory NF-«xB

signaling.

Here we expand the understanding of the mechanism for spermidine effect in
macrophages via impact on NF-kB signaling through the NMDA receptor. We initially
utilized a mouse model to assess the concentration of L-arginine and its metabolites in
BALF following acute Os exposure. Here, we identified a decrease of L-arginine at 12h
post-exposure, with a subsequent increase in spermidine present at 24h post-exposure, a
time point critical for resolution of Os-induced lung inflammation. We then conducted a
pretreatment exposure in which the mice were treated with spermidine prior to O3
exposure to determine if there was a reduction in inflammation. Mice pretreated with
spermidine, when compared to control mice, demonstrated reduced Os-induced lung
inflammation. This suggests that spermidine may drive a reduction in pro-inflammatory

signaling following acute Os exposure.
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We next sought to understand the potential intracellular mechanism driving this
response. To test this, we conducted in vitro studies in MH-S cells, AMO-like
immortalized cells. We utilized MH-S cells to define spermidine's effect on pro-
inflammatory signaling following Lipopolysaccharide (LPS) exposure. We utilized LPS
as a known pro-inflammatory stimulus in AM@ and a canonical activator of NF-kB.
Utilizing a rescue model, in which spermidine was given following an initial LPS
exposure, we found that spermidine decreased the expression and concentration of NF-
kB associated pro-inflammatory cytokines, supporting a role in the resolution of
inflammation. Then we pretreated MH-S cells with spermidine and determined that
spermidine decreases the activation of NF-kB. We then utilized a known agonist,
NMDA, for the NMDA receptor and found that NMDA activates NF-kB. In summary,
the research highlights the pivotal role of tissue-resident AMs and explores the
potential of spermidine as a therapeutic agent for resolving environmental-induced lung

inflammation.
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1. Introduction

Excerpts from this section are from an accepted peer-reviewed manuscript published by
Springer in Current Allergy and Asthma Reports on April 7, 2021, as Role of Innate Immune
System in Environmental Lung Diseases written by M.A. Guttenberg, A.T. Vose, and R.M.
Tighe. Available at https://doi.org/10.1007/s11882-021-01011-0.

Pollution is a ubiquitous effector to the health and well-being of individuals. In
2015, environmental pollution was responsible for 16% of all global deaths, with the vast
majority, approximately 6.5 million deaths, directly attributed to air pollution [1].
Because of the high mortality attributed to air pollution, governmental entities have
focused extensively on regulations and interventions to limit exposure to air pollutants.
The six criterion air pollutants defined by the US Environmental Protection Agency in
the 1970 Clean Air Act, revised in 1977 and 1990, are ozone (Os), particulate matter,
carbon monoxide, sulfur dioxide, nitrogen dioxide, and lead [2]. Levels of these
pollutants are commonly reported using the air quality index (AQI), a tool developed by
the US Environmental Protection Agency that ranges from good (0) to hazardous (301 or
higher) [3,4]. Importantly, elevated AQI levels are associated with increased morbidity
and mortality due to acute exposure to pollutants, inclusive of Os, which is linked to
many of the adverse health effects caused by air pollution [4]. Despite efforts to define
and regulate acute air pollution events, these exposures remain a concern and will only

further increase due to extreme global climate events [1,5].



1.1 Lung response to environmental air pollution

As a mucosal surface, the lung is at the interface between the external and
internal environments and is continuously exposed to a variety of foreign materials
including pathogens, particulates, and toxicants. Addressing these exposures while
maintaining homeostasis to preserve principal functions (e.g. gas exchange) requires
highly coordinated immune surveillance. This surveillance directs targeted and
appropriate responses to foreign materials while limiting excessive inflammation that
can lead to tissue damage and disease. This effort largely is the role of the innate
immune system.

The innate immune system is composed of cellular and humoral components
that are responsible for initial responses to inhaled foreign materials [6]. These responses
are germline encoded, meaning that they are genetically inherited and do not require
prior exposure to initiate immune responses. Innate immunity includes physical and
mechanical barriers, pattern recognition receptors, and cellular/humoral signaling.
Innate immune activation directs targeted inflammatory cascades that initiate
inflammation to pathogens while also facilitating resolution to limit lung injury. When
functioning appropriately the innate immune system allows the lung to appropriately
defend itself while also maintaining homeostasis.

To a large extent, lung disease reflects a failure of normal immune mechanisms

that maintain homeostasis. When homeostasis is not maintained, inflammation becomes



dysregulated and can persist. This chronic inflammation can then result in ongoing lung
damage frequently observed in chronic lung disease. This process has been observed
with innate immune system dysregulation. Research continues to demonstrate that
dysregulated innate immunity occurs in response to environmental pollutants,
appearing to be the result of pollutants coopting normal innate immune signaling
pathways [7,8].

A consequence of innate immunity being germline encoded is that innate
immunity has not adapted to evolutionarily novel exposures such as products of
combustion and other industrial materials that have become essential parts of modern
life. Meaning rather than a specific and precise mechanism, the innate immune system
bluntly and broadly addresses pollutants in the airspace. The consequence of this can be
inappropriate or prolonged inflammation that can cause incident respiratory disease or
exacerbate established disease. This is best evidenced by clear associations between
ambient air pollution exposures and airway diseases such as asthma [9-13], chronic
obstructive pulmonary disease (COPD) [14-18], and cystic fibrosis [19-21]. Much of this
epidemiology has focused on exacerbations of these diseases, however, there is
developing evidence that suggests air pollution may cause incident airway disease (as
discussed in a recent American Thoracic Society report [22]). Therefore, understanding

the interactions between environmental exposures and the innate immune system is



critical to improving the care of these diseases and limiting the severity of their clinical

course.

1.2 Ozone (Os3) pollution impacts human health

Os is a highly reactive gaseous air pollutant, which when present at ground-level
can be a respiratory health hazard. Osexists at varying levels in the atmosphere; while in
the stratosphere, Os limits human exposure to harmful cosmic ultraviolet radiation [23—
25]. Alternatively, tropospheric or ground-level Os causes harmful health impacts, as
humans interact more directly with it, and is often what is discussed when addressing
Os pollution [25]. The production of Os occurs through a photochemical reaction in
which a dioxygen molecule binds with an oxygen singlet atom. This reaction is involves
the photolysis of volatile organic compounds and oxides of nitrogen in the air,
components of emissions from combustion [23,24].

Increased ambient Os associates with enhanced morbidity and mortality and
lung disease severity [24,26]. Increased concentrations of ground-level Os lead to a
notable rise in hospitalizations, causing considerable health and economic challenges
[14,27-29]. In a study sampling 95 large US urban communities, an increase in 10 parts
per billion (ppb) in daily Osexposure led to an approximately 0.87% increase in total
mortality, including enhanced mortality at exposure doses well below current
regulatory standards [30]. This data suggests that there is no “safe” Os exposure level.

Furthermore, regulation of Os levels will become increasingly difficult as ambient levels



increase with rising global temperatures, as ozone production increases at higher
temperatures [5,31]. Thus, this public health burden from Os exposure will be difficult to
completely alleviate solely by regulatory action. Rather, it requires an understanding of
the underlying effects of exposure on lung immunity to define strategies, in addition to

mitigation, that reduce health effects.

1.3 Immune mechanisms of O3 effects

O:s alters normal lung immune responses through effects on the innate immune
system. We are particularly focused on the impact of Os on a central cellular component
of the pulmonary innate immune system, AMs. Macrophages play a critical role in
clearance of pathogens, xenobiotics, apoptotic cells, as well as cytokine production, and
neutrophil recruitment [32-34]. Due to their central role in lung inflammation, AMOs
have diverse roles; responsible for both the initiation of inflammation as well as
directing resolution of inflammation and limiting excessive inflammation [35-37].
During the initiation of lung inflammation, AM activation leads to the production of
pro-inflammatory cytokines and mediators that direct leukocyte recruitment [38,39].
Following initiation and propagation of inflammation, resolution of inflammation is
required to limit lung damage. Previously, resolution has been considered a passive
function where it was thought that cytokine production and responses gradually
diminished, with associated reductions in leukocyte recruitment and a gradual return to

homeostasis. However, recent work has challenged this dogma, identifying that



resolution is an active component of the immune response. Furthermore, defective
resolution can lead to uncontrolled and unresolved inflammation potentiating chronic
and exacerbated diseases and even autoimmunity [40,41]. Critically, resolution
mechanisms are defined by the production of pro-resolving mediators, down-regulation
of pro-inflammatory cytokines and chemokines, neutrophil apoptosis, and clearance of
apoptotic bodies (efferocytosis) [39,42].

AMQ@ functions are impacted by exposure to air pollutants and other
environmental exposures, altering normal lung inflammation and resolution responses
[36,37,42,43]. Broadly, these effects have been observed with a variety of air pollutants,
including particulate matter as well as Os [43—46]. The effects include enhanced pro-
inflammatory cytokine production and reduced phagocytosis and efferocytosis. Studies
continue to dissect these functional AMO responses and the impact of environmental
exposures to understand how dysregulated functions can affect pulmonary diseases
such as asthma and allergy. Improved understanding of Os’s impact on cellular
components of innate immunity, and particularly AMOs’ functions in resolution of
inflammation, has the potential to define interventions that could alleviate Os-induced

adverse health effects.

1.3.1 AM@ ontogeny

Increasingly, macrophage functions are considered in the context of their origin

and tissue location [47,48]. In the lung, macrophages are present both in the airspace and



the interstitium (fluid-filled space between alveolus and vasculature), exhibiting distinct
gene expression patterns and cell surface markers based on their location [49-51].
Additionally, there is evidence suggesting distinct AMO subsets are present within the
lung. Detailed evaluation of AMs by single cell RNA sequencing identified unique
AMQ subsets that were conserved across individuals and between sexes, including a
subset with elevated metal binding gene expression [52]. The functions of these
individual subsets were not clearly defined but support other studies identifying that
AMOs from the upper (nose, mouth, sinuses, pharynx, and larynx) and lower (trachea,
bronchial tubes, and lungs) respiratory tract had distinct bioenergetics at baseline and
response to phorbol 12-myristate 13-acetate (PMA) or 1,2-naphthoquinone [53]. In the
interstitium, detailed stereology of interstitial MJs in lung tissue, defined distinct
interstitial Ms are located along the bronchi (termed peribronchial), in the alveolar
interstitium and also around the vasculature [54]. This supports that there are
heterogeneous IM@ populations not only in the alveolar space, but also in the
surrounding lung space. The specific functions of these subsets require further study to
determine their role in inflammation and homeostasis.

Beyond tissue location, lung macrophages can also be defined based on their
origin. Lung macrophage can be tissue-resident (i.e. macrophages deposited in the lung
during early embryologic development) or those derived from circulating monocytes

(i.e. monocyte-derived). Monocyte-derived macrophages are derived from CCR2



dependent recruitment of monocytes that then differentiate in the lung into AMOs.
Furthermore, it has been suggested that circulating monocytes traffic to the spleen prior
to recruitment to the lung and then differentiation into monocyte-derived AMOs [55].
Prior research has demonstrated that following chronic PM2s exposure monocyte-
derived AMUs can replace tissue-resident AMJs and may function to perpetuate
chronic inflammation [43].

These efforts, along with others, have begun to untangle the heterogeneity that
exists in the lung and defines how the diversity of AMOs functions and origin drive
responses to environmental pollutants and environmental lung disease [43,56-59]. The
work undertaken in this thesis investigates the specific AM subset that is responsible
for resolution acute Os-induced lung inflammation as well as probes a potential
intracellular pathway that mediates this response; offering a foundation for future
research and the development of therapeutic targets to alleviate health effects of air

pollution.

1.4 Mechanisms of AM@ mediated resolution
1.4.1 Cellular mechanism of resolution: Phagocytosis/efferocytosis

The clearance of debris and pathogens through phagocytosis, as well as clearance
of apoptotic cells via efferocytosis, are critical functions that macrophages perform to
maintain homeostasis [60,61]. Prior work supports that macrophage phagocytosis is

altered by exposure to pollutants. This includes studies with murine and human



exposures to Os [62], PM [63], and engineered nanomaterials [64]. Beyond clearance of
bacteria and/or debris, macrophages are critical to the clearance of immune cells,
particularly those that are apoptotic, through a process termed efferocytosis [65]. Recent
data suggests that AMO efferocytosis is dysregulated in chronic lung diseases such as
asthma [66]. Additionally, it is becoming clear that environmental exposures can reduce
efferocytosis [67]. A recent study by Hodge et. al. developed a protocol to assess AMO
efferocytosis in vivo and noted decreased AM efferocytosis following Osexposure [68].
Though the data supports that environmental exposures impact phagocytosis and

efferocytosis, the specific mechanisms remain largely understudied.

1.4.2 Intracellular mechanism of resolution: NMDA as a regulator of
NF-kB signaling

Regulation of innate immune activation in the AMs is largely via canonical
Nuclear-Factor kappa B (NF-«kB) signaling [69]. NF-«B signaling can proceed through
either a canonical or a non-canonical pathways; however, Immunological responses are
largely attributed to the canonical pathway and therefore will be referred to as the NF-
kB pathway [70]. Activation of the NF-kB pathway results in the induction of
transcription factors that support initiation and propagation of inflammation. NF-xB
activation is initiated by exposure to an infection, cytokines, or genotoxic stresses, such
as reactive oxygen species, which lead to phosphorylation of IxBa via the IkB kinase
complex [71,72]. Following phosphorylation, IxBa degradation is triggered through

ubiquitination via the proteasome, which then liberates NF-kB transcription factors for

9



translocation from the cytoplasm into the nucleus. The predominant heterodimer
p50/p65(RelA) then binds to DNA which leads to cytokine production/release and
recruitment of immune cells [71,72]. Key to the resolution of inflammation is reduction
in NF-«B activation. Since Os induces activation of NF-kB [69,73], understanding
regulators of NF-kB activation is important not only for limiting Os-induced
inflammation, but also for promoting inflammation resolution. An established regulator
of NF-«xB activation is the N-methyl D-aspartate (NMDA) receptor [74]. The NMDA
receptor has been principally studied as a neurotransmitter due to its role as a receptor
for one of the major excitatory amino acids, glutamate [75]. While glutamate plays
critical roles in memory and learning, the dysfunction of glutamate receptors, such as
the NMDA receptor, can lead to neuronal degeneration [76]. Recently, research has
begun to define the role of NMDA in non-neuronal tissues including the lungs. Data
suggests that the NMDA receptor is expressed in various pulmonary tissues including
AMGs, alveolar type 2 cells, and the airway epithelium [77,78]. Furthermore, prior data
has demonstrated that the NMDA receptor and glutamate signaling is involved in the
regulation inflammation and pulmonary lung injury [79,80]. The receptor is a
heterotetrameric transmembrane ion channel which regulates intracellular calcium flux.
Binding of glutamate to the NMDA receptor causes a conformational change, opening
the channel and facilitating calcium influx to generate reactive oxygen species; leading

to the activation of NF-kB and pro-inflammatory cytokine release [74,80,81]. Presently,

10



the mechanism linking the activation of NMDA and activation of NF-kB in AMO
inflammation resolution signaling is not defined.

Endogenous antagonists of NMDA can inhibit glutamate binding and reduce
NMDA receptor activity. Included in these are metabolites of L-arginine, an amino acid
which is critical to induction, persistence, and resolution of inflammation [82,83]. L-
arginine metabolism via distinct enzymes favors either pro-inflammatory or anti-
inflammatory signaling. Pro-inflammatory signaling occurs via L-arginine metabolism
by nitric oxide synthase 2 (NOS2), or inducible NOS (iNOS). NOS2-generated
metabolites include L-citrulline and reactive nitrogen species, which induce and
propagate inflammation [84]. While NOS2 functions in other cells, it has largely been
described to be induced in macrophages in response to pro-inflammatory cytokines such
as interferon gamma (IFNY), tumor necrosis factor alpha (TNF«), and bacterial
lipopolysaccharide (LPS), an agonist of Toll-like receptor 4 (TLR4) [82,85]. Alternatively,
anti-inflammatory signaling occurs via L-arginine metabolism by arginase-1. Arginase-1
metabolism generates polyamines, which exhibit anti-inflammatory properties [84,86].
Arginase 1 has been found to be expressed in myeloid cells, such as macrophages.
Arginae-1 expression is induced by cytokines such as T helper 2 cytokines, interleukin 4
(IL-4) and interleukin 13 (IL-13), as well as granulocyte-macrophage colony-stimulating
factor (GM-CSF), transforming growth factor (3 (TGFf3), and toll-like receptor agonists

[87-89]. One of the arginase-1 derived metabolites is spermidine. Spermidine

11



administration, following exposure to a canonical NF-«B activator, lipopolysaccharide
(LPS), reduces NF-«B activation and cytokine release [90,91], supporting its role as an
anti-inflammatory metabolite. However, the mechanism for this effect has not been
determined. We hypothesized that spermidine’s anti-inflammatory effects are via
inhibition of NMDA receptor activation that limits NF-kB activation.

Based on prior research that identified spermidine as a ligand to a polyamine
allosteric binding site on the NMDA receptor, our studies assessed whether spermidine
binding to NMDA will then reduce agonist affinity and decrease NMDA receptor
activation [92,93]. While individual components of this pathway have been studied, no
one has connected them together into a comprehensive pathway [89,90,94]. Defining
spermidine effects on NF-«B activation via the NMDA receptor has the potential to
identify a novel mechanism which can promote AMJ-regulated resolution of
environmentally-induced inflammation. This finding can also be more broadly

applicable to other forms of oxidative lung injury.

1.5 Dissertation objectives and outline

The overall aim of this dissertation is to define cellular and intracellular AM©@
mechanisms of inflammation resolution following pulmonary environmental exposures.
From a cellular perspective, we hypothesized that AM@ ontogeny has an essential role
in resolution of Os-induced lung inflammation via its functions in efferocytosis. We also

focused on intracellular mechanisms in AMOs that drive signaling that promotes
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resolution of pro-inflammatory AM@ signaling. We hypothesized that spermidine
promotes resolution of LPS-induced NF-«kB activation in AM@ via inhibition of NMDA
receptor activation (Figure 1).

This dissertation is organized into the following chapters which address

independent objectives and hypothesis (research schematic depicted in Figure 1):

Chapter 2: Tissue-resident alveolar macrophages reduce Os-induced
inflammation via MerTK mediated efferocytosis

AMO composition and role was assessed following acute murine Os exposure.
Utilizing lineage reporting and genetically deficient mouse strains, we defined an
essential role for tissue-resident AMUs in the resolution of Os-induced lung

inflammation via MerTK mediated efferocytosis.

Chapter 3: Spermidine regulation of NF-kB activation via the NMDA receptor

Mechanistic studies were conducted to assess spermidine treatments in the
reduction of LPS-mediated AM cytokine production via reduced NF-«B activation.
Further studies identified that LPS activated NMDA which led to the activation of NF-
kB. In an effort to connect these mechanistic observations, we utilized an NMDA
agonist, NMDA, and antagonist, D-AP5, to assess if LPS-induced NF-kB activation is

predominantly through the NMDA receptor as well as if reduction of NMDA receptor
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activity corresponds with reduction of NF-kB activation. Due to technical issues, we are
limited in defining spermidine as a regulator of NF-«B activation via the NMDA

receptor.
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Figure 1. Schematic of dissertation aims.

This thesis will uncover the role and composition of AMs following Os exposure. In
addition, we explore a specific mechanism in AMs, where spermidine can reduce NF-
kB activation via the NMDA receptor to promote resolution of inflammation. Graphic
created using Biorender.com.
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2. Tissue-resident alveolar macrophages reduce Os-
induced inflammation via MerTK mediated efferocytosis

This chapter is from a manuscript in-review for publication in The American Journal of
Respiratory Cell and Molecular Biology which was submitted November 8%, 2023, as Tissue-
resident alveolar macrophages reduce Os-induced inflammation via MerTK mediated efferocytosis
written by M.A. Guttenberg, A.T. Vose, A. Birukova, K. Lewars, R.I. Cumming, M.C. Albright,
J.I. Mark, C.]. Salazar, S. Swaminathan, Z. Yu, Y. Sokolenko, E. Bunyan, M.]. Yaeger, M.B.
Fessler, L.G. Que, K.M. Gowdy, A.V. Misharin, and R.M. Tighe. Preprint is available on

BioRxiv https://[www.biorxiv.org/content/10.1101/2023.11.06.565865v1.

2.1 Introduction

Air pollution is responsible for a significant number of premature deaths
globally with an average mortality of 6.5 million individuals per year [1]. Despite an
already significant impact on rates of global morbidity and mortality, air pollution
associated mortality will continue to rise with climate change. Furthermore, current
regulatory efforts will not eliminate air pollution-associated morbidity and mortality,
particularly in sensitive individuals [1,5]. Understanding the mechanisms that drive air
pollution-mediated health effects is therefore critical to better target mechanisms that

mitigate its adverse effects.
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When ground-level ozone (Os) exposures increase, as with other criterion air
pollutants, the risk of respiratory-related morbidity and mortality increases [95-97]. A
principal lung effect of Oz exposure is the generation of lung inflammation and injury.
Generally, Os-induced lung inflammation and injury is considered mild and resolving;
however, in sensitive individuals or those with underlying lung disease this can lead to
exacerbated or prolonged inflammation and injury responses [98]. Lung inflammation is
a highly regulated process that includes both initiation and resolution phases that are
regulated, in part, by signaling of alveolar macrophages (AMO) [95,99]. Prior research
underscores the critical roles of AMs in Os-induced lung injury. This includes well-
characterized pro-inflammatory effects including cytokine generation [33], and airspace
neutrophil influx [34]. Conversely, AMs can function in the resolution of lung
inflammation via functions such as phagocytosis and efferocytosis that clear pathogens,
cellular debris, and apoptotic immune cells [42]. This diversity of AMs functions has
made them a challenge to study and has limited efforts to target them therapeutically.
Thus, a better understanding of the context-dependent functions of AMOs following Os
exposure are required to target them with precision.

AMQ functions can depend on their specific origin (i.e., ontogeny). In naive
mice, all AMUs are of tissue-resident origin. Tissue-resident AMJs populate the lung

during the early postnatal period and, in the absence of lung injury, maintain
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themselves via proliferation in situ for the life of the animal [100,101]. Alternatively,
following lung injury, monocytes are recruited to the lung and differentiate into
monocyte-derived AMO [102,103]. Though tissue-resident and monocyte-derived
AMUs share some common macrophage functions, they also exhibit distinct
metabolism, activation markers, and cytokine profiles suggesting different functional
roles in lung injury and repair [104]. While monocyte-derived AMUs have clearly
documented roles in promoting lung injury, inflammation, and fibrosis, [104-106] the
role of tissue-resident AMs is less understood. Furthermore, the composition and
function of AMUs following the mild and resolving acute lung injury with acute Os
exposure has not been clearly defined.

To address this question, we defined the composition of AMs following filtered
air (FA) and Os exposure using a lineage-tracing mouse system which labels monocytes
and monocyte-derived AMs but not tissue-resident AMUs [106,107]. Following Os
exposure in these mice, we did not identify an increase in monocyte-derived AMUs.
Additionally, in healthy human volunteers undergoing laboratory FA and Osexposure,
we also did not observe an increase in monocyte-derived AMJs. To define tissue-
resident AMO functions in Os-induced lung injury, we administered intratracheal
clodronate-loaded liposomes to deplete tissue-resident AMs [105] and then exposed

them to FA or Os. Depletion of tissue-resident AMOs resulted in persistence of Os-
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induced airspace neutrophilia, suggesting a defect in clearance of apoptotic neutrophils
(i.e., efferocytosis). We confirmed the direct effect of tissue-resident AMJs on
efferocytosis by demonstrating reduced clearance of apoptotic Jurkat cells following
clodronate-mediated depletion of tissue-resident AM@. Finally, in MerTK* mice, which
have defective efferocytosis [108,109], we defined the impact of reduced efferocytosis on
Os-induced lung inflammation. Consistent with tissue-resident AM@-depleted mice, Os-
exposed MerTK-- mice exhibited persistent airspace neutrophil inflammation. These
data support that tissue-resident AMJs promote resolution of Os-induced lung

inflammation via MerTK-mediated efferocytosis of neutrophils.

2.2 Materials and Methods
2.2.1 Experimental Animals

C57Bl/6] mice were purchased from Jackson Laboratories. The mice were a mix
of males and females, group specific composition listed in the figure legends. MerTK~-
and Cx3cr1FRee zsGreen mice were bred in-house. MerTK*- mice were a kind gift from
Dr. Edward Thorp, Northwestern University; originally from The Jackson Laboratory
(stock 011122 on mixed genetic background). They were backcrossed on B6 background
for more than 10 generations. All mice were 8-10 weeks old at the time of exposure.
Animal breeding and study procedures were performed under an approved

institutional animal care and use committee (IACUC) protocol at Duke University
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(A053-21-03). All animal experiments were conducted in accordance with the American

Association for the Accreditation of Laboratory Animal Care guidelines.

2.2.2 Rodent Exposures

Filtered air (FA) and ozone (Os) exposures followed published protocols [58,110-
112]. Exposures to FA or Os (2 parts per million) for 3h were performed in 55-liter
Hinners-style exposure chambers. The mice were exposed in stainless steel wire mesh
cages inside the exposure chamber with dividers to prevent congregating. Chamber air
was maintained at 20-22°C with 40-60% relative humidity and supplied at a rate of 20
changes/hour. Os was generated by directing 100% oxygen through ultraviolet light. Os
concentration was continuously monitored by an Os ultraviolet light photometer
(Teledyne Instruments, model 400E). After 3h, the mice were removed from the
chamber. For the lineage labeling experiments, Cx3cr1Rkee zsGreen mice were
administered 2 mg of tamoxifen via oral gavage. 24h after tamoxifen induction, the mice
were exposed to FA or Os and lungs were harvested 12, 24, or 72h post-exposure for
flow cytometry to define lineage reporter expression. For clodronate studies, C57B1/6]
mice were dosed with 50uL of 5mg/mL clodronate-loaded liposomes (batch No.
C12J0321 & C18E0422) (Liposoma BV) or PBS by oropharyngeal aspiration. 72h after

clodronate or PBS, mice were exposed to FA or Os and sacrificed 12 or 24h post-
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exposure. MerTK7 mice and control C57BI/6] mice were exposed to FA or Oz (2 ppm x

3h) and harvested 24h post-exposure.

2.2.3 Mouse bronchoalveolar lavage and measures of inflammation
and injury

Bronchoalveolar lavage (BAL) was performed as outlined in prior publications
[58,110]. In brief, for BAL, mice were deeply anesthetized with an intraperitoneal
injection of ketamine (100 mg/kg), xylazine (100 mg/kg), and saline (0.9%), dosed by
weight (~350-500 pL/mouse). Following anesthesia, the chest and trachea were exposed
by dissection and a small nick was made in the trachea. PE-60 tubing (Clay Adams) was
used to cannulate the trachea. The tubing was connected to 12-inch tubing from an
infusion set (Terumo). PBS was infused via the tubing to 20 cm H20 via connection to
syringe on a ring stand until the lung reached total lung capacity. The fluid was then
passively drained and the volume was recorded. The BAL cells were isolated from the
fluid by centrifugation, (Eppendorf centrifuge 5424 R) (1,500 rpm, 10 min, 4°C). BAL
fluid was decanted and used for measures of lung inflammation and injury including
neutrophil elastase (cat#: ab252356) and multiplex ELISA for cytokines/chemokines
(#cat: PPX-08-MX47XMC) following the manufacture’s protocols. To enumerate BAL
cells, cells underwent red blood cell lysis with RBC lysis buffer (Biolegend, #420302) and
the number of live cells were determined using a Cellometer K2 (Nexcelom Bioscience).

Following total cell count, cells were immobilized by cytospin, stained with Diff-Quik
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(Fisher Scientific), and counted in a blinded fashion to determine exposure changes in

cell differentials.

2.2.4 Mouse lung tissue harvest and flow cytometry

Flow cytometry was performed on whole lung tissue using a previously
published protocol with modifications, as described below [58,113]. In brief, mice were
pre-treated subcutaneously with 50uL of 1000/mL heparin. Approximately 10min after
the injection, the mice were euthanized with isoflurane. The chest wall was opened, and
the trachea cannulated. Following cardiac perfusion with 10 mL of PBS to remove
intravascular red blood cells, the lung was insufflated just past total lung capacity with a
digestion solution (1.5mg/mL of Collagenase A [Roche] and 0.4mg/mL DNase I [Roche]
in HBSS plus 5% fetal bovine serum and 10mM HEPES). The lung tissue was excised
and then incubated at 37°C for 30 min in the digestion solution with intermittent
vortexing. Enzyme activity was halted by mixing the digestion mix with cold PBS then
the mixture passed through a 70 uM cell strainer (Olympus Plastics, Genesee Scientific)
and centrifuged (350 x g for 6-8 min at 4°C). Cell pellets were re-suspended in Red Blood
Cell lysis buffer and incubated on ice and washed per manufacturer’s instructions for 2-
3 cycles as needed (RBC Lysis Buffer, Biolegend). The cells were re-suspended in cold
PBS and kept on ice while aliquots were counted then apportioned for live/dead staining

(Zombie UV, Biolegend) followed by cell surface staining with an optimized antibody
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panel (Table 1). Stained cells were fixed (0.4% paraformaldehyde in PBS) for later
acquisition (within 1 week of initial harvest). Lung cells from control animals (C57Bl/6])
were stained similarly & used for single-color controls. See Table 1 for antibody list.
Data was collected on a BD LSR Fortessa X-20 using the configuration noted in Table 2

and analyzed using FlowJo™ version 10 software (BD Life Sciences).

2.2.5 Human laboratory exposure to filtered air or ozone

Human exposure studies were performed after informed consent through Duke
Institutional Review Board approved protocols (Pro00088966 and Pro00100375). Healthy
human subjects were recruited for inclusion in this study through advertisements. No
study procedures were performed before obtaining informed consent. Requirements for
inclusion included normal range of body mass index, no evidence of respiratory disease,
and non- smoking. Exclusion criteria included a recent respiratory infection (within 4
weeks), history of smoking, pregnancy, ages less than 18 or greater than 50 years, and
BMI> 35.0 and failure to understand the study protocol. Additionally, participants could
not be taking antihistamines, non-steroidal anti-inflammatory drugs, or supplemental
vitamins for one week prior to the study, and throughout the study’s duration.

Subject exposures to filtered air or ozone were performed in a custom designed
730 cubic feet exposure room that included an HEPA air ventilation system to remove

particulates. The air supply was set to a selected range of temperatures (20-23°C) and
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relative humidity (45-22 55%). Exposures lasted 135 minutes in duration, during which
participants alternated between resting and walking on a treadmill at 2-3 mph to mimic
an individual performing mildly strenuous activity under ambient conditions. Ozone
exposure consisted of a dose of 200 ppb and was continuously monitored. This
concentration of ozone exposure exceeds the federal government’s standard (80 ppb for
8-hour average) but is similar to ambient ozone levels in the Research Triangle area
during ozone alert days. Ozone was created from a 100% Oz source by cold plasma
corona discharge (Ozotech, Yreka CA), and mixed with filtered air before addition to
chamber. The order of filtered air or ozone exposure was randomized for every

participant, with at least a 21-day washout period between exposures.

2.2.6 Human bronchoscopy and bronchoalveolar lavage (BAL)

On the day following filtered air or ozone exposure, approximately 21 hours
after exposure, participants underwent a flexible bronchoscopy with bronchoalveolar
lavage. Subjects received sedation with midazolam (Versed) and fentanyl (Sublimaze),
and topical anesthetic lidocaine prior to bronchoscopy. A flexible bronchoscope was
inserted through the mouth, past the vocal cords, into the lungs. The bronchoscope was
wedged into the right middle lobe and 150 mL of sterile saline was discharged into the
lungs and subsequently removed with gentle syringe suction in order to obtain

bronchoalveolar lavage fluid (BALF). BALF was passed through a strainer and 10mL of
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the sample was separated. The sample was then mixed 1:1 with HypoThermasol FRS
(StemCell Technologies, USA) and then sent overnight to Northwestern University for

flow cytometry and cell sorting.

2.2.7 Human flow cytometry

BALF samples were filtered through a 70um cell strainer, pelleted by
centrifugation at 400rcf for 10 min at 4°C, followed by hypotonic lysis of red blood cells
with 2 mL of PharmLyse (BD Biosciences) reagent for 2 minutes. Lysis was stopped by
adding 13 mL of MACS buffer (Miltenyi Biotech). Cells were pelleted again and re-
suspended in 100 uL of 1:10 dilution of Human TruStain FcX (Biolegend) in MACS
buffer, and a 10 pL aliquot was taken for counting using K2 Cellometer (Nexcelom) with
AQO/PI reagent. The cell suspension volume was adjusted so the concentration of cells
was always less than 5x107 cells/mL and the fluorophore-conjugated antibody cocktail
was added in 1:1 ratio (Table 3). After incubation at 4°C for 30 minutes, cells were
washed with 5 mL of MACS buffer, pelleted by centrifugation, and re-suspended in 500
uL of MACS buffer with 2 uL of SYTOX Green viability dye (ThermoFisher). Cells were
analyzed by a FACS Aria III SORP instrument. Sample processing was performed in a
BSL-2 facility using BSL-3 practices. Analysis of the flow cytometry data was performed
using FlowJo 10.6.2. using uniform sequential gating strategy reported in a previous

publication by the Misharin group [114] and reviewed by two investigators (S5, AVM).
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Relative cell type abundance was calculated as a percentage of all singlets/live/CD45+

cells.

2.2.8 Efferocytosis assay

Immortalized human T lymphocytes (Jurkat cells) (ATCC) were stained with
Calcein AM (Thermofisher) (20 uL dye per 30 million cells) and incubated for 1.5h at
37°C. The cells were then re-counted and re-constituted in Jurkat cell complete media
(RPMI1640 + GlutaMax, Gibco #61870-036, 10% FBS HI, 5mL A/A) at 1.5 million cells per
10 cm dish. The cells were then irradiated in the UV Stratalinker 1800 at 400 pjoules (10-
15sec). The following day the cells were spun down (1,200rpm X 6min) and re-
suspended at a concentration of 4 million cells in 50 uL in PBS. Jurkat cells (4 million
cells, in 50 uL of PBS) or PBS control were instilled in C57B1/6] mice by oropharyngeal
aspiration for 1.5h prior to the harvest [68]. Following the harvest, BAL fluid was
collected and single-color flow cytometry was performed by flow cytometry to define
the number of Calcein AM-positive cells. Data was expressed as a ratio of the number of
recovered Jurkat cells versus the total number of Calcein AM positive Jurkat cells
initially instilled.

2.2.9 Real-Time PCR
Total RNA was collected utilizing RNeasy Plus Mini Kit (Qiagen) per

manufacturer protocol. RNA samples were then reverse transcribed into cDNA using
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Maxima H Minus cDNA Synthesis Master Mix (thermos scientific). PCR amplification
was completed using the following program: 20 uL reaction volume; 50°C, 2min; 95°C,
2min; 40 cycles, 95°C 1 sec, 60°C 30 sec. All real time quantitative PCR reactions were
completed using the Quant Studio 6 Flex (Applied Biosystems). The reactions utilized
SyBR Green reagent (Applied Biosystems), sterile UltraPure Distilled water (Invitrogen),
and primers, as listed below. MerTK forward (Sigma-Aldrich), 5’-
CTGGATATTAGATGGACGAAG-3’, MerTK reverse (Sigma-Aldrich), 5'-
AGAAAGCTCTTTGTAAGTCC-3, 18S forward (Integrated DNA Technologies), 5'-
TTGACGGAAGGGCACCACCAG-3, 18S reverse (Integrated DNA Technologies), and
5'-GCACCACCACCCACGGAATCG-3'. Gene expression values were normalized to 185

as a housekeeper and presented as a fold change normalized again to FA.

2.2.10 Statistics

Statistical testing is as noted in the figure legends. In most settings, an ANOVA
with post-hoc multiple comparisons analysis was conducted in PRISM 9 (GraphPad,
Boston, MA) using Tukey’s Honestly Significant Difference Test to reveal individual
comparisons within groups on both cell types and cytokines. A p-value of less than 0.05
was considered statistically significant. Data in figures are presented as individual data
points + standard error of the mean. To account for any variability within experiments

and samples, we performed an additional secondary analysis. This used mixed effects
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linear regressions performed in MATLAB 2017b (MathWorks, Natick, MA). We assessed
the effects of timepoint (12, 24h), exposure (FA, Os (2 ppm x 3h)), and treatment (CL,
PBS), and all 2- and 3-way interaction effects, on cell differentials, individual cytokines,
and neutrophil elastase. The Robust Regression was fit using a bisquare weighting
function that assigns observations with larger residuals a weight trending towards zero.

The analysis conducted in MATLAB confirmed and validated the statistics run in

PRISM.

2.3 Results

2.3.1 Monocyte-derived AM@s are not recruited following acute Os
exposure in rodents

To define AMO composition following acute Os exposure in rodents, we utilized
an established inducible monocyte/macrophage lineage tracing system (Cx3cr1ERere
crossed to zsGreen mice) [106,107]. In this system, tamoxifen administration
permanently labels nearly 100% of circulating monocytes, which express Cx3cr1, and
their progeny (i.e. monocyte-derived AMs), with a green fluorescent protein (GFP)
[106]. In contrast, in Cx3cr1Ekee zsGreen mice, tissue-resident AM, which do not
express Cx3crl in adulthood, are not labeled. Therefore, the Cx3cr1tRee zsGreen mice
allow clear segregation of tissue-resident from monocyte-derived AMUs. To induce
lineage tracing, tamoxifen was administered via oral gavage 24h prior to FA or O3

exposure (Figure 2A). The mice were harvested at 12, 24, and 72h post-exposure based
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on our and others’ prior studies defining peak and resolving time points of Os-induced
inflammation and injury [58,115,116]. Whole lung tissue was harvested and digested to
obtain a single cell suspension and the cells were processed for flow cytometry using a
previously published protocol (See Table 1 and 2 for antibodies and cytometer
configuration) [58]. Lung MJs were defined as live, CD45, Ly6G-, CD64*, CD24- cells
(Figure 3). Based on CD11c versus CD11b expression, AMUs (CD11c*, CD11b-) were
delineated from IMUs (CD11c*, CD11b*). AMO definition was further confirmed using
CD169 or CD206 (data not shown) and Siglec-F versus Ly6C (Figure 3, blue panel).
AMOs were then segregated by GFP expression to define tissue-resident AMUs (live,
CD11c*, CD11b,, GFP-) versus monocyte-derived AMOs (live, CD11cdi™-, CD11b*, GFP*).
Comparing GFP* and GFP- expression of AM in Os-exposed mice (Figure 2B and 2C),
we observed that the majority of AMUs were GFI>, suggesting a predominance of
tissue-resident AMOs and a lack of flux of monocyte-derived AM@s following Os
exposure. The red boxes depict the average percentage of monocyte-derived AMO
present in the FA (mean 1.154% +/- 0.1724, n=3), 12h (mean 0.6352% +/- 0.0765, n=5), 24h
(mean 0.7240% +/- 0.1201, n=4), and 72h (mean 0.1068% +/- 0.1341, n=6) post-Os exposure
(Figure 2C). Despite the lack of monocyte-derived AM@ recruitment (Figure 2B), we did
observe influx of monocytes following Os exposure suggesting that monocytes traffic

into the lung following exposure but do not differentiate into AMOs (Figure 4). Overall,
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the data collected with an inducible monocyte lineage tracing mice show no evidence for

lung recruitment of monocyte-derived AMOs following Os exposure.

2.3.2 Monocyte-derived AM@s are not recruited following acute O3
exposure in healthy human volunteers

Given the lack of monocyte-derived AM@ recruitment following acute O3
exposure in rodents, we wanted to translate this observation to humans undergoing
acute laboratory Os exposure. Healthy human volunteers (n=12) without a history of
chronic cardiopulmonary disease (Figure 5A) were exposed to FA or Os (200 ppb) for
135 minutes with intermittent exercise in a randomized crossover study design with an
18-20 day washout period between exposures. Approximately 21h following each
exposure, the subjects underwent a bronchoscopy with bronchoalveolar lavage (BAL).
10mL of BAL fluid was aliquoted per exposure and processed/stained/analyzed by flow
cytometry to define AMO@ composition. Human AMUs were defined as singlets, live,
CD45*, CD3-, CD15, CD206* cells (Figure 5B and Table 3). Segregation of human tissue-
resident from monocyte-derived AMOs was defined by the extent of CD206 and CD14
staining where tissue-resident AMs are CD206', CD14% and monocyte-derived AMs
are CD206', CD14" (Figure 5B). Monocytes were segregated and identified as CD14,
finding no significant monocyte recruitment following Os exposure (Figure 5B and 5C).
Consistent with prior human data [117], healthy human volunteers had monocyte-

derived AMUs in the FA exposure samples (Figure 5C). However, following Os
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exposure there was no significant recruitment of monocyte-derived AMOs (Figure 5B
and 5C). Despite the lack of overall evidence for recruitment of monocytes or monocyte-
derived AMUs, we did observe significant intra-individual variability in filtered air and
Os exposure immune cell profiles, suggesting differences in basal airspace immune cell
composition and response to exposure between study subjects (Figure 5D). Overall, this
data suggests that similar to mice, healthy human volunteers do not recruit monocyte-

derived AMUs following acute laboratory Os exposure.

2.3.3 Tissue-resident AM@ depletion causes persistent Os-induced
bronchoalveolar lavage neutrophilia

Given the lack of monocyte-derived AMO recruitment following Os exposure in
rodents or humans, we focused on defining a role of tissue-resident AMUs in acute O3
exposure. Following previously published protocols [105], tissue-resident AMOs were
depleted using administration of intra-tracheal clodronate-loaded liposomes. To confirm
specificity of this clodronate-mediated depletion, we performed whole lung flow
cytometry assessment of immune cells, identifying that clodronate-loaded liposomes led
to AM@-specific depletion (Figure 6A). Administering clodronate-loaded liposomes to
tamoxifen-induced Cx3cr1ERee zsGreen mice, we also confirmed that clodronate
administration did not cause recruitment of monocyte-derived AMOs during the
timescale of our exposure experiments (Figure 6B). The red boxes depict the average

percentage of monocyte-derived AMO present (mean 0.9200% +/- 0.3107, n=4). This data
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demonstrates that clodronate-mediated depletion was specific to AMUJs and resulted in
depletion of tissue-resident AMs without subsequent recruitment of monocyte-
derived AMUs.

Next, we assessed the impact of clodronate-mediated depletion of tissue-resident
AMUs on acute Os-induced lung inflammation and injury. C57BL/6] mice were
administered PBS or clodronate and then 72h post-administration were exposed to FA
or O3 (2 ppm) for 3h (Figure 7A). At 12h or 24h post-exposure, mice were harvested and
assessed for airspace inflammation. No differences in total cells, macrophages, or
neutrophils were observed in the filtered air groups (Figure 7B, FA). In PBS-
administered, Os-exposed mice, there was an increase in BAL total cells at both 12 and
24h post-exposure (Figure 7B). Cell differentials revealed an increase in airspace
neutrophils that peaked at 12h and had started to decline by 24h post-exposure. In
contrast, in the clodronate-administered, Os-exposed mice, neutrophils increased at 12h
post-exposure but then remained persistently elevated at 24h post-exposure (Figure 7B).
As expected, AMs were reduced at 12h and remained so through 24h post-exposure in
mice given clodronate administration prior to Os. In contrast, there was a significant
difference in the amount of airspace neutrophils 24h post-exposure in the PBS and
clodronate administered mice exposed to Os, where the clodronate administered mice

demonstrated persistent airspace neutrophilia.
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2.3.4 Tissue-resident AMJ depletion causes persistence of BAL
cytokine/chemokines and neutrophil elastase

In addition to airspace inflammation, we also assessed the impact of tissue-
resident AM depletion on other measures of Os-induced lung inflammation and
injury. BAL fluid cytokines and chemokines levels were measured by multiplex ELISA
with a focus on neutrophil factors. These included Granulocyte colony-stimulating
factor (G-CSF), Leukemia inhibitory factor (LIF), IP-10 (also known as CXCL10),
interleukin (IL)-6, GROa (also known as CXCL1), Monocyte chemoattractant protein-1
(MCP-1 or CCL2), Macrophage inflammatory protein 2-alpha (MIP-2a), and
Macrophage inflammatory protein-2 beta (MIP-2(3). At 12h post-exposure, LIF, IL-6,
GROa, MIP-2a, and MIP-23 were increased when compared to FA groups but no
difference was observed between PBS or clodronate administered groups. Alternatively,
at 24h post-Os exposure, differences were present in the cytokine responses between PBS
and clodronate administered groups (Figure 8), where IP-10, IL-6, GROa, MCP-1, MIP-
2a, and MIP-23 were all elevated in clodronate administered but not control mice.
Similar to cytokine responses, BAL neutrophil elastase was elevated in Os exposed mice
at 12h when compared to FA but not different based on clodronate administration
(Figure 9). However, neutrophil elastase was persistently increased at the 24h post-
exposure time point in the clodronate administered versus control mice. This data

supports that in tissue-resident AMJ-depleted mice, the Os exposure induced
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persistence in airspace neutrophils associates with a similar persistence in pro-
inflammatory cytokines and neutrophil elastase suggesting failed resolution of Os-

induced inflammation.

2.3.5 Depletion of tissue-resident AM@s reduces efferocytosis in vivo

The persistence of airspace neutrophils following Os exposure in tissue-resident
AMO-depleted mice suggests failed clearance of apoptotic neutrophils. To determine if
neutrophils exhibit increased apoptosis following clodronate-loaded liposome
administration, we assessed apoptosis markers (7AAD and Annexin V) by flow
cytometry in Ly6G* BAL neutrophils. We observed that Os exposed PBS administered
control mice had a higher portion of “Live” neutrophils (Ly6G*, 7AAD-, Annexin V-) and
reduced “Early Apoptosis” neutrophils (Ly6G*, 7AAD-, Annexin V*) than Os exposed
clodronate-loaded liposome administered mice (Figure 10). This finding suggests that
depletion of tissue-resident AMs resulted in increased apoptotic neutrophils following
Os exposure, supporting defective efferocytosis. To confirm the requirement of tissue-
resident AMs for in vivo efferocytosis, we adapted a method from Hodge et al. to
assess efferocytotic function in vivo [68]. Apoptotic cells were generated by UV
irradiating immortalized T cells (Jurkat cells) and were labeled with Calcein AM dye to
track their clearance. Prior to dosing, the extent of Jurkat cell apoptosis was confirmed

by viability staining (data not shown). PBS or clodronate was administered to C57Bl/6]
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mice as described above. 72h after administration, apoptotic labeled Jurkat cells, were
instilled via oropharyngeal aspiration and 1.5h later mice were harvested for BAL
allowing for the number of labeled Jurkat cells to be measured by flow cytometry
(Figure 11A). To assess in vivo efferocytosis we created a ratio of the number of
recovered labeled Jurkat cells in the BAL over the number of instilled Jurkat cells. We
observed that the mice with tissue-resident AMJ depletion exhibited decreased
efferocytosis, as evidenced by an increased number of Jurkat cells recovered from BAL
fluid (Figure 11B). This supports that tissue-resident AM@ facilitate effective

efferocytosis.

2.3.6 Mer tyrosine kinase (MerTK) null mice exhibit persistent Os-
induced inflammation

As tissue-resident AMOs depleted mice exhibited decreased efferocytosis, we
wanted to validate the role of efferocytosis in acute Os exposure responses. To perform
this, we assessed Oz exposure responses in MerTK null (MerTK-) mice. MerTK cell
surface staining is a defining feature of AMUs and is frequently used in flow cytometry
studies to segregate AMUs from other lung immune cells [51]. In addition, MerTK
regulates efferocytosis and MerTK-- mice are noted to have ineffective efferocytosis
[108,109]. We first assessed if MerTK expression was modified by Os exposure. We
measured MerTK expression by real time PCR from BAL cells at 6h, 12h, 24h, 48h, 72h

and 7 days post-acute Os exposure (2 ppm for 3h). Overall, there was minimal overall
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change in MerTK expression (Figure 12A). We then compared Os-induced lung
inflammation and injury responses in C57Bl/6] (WT) and MerTK* mice. WT and
MerTK"-mice were exposed to FA or Os (2 ppm) for 3h and then harvested 24h post-
exposure. We focused on the 24h time point since this is where we identified differences
in the resolution of Os-induced neutrophilic inflammation. No differences were
observed in BAL immune cells in FA exposed WT and MerTK- mice. Following Os
exposure, MerTK7 mice, compared to WT mice, demonstrated increased total cells,
macrophages, and neutrophils (Figure 12B). Furthermore, BAL cytokine and chemokine
profiles were enhanced in the Os exposed MerTK"- mice when compared to WT mice
(Figure 13). This included elevations in IP-10, IL-6, GROa and MIP-2(. This suggests that

MerTK promotes resolution of Os-induced inflammation.

2.4 Discussion

AM@s are critical to the initiation, propagation and resolution of lung
inflammation and injury. Therefore, defining specific AM@ functions in diverse lung
injury responses remains an important research question. In the present study, we
focused on defining the role of AMUs in Os-induced lung injury. We performed detailed
lineage tracing of AMUs following Os exposure to define the origin of AMJs. We
identified that following Os exposure AMUs are of tissue-resident origin without a

predominance of monocyte-derived AMUs. Similar to observations in rodents, healthy
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humans exposed to Os also did not have an increase in monocyte-derived AMs. To
define the function of tissue-resident AMs, we performed a series of experiments using
a clodronate-mediated tissue-resident AM depletion model to demonstrate that tissue-
resident AMs facilitate efferocytosis following Os exposure and that efferocytosis
promotes resolution of Os-induced lung injury. To confirm the requirement of effective
efferocytosis in the resolution of Os-induced lung inflammation, we performed Os
exposure studies in MerTK-" mice, which have a genetic deficiency in efferocytosis.
Following Os exposure, MerTK- mice exhibited persistent airspace neutrophils and
cytokine responses similar to exposed tissue-resident AMO depleted mice. Overall, the
data support that Os exposure does not recruit monocyte-derived AMUs and tissue-
resident AMs appear to promote resolution of Os-induced lung injury through
efferocytosis via MerTK.

Acute Os-induced lung injury is regulated by AM@ functions, with data
supporting both pro-inflammatory and protective/pro-resolving functions [26,36,95,118].
While AMO origin may offer one potential explanation for differing functions of AMJs
following Os exposure, there have been inconsistent findings in the literature about
AM@ composition following Os exposure. Francis et al. defined populations of pro-
inflammatory (CD11b* Ly6CH and iNOS*) and anti-inflammatory (CD11b* Ly6C')

AM@s present in the lung following Os exposure, which required CCR2 for their
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recruitment [119]. In addition, another study by this group identified that these Os-
induced pro-inflammatory AMOs were reduced in splenectomized mice suggesting
these pro-inflammatory AMOs are derived from a splenic intermediate [120]. Overall,
their data on pro-inflammatory AMs suggests these cells are monocyte-derived in
origin (i.e. monocyte-derived AMUJ) due to their CCR2 requirement and origin from a
splenic intermediate. As CCR2-null or splenectomized mice exhibited reduced Os-
induced inflammation and injury, the authors argued that these pro-inflammatory AMO
were driving Os-induced pathobiology. Alternatively, our prior work suggests that Os-
derived AMUs are principally tissue-resident in origin and exhibit a protective role in
Os-induced lung injury [111]. We defined expansion of a Cx3crl-mediated tissue-
resident AM subset following Os and loss of this subset in Cx3cr1-null mice
exacerbated Os-induced lung inflammation and airway hyperresponsiveness [111]. In a
separate study, we compared Os exposure responses in male and female mice using a
more extensive immune phenotyping flow cytometry panel and also did not identify
monocyte-derived AMOs [58]. However, none of these studies relied on lineage tracing
strategies that clearly define AM@ origin. To address this, the present study used
lineage tracing with inducible Cx3cr1tRee zsGreen mice, which distinguishes tissue-
resident AMO from monocyte-derived AMUs [106]. We identified that AMOs following

Os exposure are predominantly tissue-resident in origin with minimal to no monocyte-
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derived AMUs (Figure 2C). This supports that macrophage-derived effects in lung Os
responses are restricted to tissue-resident AMs.

Though we did not observe an influx of monocyte-derived AMUs, we did
observe an influx of monocytes, but these monocytes did not differentiate into
macrophages (Figure 4). Prior work by Jakubzick et al. identified that monocytes can
traffic through lung tissues without differentiation into macrophages and have antigen
presentation functions [121,122]. Presently, we do not know the specific functions of
monocytes present following Os exposure although it is possible that they could be
driving some of the pro-inflammatory functions ascribed to macrophages following Os
exposure. Future studies will need to consider the functions of these monocytes in Os-
induced lung inflammation and injury.

Due to the lack of monocyte-derived AMO recruitment following acute Os
exposure in rodents, we were interested to define if a similar AM response would be
seen in human subjects. Using BAL cells obtained by bronchoscopy from a cohort of
healthy human volunteers exposed to FA and Os, we were able to confirm that
monocyte-derived AMUs were not recruited (Figure 5C). Consistent with other healthy
human BAL studies, we observed that monocyte-derived AMO subsets are present in
control human BALs [117,123]. This is different from rodents, where AMs have been

shown to be solely of tissue-resident origin. This has been hypothesized to be a
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consequence of differences between laboratory rodents living in largely sterile housing
environments and human volunteers living in non-sterile environments with exposures
to pathogens and irritants [124]. Understanding if these human monocyte-derived cells
are hyper-responsive to subsequent exposures and/or pathogens remains an
unanswered question and will need to be considered in future studies. One limitation of
our flow cytometry analysis is that we did not define subsets of tissue-resident and/or
monocyte-derived AM@s. This is despite single cell RNA-sequencing identifying 2 or
more unique subsets of distinct clusters of tissue-resident and monocyte-derived AMOs
with the potential to have distinct functions [117,125]. Future single cell RNA-
sequencing studies will need to consider if there are distinct exposure related subsets of
AMOs and their role in exposure human exposure responses.

Though we did not observe an overall difference in monocyte-derived AMJs
following Os exposure, evaluation of the immune cell profiles between individuals
suggested significant diversity in immune cell profiles (Figure 5D). Comparing profiles
across individuals in the FA controls, we observed significant differences in immune cell
profiles, highlighting baseline intra-individual variability in airspace immune cell
composition. Furthermore, we observed additional variability in FA to Os exposure
responses, where some individuals had minimal change and others clear immune

profile differences between their FA and Os exposures. This highlights intra-individual
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variability in baseline immune cell composition and in exposure responses. Future
studies will consider if this baseline composition predicts the exposure responses or if
exposure immune cell profiles predict individuals with adverse outcomes to exposure.
An interesting aspect of the present study was the observation that monocyte-
derived AMUs were not recruited following acute Os-induced lung injury (Figure 2B
and 2C). This is counter to other lung injury models where monocyte-derived AMOs
predominate both in cell numbers and injury-regulating functions [105,106]. This may
reflect the relative severity of Os-induced lung injury versus other lung injury models. In
C57Bl/6] mice, Os exposure is typically associated with mild resolving lung injury [118].
This is in contrast to other commonly used lung injury models such as LPS, bleomycin,
and influenza infection, which are associated with extensive tissue injury and
destruction [102,126,127]. Generally, in these lung injury models, tissue-resident AMs
are largely dispensable, and principal injury-regulating effects have been ascribed to
monocyte-derived AM@s. Although not specifically evaluated in the present study, it is
possible that different mechanisms regulate responses in these more severe forms of
lung injury than responses to mild and resolving lung injuries. This has important
potential human health implications as mild lung injuries, such as those experienced
following Os exposure, are ubiquitous and therefore more commonly experienced than

severe lung injuries. Understanding distinct mechanisms driving mild versus more
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severe lung injuries could shed light on how mild, normally resolving lung injury
responses can become more severe and/or persistent. This insight may help us
comprehend how ubiquitous injuries that typically resolve, like Os exposure, can cause
or exacerbate lung diseases. Consistent with this, specific genetic mouse strains exhibit
enhanced sensitivity to Os exposure, driving enhanced lung injury, and in some cases
the development of lung fibrosis [128,129]. Given this importance, future studies will
need to consider additional mechanisms regulating mild lung injury that favor return to
homeostasis and how these might be dysregulated under certain conditions to promote
lung disease.

To address the specific functions of tissue-resident AMOs following Os exposure,
we depleted these AMOs using intratracheal administration of clodronate-loaded
liposomes. We confirmed the specificity of clodronate to deplete tissue-resident AMJs
(Figure 6A) and also ensured that clodronate administration did not cause recruitment
of monocyte-derived AMOs to the empty niche as others have previously demonstrated
(Figure 6B) [130]. When we exposed tissue-resident AMJ depleted and non-depleted
control mice to Os, the non-depleted control mice and the tissue-resident AM@-depleted
mice demonstrated similar initial Os inflammatory responses. However, at a later time
point following exposure, tissue-resident AMJ-depleted mice, when compared to the

non-depleted mice, had persistent elevation of airspace neutrophilia (Figure 7B). We also
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observed persistence of BAL cytokine responses and evidence of increased neutrophil
elastase (Figure 9). Interestingly, this occurred at a timeframe where inflammation is
resolving in non-depleted control mice. This suggests that tissue-resident AMJ are
participating in the resolution of acute Os-induced lung inflammation. Consistent with
this, we identified that Os-exposed tissue-resident AMJ-depleted mice had increased
proportions of neutrophils exhibiting markers of apoptosis (Figure 10). This suggested a
defect in apoptotic neutrophil clearance. To confirm this, we assessed in vivo
efferocytosis in control versus tissue-resident AM@-depleted mice (Figure 11), observing
a defect in efferocytosis. This suggests tissue-resident AMO function in Os-induced lung
injury by performing efferocytosis, and thereby promoting resolution of lung
inflammation.

To further clarify the role of efferocytosis in Os-induced lung injury, we assessed
Os responses in MerTK+ mice. MerTK is a cell surface marker and a member of the TAM
receptor tyrosine kinase family. While many cells express members of the TAM family,
Axl and MerTK are predominantly expressed on AM@ [131]. MerTK is known to
regulate efferocytosis via binding of Protein S or Gas6, which bind phosphatidylserine
on the surface of the apoptotic cell, thus facilitating apoptotic cell recognition for
efferocytosis [132]. There is limited information on the impact of air pollution on MerTK

and MerTK-mediated responses. A study by Liang et al., found PM2s exposure to
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decrease MerTK expression and cause increased cleavage of MerTK, leading to
decreased efferocytosis [133]. However, to our understanding, this is the first description
of MerTK following acute Os-exposure. We first defined AMUs MerTK expression over
a time course following Os exposure (Figure 12A). Although we did not identify any
statistical difference across the time course, there was evidence of a biological trend
where MerTK expression initially increased and then decreased by 24h post exposure.
Interestingly, the relative decrease in MerTK at 24h is the same time point where prior
data has identified Os-induced reductions in efferocytosis [68]. It is possible this
reduction in efferocytosis could be a result of our observed changes in MerTK
expression. Future studies could consider if augmentation of MerTK expression at this
time point could improve Os-induced reductions in efferocytosis. Using MerTK-- mice,
we identified that MerTK” compared to C57Bl/6 mice had persistent Os-induced
airspace neutrophilia (Figure 12B) and cytokine/chemokine responses (Figure 13). This
largely phenocopied the results of Os exposed tissue-resident AMJ-depleted mice. This
suggests that tissue-resident AMJ promote the resolution of Os-induced lung
inflammation via efferocytosis, and this occurs via a MerTK-mediated mechanism.
There are limitations to our study that should be considered. Despite the lack of
clodronate-mediated impact on immune cell composition (Figure 5A), it is possible that

clodronate might impact the function of non-AM& immune cell subsets. Consistent with
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this, Culemann et al. recently identified that clodronate ingestion by neutrophils led to a
decrease in neutrophil inflammatory functions including reduced ROS production,
NETosis, migration, and cytokine release, which they described as neutrophil
“stunning” [134]. Contrary to their published data, we identify that neutrophil functions
are enhanced, and not suppressed. In addition, the depletion of tissue-resident AMOs
occurs prior to Os exposure and appears to have a direct impact on efferocytosis,
independent of neutrophil function. This suggests that “stunning” of neutrophils is not
driving our Os phenotype. Additionally, recent data from Akalu et al.[135] identified
that commercially available MerTK+- mouse lines are not specific to MerTK and also
delete non-MerTK gene sequences. Using a newly developed MerTK-null mouse, they
demonstrated that some phenotypes previously ascribed to MerTK are no longer
observed, specifically non-efferocytosis phenotypes. They did identify that efferocytosis
effects appeared consistent across the various MerTK- strains. Since our focus was on
efferocytosis, we feel the use of our MerTK strain to assess Os-exposure responses is

justified.

2.5 Conclusion
In summary, our results show that monocyte-derived AMOs are not recruited

following Os exposure. We further define that tissue-resident AMOs function in

clearance of apoptotic neutrophils, which facilitates the resolution of Os-induced lung
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inflammation via MerTK. This study defines the importance of tissue-resident AMO-
mediated efferocytosis in mild resolving lung injury. Furthermore, it highlights the
importance of defining distinct roles of AM subtypes as a means of understanding

their distinct roles in lung injury and its resolution.
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Figure 2. Monocyte-derived alveolar macrophages (AMO) are not recruited
following acute Os exposure.

A. Cx3crlERere x zsGreen mouse model was used. Circulating blood monocytes and
monocyte-derived AM@ express Cx3crl, and after tamoxifen induction are GFP*, while
tissue-resident AM@ remain unlabeled. Lineage label was induced with tamoxifen 24h
prior to exposure with filtered air or O3 (2 ppm) for 3h. 12, 24, or 72h-post exposure,
whole lungs were processed and analyzed by flow cytometry. Schematic made using
BioRender.com. B. Bar plots represent individual mouse GFP- (tissue-resident AM(J,
grey) and GFP* (monocyte-derived AMU, white) populations. ANOVA analysis was
conducted using Tukey’s Honestly Significant Difference Test post-hoc. Data points
represented with SEM; showing significant increase of tissue-resident AMO from FA to
12 and 72h post Os exposure. *p<0.05. C. Acute Os exposure does not induce
recruitment/differentiation of monocyte-derived AM@. Representative flow cytometry
plots of AMUs were negative for zsGreen/GFP positive cells, supporting no evidence of
monocyte-derived AM@ recruitment. The red boxes indicate where GFP+ cells
(monocyte-derived AMO) would be observed if they were present in these samples.
Percent GFP* indicated within the respective box in red. Full flow cytometry gating
strategy and antibodies can be found in the supplements (Figure 3). Flow plots are
representative of n=3-6 mice per timepoint and replicated x1. Mice used include 4
females at 12h, with all other mice being male.
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Figure 3. Mouse Flow Cytometry Gating Strategy.

Whole lung tissue was digested and stained for flow cytometry. Individual immune
cells were defined based on specific cell surface markers based on prior published
protocols (representative sample). Color gating indicates cellular and lineage tracking of
specific cell populations of interest: yellow (monocytes), green (macrophages), blue
(alternative macrophage gating to segregate monocyte-derived macrophages (MoMU)
from interstitial macrophages (IMJ) and alveolar macrophages (AMQ)).
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Figure 4. Inflammatory and constitutive monocytes are increased in lung tissue
in response to acute Os exposure.

Monocyte lineage labeling was induced in Cx3cr1®k¢e x zsGreen mice with tamoxifen.
Lineage label was induced with tamoxifen 24h prior to exposure with filtered air or Os (2
ppm) for 3h. 24 or 72h post exposure whole lungs were processed, stained, and analyzed
by flow cytometry. Following Os exposure GFP* inflammatory (iMono) and constitutive
monocytes (rMono) were increased. n=4-5 mice per group and replicated x 1. *p<0.05.
ANOVA analysis was conducted using Tukey’s Honestly Significant Difference Test
post-hoc.
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Figure 5. Monocyte-derived alveolar macrophages (AMO) are not recruited
following acute Os exposure in humans.

A. Human subjects were exposed to FA and Os (2ppm) for 3h in separate visits. They
then underwent a bronchoscopy in which BAL fluid was collected and processed and
analyzed by flow cytometry. Demographic information is listed for all human subjects
including sex, age, and ethnicity. B. Representative flow cytometry plots of the gating
strategy used to identify alveolar macrophages were generated demonstrating
populations of CD206M, monocyte-derived AMJ, and CD206', tissue-resident AMO,
populations. The CD206' population did not increase following acute Os exposure,
supporting no evidence of monocyte-derived AMJ function in this context. The red
boxes indicate where GFP+ monocyte-derived AMO would be observed if they were
present in these samples. C. Acute Os exposure does not induce recruitment of
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monocyte-derived AM@. Bar plots represent human cellular response to FA (white) and
Os (grey) populations. Paired t-test analysis was conducted and data points are
represented with SEM. No significant difference seen in tissue-resident AMO,
monocyte-derived AM@, and monocyte populations post Os exposure. D. Hierarchical
clustering of the flow cytometry data from BAL samples. Column headers are color-
coded by the exposure type (FA or Os) and subject. Samples were clustered by Euclidean
distance using average linkage method. *p<0.05 Flow plots are representative of n=12
human subjects.
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Figure 6. Airspace administration of clodronate (CL) depletes tissue-resident
alveolar macrophages (AMO).

A. C57Bl/6] female mice were dosed with clodronate or PBS (control) were harvested
72h post-dosing. The whole lung tissue samples were perfused, digested, and stained to
identify the individual cells via flow cytometry. Bars shaded green indicate PBS/vehicle
control while blue indicates CL administration. Data is from n=4 mice per group, p value
is as identified. B. Cx3cr1®k¢r x zsGreen mice were dosed with CL 72h before harvest
then underwent lineage labeling with tamoxifen 48h post-dosing. They were then
harvested and processed for flow cytometry. The lack of GPF* AM (red box) suggests a
lack of Cx3cr1®R¢e x GFP* monocyte-derived AMOs as a result of CL depletion of tissue-
resident AMO. Percent GFP* indicated within the respective box in red. Flow plot is a
representative sample of n=4. C. Bar plot represents individual mouse GFP- (tissue-
resident AMO, grey) and GFP* (monocyte-derived AMU, white) populations, indicating
no recruitment of monocyte-derived AM@ following CL depletion. Full flow cytometry
gating strategy and antibodies can be found in the supplements (Figure 3).
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Figure 7. Tissue-Resident AMO depletion leads to persistent Os-induced BAL
neutrophilia.

A. Male mice were dosed with 50uL of 5mg/ml clodronate liposomes via oropharyngeal
aspiration. 72h following clodronate depletion of tissue-resident AMJ, mice were
exposed to FA or Os (2 ppm) for 3h. Mice were then harvested 12/24h following
exposure and the samples were processed for cell differentials and other measures of
inflammation. Schematic made with BioRender.com. B. BAL total cells, (C.)
macrophages, and (D.) neutrophils were enumerated following PBS or Clodronate (CL)
administration and FA or Os exposure. Bars shaded green indicate PBS/vehicle control
while blue indicates CL administration. By total cell numbers, CL exposed mice
exhibited a reduction of macrophages at 12h and increased neutrophils at 24h. n=4-10
mice per group/exposure/timepoint *p<0.05. ANOVA analysis was conducted using
Tukey’s Honestly Significant Difference Test post-hoc.
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Figure 8. Increased BAL cytokines associated with neutrophil recruitment in
Os-exposed tissue-resident AMO depleted mice.

BAL fluid from PBS or Clodronate and FA or Os (2ppm) exposed male mice was
assessed for cytokine expression by multiplex ELISA for inflammatory cytokines and
known neutrophilic chemotactic factors. Bars shaded green indicate PBS/vehicle control
while blue indicates CL administration. n=4-10 mice per group/exposure/timepoint
*p<0.05. ANOVA analysis was conducted using Tukey’s Honestly Significant Difference
Test post-hoc. ND indicates samples below the assay limit of detection.
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Figure 9. Neutrophil elastase is persistently elevated in tissue-resident AMO
depleted mice.

PBS or Clodronate (CL) was administered to male C57BL/6] mice 72h prior to FA or Os
(2 ppm) for 3h. Mice were harvested at 12 and 24h post exposure and BAL was collected
and processed. Bars shaded green indicate PBS/vehicle control while blue shades
indicate CL administration. BAL fluid from PBS or CL and FA/Os exposed mice was
assessed for neutrophil elastase concentration. n=4-10 mice per
group/exposure/timepoint *p<0.05. ANOVA analysis was conducted using Tukey’s
Honestly Significant Difference Test post-hoc.
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Figure 10. Tissue-resident AMO depletion increased the proportion of
apoptotic neutrophils following Os exposure.

A. The gating strategy to delineate neutrophil populations. Flow plots are a
representative example of n=5 samples per condition. B. PBS or Clodronate (CL) was
administered to male C57BL/6] mice 72h prior to Os (2 ppm) for 3h. 24h post-exposure,
BAL was collected, stained with Ly6G, 7AAD and Annexin V and analyzed by flow
cytometry. Neutrophils were defined as Ly6G* cells and then assessed for 7AAD and
Annexin V staining. “Live” neutrophils were defined as Ly6G*, 7AAD-, Annexin V-,
“Early Apoptosis” neutrophils were defined as Ly6G*, 7AAD-, Annexin V*, “Late
Apoptosis” neutrophils were defined as Ly6G*, 7AAD*, Annexin V*, and “Dead”
neutrophils were categorized as Ly6G*, 7AAD", Annexin V-. **p<0.005, ***p<0.0005
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Figure 11. Tissue-resident alveolar macrophage (AMQ) depletion decreased
efferocytosis.

A. C57BL/6] male mice were dosed with CL or PBS. The mice were then instilled with
apoptotic immortalized T cells, Jurkat cells, via oropharyngeal aspiration 22.5h after
exposure for 1.5h immediately prior to the harvest. During the harvest, 24h post-
exposure, BAL was collected and prepared for use in flow cytometry. Schematic made
with BioRender.com. B. Apoptotic cell clearance was defined using Calcein AM, positive
cells indicating live or early apoptotic cells. Healthy cells would not be engulfed by
AM@s, thus decreased Calcein AM positive cells indicate clearance of apoptotic cells
(efferocytosis). The graphs depict the ratio of counted recovered vs. instilled cells from
the collected BAL. Bars shaded green indicate PBS/vehicle control while blue indicates
CL administration. An unpaired T-test was conducted with n=10 mice per
group/exposure/timepoint *p<0.05.
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Figure 12. MerTK- mice have increased Os-induced airspace inflammation.

A. C57BL/6] male mice were exposed to Oz (2 ppm) for 3h and harvested 6h, 12h, 24h,
48h, 72h, and 7days later. mRNA expression of MerTK was assessed using the collected
BAL cells. n=5 mice per time point. B. MerTK- mice and C57BL/6] mice (wildtype) were
exposed to FA or Os (2 ppm) for 3h. The mice were harvested 24h post-exposure and the
BAL was collected and processed for total cell counts and differentials. Green bars
indicate the C57BL/6] mice while the orange indicates the MerTK- genotype. n=9-19
mice per group. *p<0.05. ANOVA analysis was conducted using Tukey’s Honestly
Significant Difference Test post-hoc. ND indicates samples below the limit of assay
detection.
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Figure 13. Increased BAL cytokines associated with neutrophil recruitment in
Os-exposed MerTK- mice.

BAL fluid from C57BL/6] and MerTK- mice FA or Os (2ppm) exposed mice was
assessed for cytokine expression by multiplex ELISA for inflammatory cytokines and
known neutrophilic chemotactic factors. Green bars indicate the C57BL/6] mice while
the orange indicates the MerTK- genotype. n=8-19 mice per group/exposure/timepoint.
*p<0.05. ANOVA analysis was conducted using Tukey’s Honestly Significant Difference
Test post-hoc. ND indicates samples below the limit of assay detection.
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Table 1. Immunophenotyping: Mouse: Antibodies and Staining reagents.

Mouse Target Clone Isotype | Conjugate Working = Vendor | Catalogue#
Dilution
CD31 MEC13.3 Rat PerCP- 1:400 Biolegend 102522
(PECAM-1) IgG2a, k Cyb5.5
Ly6C HK1.4 Rat PerCP- 1:200 Biolegend 128012
IgG2a, k Cyb5.5
B220 (CD45R) = RA3-6B2 Rat PE 1:100 Biolegend 103208
IgG2a,
CD49b DX5 Rat PE 1:100 Biolegend 108908
IgM, x
Siglec-F E50-2440 Rat PE-CF594 1:1500 BD 562757
(CD170) IgG2a, k Horizon™
F4/80 (Ly71) BMS8 Rat PE-Cy7 1:400 Biolegend 123114
IgG2a, k
CD163 5150491 Rat APC 1:200 Biolegend 155306
IgG2a,
CD169 3D6.112 Rat APC 1:100 Biolegend 142418
(Siglec-1) IgG2a,
CD206 C068C2 Rat APC 1:100 Biolegend 141708
IgG2a, k
MERTK 2B10C42 Rat APC 1:50 Biolegend 151508
(Mer) IgG2a,
Isotype RTK2758 Rat APC 1:50 Biolegend 400512
Control IgG2a, k
Ly6G 1A8 Rat AF700 1:200 Biolegend 127622
IgG2a, k
CD11b M1/70 Rat APC-Cy7 1:150 Biolegend 101226
IgG2a, k
CD64 (FcyRI) X54-5/7.1 Rat BV421 1:50 Biolegend 139309
IgG2a,
CD3e 145-2C11 Rat BV510 1:100 Biolegend 100353
IgG2a,
CD103 2E7 Rat BV510 1:100 Biolegend 121423
IgG2a, k
CD45 30-F11 Rat BV605 1:500 Biolegend 103155
IgG2a, k
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Table 2. LSRFortessa X-20 configuration.

Detector PMT Mirror/ Band Pass Fluorochrome
Beam Filter
Splitter
770LP_820_ 60 | A 770 820_60 BUV805
450LP_515_30 B 450 515_30 Zombie UV
379 28 C - 379_28 BUV395
750LP_780_60 @A 750 780_60 BV786
690LP_710_.50 C 690 710_50 BV711
635LP_670_30 D 635 670_30 BV650
600LP_610_20 E 600 610_20 BV605
495LP_525 50 G 495 525 _50 BV510
450_50 H - 450_50 BV421
635LP_710_.50 @A 685 695/40 PerCP-Cy5.5
495LP_525 50 B 505 525 _50 GFP
488 10 C - 488 10 Side Scatter
(55C)
Diode FSC
Diode SSC
735LP_780_60 @ A 735 780_60 PE-Cy7
655LP_710_.50 B 655 710_50 --
635LP_695_40 C 635 695_40 --
595LP_610_20 D 595 610_20 PE-CF59%4
575_26 E -—-- 575_26 PE
750LP_780_60 @ A 750 780_60 APC-Cy7
710LP_730_45 B 710 730_45 AF700
660_20 C - 670_30 APC
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Table 3. Human: Flow cytometry panel used for BAL sample phenotyping

Antigen Clone Fluorochrome | Manufacturer Cat #

CD4 RPA-T4 BUV395 BD 564724
CD19 HIB19 BUV395 BD 740287
CD25 2A3 BUV737 BD 564385
CD56 NCAM16.2 BUV737 BD 612766
HLA-DR 1243 eFluor450 ThermoFisher 48-9952-42
CD45 HI30 BV510 Biolegend 304036
CD15 HI98 BV786 BD 563838
Live/Dead | Not applicable SYTOX Green | ThermoFisher 534860
CD3 SK7 PE ThermoFisher 12-0036-42
CD127 HIL-7R PECF59%4 BD 562397
CD206 19.2 PECy7 ThermoFisher 25-2069-42
CD8 SK1 APC Biolegend 344721
CD14 MO5E2 APC Biolegend 301808
EpCAM 9C4 APC Biolegend 324208
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3. Spermidine regulation of NF-kB activation via the
NMDA receptor

3.1 Introduction

The functional switch of AMOs from inflammation to resolution of inflammation
is crucial for an individual’s health, as prolonged or uncontrolled inflammation can lead
to chronic inflammation, and the onset of lung diseases such as asthma, cystic fibrosis,
and chronic obstructive pulmonary disease [9,14,19]. As research has focused on
uncovering the active process of resolution, it has become clear that there are many
factors regulating resolution, including pro-resolution cytokines, bioactive lipids, as well
as clearance of cellular debris and apoptotic cells [39,42,46,136]. In the previous chapter,
we delved into the cellular-level function of AMs in the resolution process following
acute Os exposure, focusing on efferocytosis via MerTK. These findings led to questions
regarding how AMUs undergo a transition from a pro-inflammatory to a pro-resolution
phenotype and what are the intracellular mechanisms driving this phenotypic switch.

An intracellular mechanism that can drive AM phenotypic switching to a pro-
resolution phenotype occurs following efferocytosis. Prior studies have established links
between efferocytosis and activation of intracellular pathways [137,138]. Notably,
studies conducted by McCubbrey et al., performed an unbiased metabolomic screen of
AM@s following efferocytosis. They identified a unique increase in arginine-derived

polyamines, spermidine and spermine. They also identified that the increase in these
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polyamines was due to the increased import of the polyamines from the environment,
not retained from engulfed apoptotic cells nor de novo biosynthesis. Inhibiting polyamine
import led to increased expression of pro-inflammatory cytokines, IL-1p and IL-6,
suggesting that the polyamines had an anti-inflammatory effect [139]. This finding is
consistent with other macrophage studies demonstrating that arginase-1 derived
metabolites of L-arginine function to promote resolution of inflammation and suppress
of inflammatory cytokine production [90,140-143]. Beyond AMUs, L-arginine-derived
polyamines, spermidine and spermine, promote resolution of inflammatory bowel
disease [143] and are increased in the peripheral blood of asthmatic patients undergoing
an exacerbation [144]. Despite their known roles in inflammatory diseases and
macrophage function in various organs, the role and mechanism of polyamine-mediated
regulation of lung immune responses is poorly understood [84,140-142,145,146].
Another known role of the L-arginine-derived polyamines is that they can
inhibit the NMDA receptor by interacting with an allosteric binding site that regulates
ion channel influx [147,148]. Additionally, the NMDA receptor has been studied as a
regulator of NF-kB activation [74]. While the NMDA receptor has largely been studied
in the context of neurons and neurodegenerative diseases, it also has functions in other
organs, including the lung [75-77]. Data suggests that the NMDA receptor is expressed

in various pulmonary tissues including AMs, alveolar type 2 cells, as well as the
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trachea and airways [77,78,149]. While it is known that the NMDA receptor can be
inhibited by polyamines and prior studies have shown that the NMDA receptor can
regulate NF-xB activation [74,92,93]; if these are linked and promote resolution of
inflammatory signaling is poorly understood.

To address this knowledge gap, we assessed the presence and concentration of
L-arginine and its metabolites following acute Os exposure. We observed dynamic
changes in L-arginine, spermidine, and spermine concentrations following exposure.
Specifically, we observed spermidine elevation at 24h post-exposure, the timepoint post-
exposure associated with inflammation resolution. This is consistent with the potential
role for spermidine in resolving Os-induced lung inflammation. Based on this
observation, we assessed the impact of spermidine administration on Os-induced lung
injury in vivo. We identified that spermidine reduces airspace inflammation and injury
following Os exposure. To define the mechanism for this effect, we performed in vitro
studies on MH-S cells, an alveolar macrophage-like cell line. MH-S cells were exposed to
a canonical activator of NF-kB, LPS, to define the impact of spermidine on activation of
NF-kB and production of pro-inflammatory cytokines. In agreement with previous work
[90,91], we found spermidine administration following LPS exposure reduces NF-xB
activation, cytokine expression, and cytokine release. To then assess NMDA

involvement in NF-kB activation we dosed the MH-S cells with NMDA, an NMDA
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receptor agonist. We were then able to show that NMDA agonism activates NF-xB
similarly to LPS. As spermidine has been demonstrated to inhibit the NMDA receptor,
this suggests the potential for spermidine as negatively regulating NF-«xB activation via

inhibition of NMDA.

3.2 Materials and Methods
3.2.1 Cell Culture

MH-S cells, an immortalized murine alveolar macrophage cell line, was
purchased from and maintained per protocols by ATCC (Manassas, Virginia). Cells were
thawed from frozen stock and plated on 10cm dishes in complete media (RPMI1640
(Gibco, #cat: 11875), 10% FBS Non-Heat Inactivated, 5mL A/A, 2.8mL Glucose 45%, 5mL
HEPES, and 5mL Na Pyruvate) and 2-mercaptoethanol (BME), which was added fresh
with each media change. Following the first split, cells were re-plated and grown to
confluence (about 1 week). The cells were then scraped off the plates using a cell scraper
(Cell Treat), centrifugated (1200 rpm X 5min) and re-suspended in media without FBS
(Fetal Bovine Serum). The number of live cells was determined using a Cellometer K2
(Nexcelom Bioscience). 1 day before the experiments, cells were plated at a density of 1.5
million cells per well in a 6-well plate in MH-S complete media without FBS. All
exposures and/or treatments were then conducted in MH-S complete media without

FBS. Cells were treated with 200uM spermidine (Sigma-Aldrich, #cat: 50266) in
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pretreatment (1h pre-exposure) and rescue (1h post-exposure) models. As described in
each figure legend, the cells also had administration of Ultrapure LPS (25ng/mL)
(Invitrogen, #cat:tlrl-3pelps), NMDA (100/300/600uM) (Tocris, #cat:0114), and D-AP5
(500uM) (Tocris, #cat:0106). The individual MH-S cell experiments had different
exposure times and treatment/exposure lengths which are described in figure legends
and results. UltraPure LPS was utilized as it removes contaminants that can be found in
non-pure LPS, which can include other lipoproteins which would then lead to non-
specific inflammatory activation [150]. Following exposure and/or treatment, the MH-S
cells were then collected to measure inflammation/resolution markers including
multiplex ELISA for cytokines/chemokines (#cat: PPX-08-MX47XMC), western blots, and

real time-PCR.

3.2.2 Experimental Animals

C57Bl/6] male mice were purchased from Jackson Laboratories. All mice were 8-
10 weeks old at the time of exposure. Animal breeding and study procedures were
performed under an approved institutional animal care and use committee (IACUC)
protocol at Duke University (A053-21-03). All animal experiments were conducted in
accordance with the American Association for the Accreditation of Laboratory Animal

Care guidelines.
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3.2.3 Rodent Exposures

Mice were exposed to filtered air (FA) and ozone (Os) as described in section
2.2.2. For in vivo spermidine experiments, spermidine (Sigma-Aldrich, #cat: S0266) was
administered via intraperitoneal injections, 25mg/kg, 50mg/kg, or 100mg/kg 1h before
FA or Os exposure. Control mice were given DI water intraperitoneal injections in the

same manner.

3.2.4 Mouse bronchoalveolar lavage and measures of inflammation
and injury

Bronchoalveolar lavage (BAL) was performed as described in section 2.2.3.

3.2.5 Metabolite Analysis

Metabolite analysis was performed as outlined in prior publications [151]. In
brief, stock mixture of internal standards (GABA-d6, MTA-d3, N8-acetylspermidine-d3,
diacetylspermine-d6, and N1-acetylspermine-d3) was prepared with varied
concentrations. A ten-point calibration curve, spanning 0.025-25 uM, was created for
each analyte in a solvent mixture of 1:5:1 water:MeOH:CHCI3, with approximately 1 uM
internal standard. Serum reference material (Goldenwest biologicals) was processed by
precipitating with a 5x dilution in MeOH:CHCI3 to achieve a similar final composition.
A 400uL aliquot of bronchoalveolar lavage fluid (BALF) each sample were lyophilized
and reconstituted in 60uL of 1:5:1 water:MeOH:CHCI3 to concentrate the sample to

about a 6.6x dilution. Samples were then centrifuged at 10000rpm at 4°C for 5 min,
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allowing for 50uL to be transferred to a 96 well plate, and 10uL to be used as an internal
standard for each sample. The plate was shaken at 800 rpm for 20min prior to analysis.
Utilizing a custom LC-MS/MS method for arginine pathway metabolites, previously
published by the Duke Metabolomic and Proteomic Core Facility [151], the following
compounds in the L-arginine pathway were measured: L-arginine, L-citrulline,
agmatine, L-ornithine, 5'-deoxy-5-methylthioadenosine (MTA), methionine, S-(5'-
Adenosyl)-L-methionine chloride (SAM), S-adenosylhomocysteine (SAH), v-
aminobutyric acid (GABA), spermidine, and spermine. 1uL of the sample was analyzed
on an Acquity UPLC interfaced to a Xevo TQ-S mass spectrometer (Waters
Corporation). Tune parameters were set to spray voltage 3.0 kV, desolvation gas 1000
L/hr, cone voltage 20 V, desolvation temperature 400°C and cone gas flow 150 L/hr. The
mass spectrometer was set in multiple reaction monitoring mode, monitoring for each
analyte. The data was then imported to skyline for calibration and concentration
calculations. The prepared serial dilution curve was used to make a linear regression
with 1/x weighting for analytes, using ratios based on the internal standard measures.
Then, principal component analysis and outlier detection was conducted to evaluate and
account for variability. Once this data was processed, samples were then plotted and

analyzed utilizing GraphPad PRISM.
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3.2.6 Western Blot

Cells were collected and processed for intracellular protein measurements via
western blot. The supernatant was discarded and cell plates were rinsed 2 times with
PBS, then immediately scraped with 300uL of a collection buffer (ImL RIPA (Sigma-
Aldrich, #cat:R0278), 10uL HALT Protease and Phosphatase Inhibitor Cocktail (Thermo
Scientific, #cat:1861281), 10uL EDTA (Thermo Scientific, #cat:1861274)). To lyse cells,
samples were placed on a rocker at 4C for 45min, then sonicated for 20sec, and
centrifuged (1,500rpm X 10min). Following this, protein was quantified utilizing a Pierce
660nm Protein Assay Reagent kit (Thermo Scientific, #cat:22660) per the manufacturer’s
protocol. Samples were then prepared for western blotting per instructions
accompanying the gel (10% bis-tris gels, Invitrogen). In brief, the samples were prepared
with Bolt LDS Sample Buffer (4x) (Novex, #cat: BO007), NuPage Reducing Agent (10x)
(Invitrogen, #cat:NP0009), and DI water and then boiled for 5min at 85C and cooled
immediately afterward on ice for 15min. The samples and the Spectra Multicolor Broad
Range Protein Ladder (Thermo Scientific, #cat:26634) were loaded into 10% bis-tris gels
(Invitrogen, NW00100BOX) with MES SDS Running Buffer (Invitrogen, #cat:B0002) and
1mL per gel basin of NuPage Antioxidant (Invitrogen, #cat: NP0005). The gels were run
at 130V for 75min on the Invitrogen Bolt System. Immediately following this, the gels

were prepared for transfer utilizing PVDF Membrane Filter Paper Sandwich (Invitrogen,
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#cat:LC2002) and Transfer Buffer (Invitrogen, #cat:B00061) and underwent a transfer for
70min at 30V. Following this, the membranes with the bands were cut and prepared for
staining. Using TBS (Bio-Rad, #cat: 1706435), and TBST, TBS with Tween 20 (Bio-Rad,
#cat: 170-6531), we stained for pNFkBp65 (Primary: Cell Signaling, #cat: 3033S,
Secondary: Cell Signaling, #cat:7074S) and Pactin (Primary: Milipore, #cat:A5441
Secondary: Cell Signaling, #cat: 7076S). This was done using, BSA (Sigma-Aldrich,
#cat:A7906), Re-Blot Plus Mild Solution (Milipore, #cat:2502), Nonfat dry milk (Blotting-
Grade Blocker, Bio-Rad, #cat: 1706404), ECL Prime Western Blotting Detection Reagents

(Cytiva, #cat:17757269), and a fluorescent gel imager (Bio-Rad).

3.2.7 Real-Time PCR

Total RNA was collected utilizing RNeasy Plus Mini Kit (Qiagen) per the
manufacturer’s protocol. Following extraction, RNA samples were reverse transcribed
into cDNA using Maxima H Minus cDNA Synthesis Master Mix (thermos scientific).
PCR amplification was completed using the following program: 20uL reaction volume;
50°C, 2min; 95°C, 2min; 40 cycles, 95°C 1 sec, 60°C 30 sec. All real time quantitative PCR
reactions were completed using the Quant Studio 6 Flex (Applied Biosystems). The
reactions utilized SyBR Green reagent (Applied Biosystems), sterile UltraPure Distilled

water (Invitrogen), and primers, as listed in Table 4. Gene expression values were
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normalized to 18S as a housekeeper and presented as a fold change normalized again to

media control.

3.2.8 Statistics

Statistical testing is as noted in the figure legends. In most settings, an ANOVA
with post-hoc multiple comparisons analysis was conducted in PRISM 9 (GraphPad,
Boston, MA) using Tukey’s Honestly Significant Difference Test to reveal individual
comparisons within groups on both cell types and cytokines. A p-value of less than 0.05
was considered statistically significant. Data in figures are presented as individual data

points + standard error of the mean.

3.3 Results

3.3.1 Spermidine is increased in the bronchoalveolar lavage fluid
following acute Oz exposure

We first defined the concentration of L-arginine and its metabolites within BALF
of C57Bl/6] mice exposed to acute Os. C57Bl/6] mice were exposed to FA or Os (2ppm)
for 3h and harvested at 12, 24, and 72h post-exposure. We performed BAL at timepoints
critical to inflammation and resolution; 12h being associated with peak airspace
neutrophilia, 24h associated with reduced neutrophilia and peak AMUs, and 72h being
associated with resolution of acute inflammation [152-154]. The BALF from these mice
was collected and analysis of L-arginine and its metabolites were assessed by the Duke

Metabolomic and Proteomic Core Facility. The samples were then analyzed utilizing a
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previously published [151] specialized mass spectroscopy panel developed for the
assessment of L-arginine metabolites. L-arginine was reduced at 12h and then returned
to baseline at 24h and 72h (Figure 14). While there was no significant difference in the
concentrations of agmatine, ornithine, and citrulline, there was an interesting biologic
trend of increased citrulline at 72h post exposure. Due to the recycling that occurs in this
pathway, the later increase of L-citrulline could indicate potential recycling then back
into L-arginine [82]. It was seen in some downstream parts of the pathway, methionine,
SAM, and MTA, that there was an increase in concentration at 24h. Similarly, it was seen
in the concentrations of SAH and GABA, while not significantly different, there was a
trend toward an increase at 24h. The polyamines spermine and spermidine were not

different at 12h, but then increased at 24h and returned to baseline at 72h post-exposure.

3.3.2 Spermidine administration reduces Os-induced lung injury in
vVivo

As we observed an early reduction in L-arginine during peak Os-induced
inflammation and then an increase in spermidine during the time point associated with
resolution of Os-induced lung inflammation, this led us to perform experiments to
determine if spermidine regulates Os-induced lung inflammation. To assess the effect of
spermidine treatment in vivo following acute Os exposure, C57BL/6] mice were
pretreated with spermidine at doses of 25mg/kg, 50mg/kg, or 100mg/kg via

intraperitoneal injection 1hr prior to exposure to FA or Oz (2 ppm for 3h). Based on
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literature within the field, we decided on our range of doses between 25-100mg/kg
[155,156]. The Os exposure dose is based on the lab’s prior publications and known
deposition fractions between mice and humans [157]. Given the increase of spermidine,
in vivo following Os exposure (Figure 14) at 24h post-exposure, we hypothesized that
spermidine plays a role in resolution or decreased activation of inflammation. Using the
24h point, which is a standard time point to assess Os-induced lung inflammation and
was the timepoint our prior studies identified as critical for inflammation resolution, we
then wanted to assess other inflammatory immune responses. Markers of airspace
inflammation and injury including infiltrating inflammatory cells and BALF total
protein/albumin were assessed. The mice exposed to FA, regardless of spermidine
dosing, exhibited no significant recruitment of inflammatory cells (total cells, AMUs,
and neutrophils) (Figurel5). Following Os exposure, the mice pretreated with control DI
water demonstrated increased Os-induced inflammation defined by an increase in total
cells and AM@s (Figurel5). Mice treated with 25mg/kg and 50 mg/kg of spermidine had
reduced recruitment of total inflammatory cells, specifically macrophages; however,
when compared to FA there was an increase in neutrophils at the 50mg/kg dose. The
cohort of mice treated with 100mg/kg of spermidine had a distinct reduction in the total
cell, macrophage, and neutrophil counts where differences between the FA and Os

exposed groups are negligible (Figure 15).
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In addition to airspace inflammation, we assessed BALF total protein and
albumin. Total protein was measured for all doses while albumin was only measured on
samples collected from control mice and those pretreated with 50mg/kg of spermidine.
All mice exposed to FA had a relatively low level of BALF total protein. Following Os
exposure, the mice with the 25 mg/kg and 50mg/kg spermidine treatment, when
compared to DI water control, had no significant change in total protein concentrations.
Notable, a significant decrease in total protein present in the airspace was seen when
comparing mice exposed to FA or Os pretreated with 100mg/kg of spermidine (Figure
16A). Then assessing albumin concentration via the mouse albumin ELISA, we utilized
the cohorts of mice treated with the DI water control and 50 mg/kg spermidine, exposed
to FA or Os. In both cohorts, the mice exposed to FA had a relatively low level of
albumin within the airspace; however, following acute Os exposure, the mice pretreated
with 50 mg/kg spermidine had a reduced albumin concentration (Figure 16B). Overall,
this data supports that spermidine pre-treatment reduces Os-induced lung

inflammation.

3.3.3 Spermidine pretreatment decreases LPS-induced NF-kB
activation

Given the increased airspace concentration of spermidine as well as the reduced
inflammatory response in vivo, we wanted to define mechanisms by which spermidine

could be impacting AMOs function to promote resolution of inflammation. We utilized
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MH-S cells exposed to LPS, since it causes the production of pro-inflammatory cytokines
via activation of canonical NF-«kB signaling. To assess the impact of spermidine on LPS
responses in MH-S cells, we administered 200uM spermidine for an hour prior to
exposure to 25ng/mL LPS. We defined this as a pre-treatment model (Figure 17A). To
define NF-«B activation following LPS, we measured phosphorylated-NF«xBp65
(pPNFxBp65) staining by western blot. pNF«Bp65 is present when the NF-kB-
heterodimer is activated, as it has been liberated from its natural inhibitor, IxkBa. The
"freeing” of the heterodimer, signals its movement into the nucleus to initiate the NF-xB
inflammatory cascade [71,72]. Following the exposure, the cells were then collected and
processed for western blotting. The LPS control had more pNF«kBp65 present in
comparison to what we measured in the media and spermidine control, which had no
added inflammatory stimulus. The blots and its semi-quantitative densitometry analysis
demonstrated that there was a decrease in pNF«Bp65 at 5 and 15min following “LPS +
Spermidine” exposure (Figure 17B and 17C). The reduction in pNFkBp65 in the LPS
exposed MH-S cells treated with spermidine, supports that spermidine administration

causes a reduction in LPS-mediated NF-kB activation.

3.3.4 Spermidine rescue treatment decreases NF-kB associated
cytokine expression and concentration

To understand how the expression and release of these cytokines’ changes

following spermidine treatment, we changed the treatment model. In the rescue model
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25ng/mL of LPS was given for 1hr and then a treatment plus exposure of 200uM of
spermidine and 25ng/mL LPS or 25ng/mL LPS was given, respectively (Figure 18A).
These samples were collected and processed to run both real-time PCR and multiplex
ELISAs. We initially evaluated mRNA expression after administering rescue spermidine
treatment. The data is a 3-hour time course, with samples collected at one-hour intervals.
The data collected was then analyzed so that it was normalized to the house-keeper gene
18s. Then the cohorts were normalized to the media control, as that is considered the
negative control. In comparison to media control, which had low expression, an increase
of MIP2, TNFa, and IL-6 expression was observed in samples exposed to 1-3h of
25ng/mL of LPS. Notably, the samples administered the rescue spermidine treatment for
2h or 3h trended toward decreased mRNA expression (Figure 18B).

In addition to the mRNA expression showing decreases following the
spermidine rescue, similar trends were seen in the concentration of cytokines from the
culture supernatant, assessed by a multiplex ELISA. In our assessment of cytokines, we
focused on pro-inflammatory macrophage-derived cytokines and chemokines including
Granulocyte colony-stimulating factor (G-CSF), Leukemia inhibitory factor (LIF), IP-10
(also known as CXCL10), interleukin (IL)-6, GROa (also known as CXCL1), Monocyte
chemoattractant protein-1 (MCP-1 or CCL2), Macrophage inflammatory protein 2-alpha

(MIP-2a), and Macrophage inflammatory protein-2 beta (MIP-23). At 1h IP-10, IL-6,
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MCP-1, MIP-2a, and MIP-2( trended lower than the media control while G-CSF, GROa,
and LIF concentrations were similar. In the samples exposed to LPS for 2h, when
compared to media controls, IL-6, GROa, MCP-1, and MIP-2f3 trended toward increased
concentration; while G-CSF, LIF, IP-10, and MIP-2a had a similar concentration to the
control. In contrast, samples administered a spermidine rescue treatment had a
significantly lower concentration in G-CSF, IP-10, GROa, MCP-1, MIP-2a, and MIP-2[3
with a trending decreased concentration in IL-6 when compared to 25ng/mL of LPS for
2h (Figure 19). Additionally, we assessed later cytokine responses at 3h of 25ng/mL of
LPS exposure and 3h rescue spermidine treatment. A similar trend was seen where a
statistically lower concentration of IP-10, IL-6, GROa, MCP-1, MIP-2«, and MIP-2[3 was
observed in the spermidine rescue treatment groups (Figure 20). Overall, this cytokine
data was consistent with our observation of reduced NF-«kB activation. Furthermore, this
data set demonstrated that spermidine rescue treatment appeared to have similar

inflammation resolving effects to spermidine pre-treatment.

3.3.5 NMDA receptor agonist activates NF-kB

Given this data demonstrating the link between spermidine and NF-«B as well as
the known interaction of spermidine binding to the allosteric binding site of the NMDA
receptor, we wanted to define if activation of the NMDA receptor could activate NF-xB

signaling. To assess this (Figure 21A), we administered to MH-S cells an NMDA agonist
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at 3 doses, 100, 300, and 600uM and collected cells at 5 or 15min following exposure
(Figure 20B). NMDA doses were determined based on use in prior publications [77,158].
These samples were collected and processed for western blotting where we blotted for
pNF«Bp65, as a marker for NF-«B activation. In the media control samples, we observed
less pNFkBp65 protein expression on the blot. At both 5 and 15 min there was an
increase in pNFkBp65 present in the samples exposed to NMDA at all doses, indicating
increased NF-kB activation (Figure 21C). This demonstrates that NMDA agonism causes
NF-«B activation in MH-S cells.

We then worked to test the efficacy in inhibiting NF-kB activation by the NMDA
receptor antagonist, D-AP5, as well as assess the response following a spermidine
treatment with an NMDA exposure. The dose of D-AP5 was determined based on
findings in prior studies [77]. The antagonist D-AP5 was administered as a pretreatment
1h prior to exposure of 25ng/mL of LPS and the cells were harvested at 5 or 15min post-
LPS (Figure 22A). To test the direct effects of spermidine on NMDA activation of NF-«B,
we administered a 1h pretreatment of spermidine, followed by exposure to the NMDA
receptor agonist, NMDA (Figure 22D). Though we observed potential impacts on NF-xB
activation, we were unable to produce reliable western blots from either of these
experiments due to technical limitations. In particular, there was an issue of incomplete

Pactin staining, making us uncertain of our loading controls. Despite several attempts to
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adjust the blotting techniques, antibody concentrations, and transfer methods this data is
not conclusive (Figures 22 B, C, E, F, and G); rather theories and future work will be

addressed in the discussion.

3.4 Discussion

AM@s have roles both in the initiation and support of inflammation but also in
the resolution of inflammation. Though their roles in inflammation have been well-
characterized, the specific mechanisms that drive AMs to support resolution of
inflammation have been less well defined. Therefore, this study focused on defining
intracellular mechanisms within AMOs that drive signaling promoting the resolution of
inflammation. We focused on the potential of spermidine to promote resolution of
inflammation and a mechanism for this effect via NMDA receptor signaling. We first
defined the concentration of L-arginine and its metabolites after acute Os exposure. In
Os-exposed mice, we observed a decrease in L-arginine concentration at 12h and an
increase of polyamines, such as spermidine, at 24h. Having confirmed that acute Os
exposure impacts the concentration of L-arginine and its metabolites, we then assessed
the in vivo function of spermidine in resolution of Os-induced lung inflammation. In
mice exposed to Os and treated with spermidine, there was a reduction in inflammatory
cell recruitment and decreased total protein found within the BAL fluid. Following this,

we aimed to understand a potential mechanism by which spermidine promotes
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resolution. To define this, we performed in vitro studies with LPS in MH-S cells. We
observed that spermidine administration post-LPS exposure reduced NF-kB activation,
cytokine expression, and cytokine release. We then confirmed that NMDA agonism
activates NF-kB similarly to LPS, suggesting the potential of spermidine to negatively
regulate NF-kB activation through NMDA inhibition. Overall, the data support that
there is a potential mechanism in which spermidine promotes resolution of Os-induced
lung inflammation via spermidine-mediated inhibition of NMDA receptor activation
and downstream NF-«B activation.

While the arginine pathway has been recently probed more due to its potential
therapeutic role in varied diseases [90,140-143], it has been largely understudied in the
context of understanding the specific mechanisms by which it mediates resolution. L-
arginine can be metabolized by NOS2, leading to pro-inflammation intermediates, or by
arginase-1, which has been understood to promote inflammation resolution
[85,89,159,160]. Following Os exposure, prior research observed an increase in NOS and
citrulline in mouse models [161,162]. Furthermore, Sunil et. al. observed in Os-exposed
rats an increase in epithelial expression of inducible NOS2 and arginase 1 [163].
Consistent with our data, this demonstrated that arginase-1 expression is impacted by
Os exposure (Figure 14). However, expression of the enzymes NOS2 or Arg-1 does not

define function; rather, their effects are defined by their metabolites. Prior to our
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research, the dynamics of L-arginine and its metabolites following Os exposure had not
been defined. This understanding is crucial for comprehending the impact of increased
NOS2 and Arg-1 expression. To define the impact of Os exposure on L-arginine
metabolism via arginase-1, we performed LC/MS analysis of L-arginine metabolites in
BALF. Using this assay, we defined an initial decrease in L-arginine concentration at 12h
post-exposure. This suggests that L-arginine is being metabolized, presumably to
generate metabolites, though specific labeling and tracking of L-arginine metabolism
was not directly studied in our experiments. Interestingly, L-arginine levels returned to
baseline by 24h. This suggests that there is a compensatory increase in L-arginine. The
source of this increased L-arginine is not clear but could come from intracellular
recycling from citrulline or from endogenous sources [160,164,165]. The source and
dynamics of L-arginine flux following Os exposure remains to be defined. At 24h post-
exposure, there was an observed increase in the polyamines, spermine and spermidine,
as well as SAM, MTA, and methionine, which are critical for intermediates in polyamine
production [166]. This elevation in polyamines and their intermediates then decreased
by 72h post exposure. Interestingly, at this time point there was a biologic, though not
statistically significant, increase in citrulline. The significance of this observation is not
clear but could support a potential source of L-arginine recycling as has been observed

in other studies [160,164,165]. The finding of an increase in arginase-1 derived L-arginine
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metabolites suggested it may have a role in Os-induced immune signaling. Given that
the 24h time point is typically one that associates with resolution from Os-induced lung
injury, this made us consider if spermidine promoted resolution of Os-induced lung
injury.

While prior research supports spermidine involvement in pro-resolution
functions and NF-kB activation [90,91], to the author’s knowledge, this is the first study
addressing its potential role in the resolution of acute Os-induced lung inflammation. To
define direct effects of spermidine on Os-induced lung injury, we performed a dose-
response study with spermidine administration prior to in vivo FA or Os exposure.
Overall, we observed a decrease in Os-induced inflammation and injury responses as
demonstrated by reduced airspace inflammation (Figure 15) and decreased BALF total
protein and albumin (Figure 16). Furthermore, while at 25mg/kg and 50 mg/kg we
observed some reductions in inflammation, at 100 mg/kg the effect was much more
prominent, suggesting a therapeutic threshold. We observed that Os exposed mice with
the 100 mg/kg spermidine dose had reduced BALF inflammatory cells and total protein
to the point that there was no difference between FA and Os exposure (Figure 15 and
16). This data suggests spermidine has a role in decreasing Os-induced injury. This data
is consistent with other research defining spermidine as a pro-resolution mediator for

inflammation and inflammatory diseases [142,144]. Consistent with lung effects,
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Wawrzyniak et al. found in a house dust mite allergic airway model. They observed
that mice orally treated with spermidine (15 mg/kg) had a reduced allergic airway
inflammation [145]. Overall, this suggests spermidine and L-arginine metabolism via
arginase-1 may be a promising therapeutic target to reduce and/or resolve lung
inflammation.

Given the observation of increased spermidine-mediated resolution of Os
induced lung inflammation, we were interested to confirm the potential mechanism of
this response. We focused on spermidine’s effects on NF-kB. NF-«B is a central regulator
of inflammation and its activation in AM@ is associated with production of pro-
inflammatory cytokines [36,71,72]. In addition, NF-kB activation is noted following Os
exposure and inhibition of NF-«kB has been associated with reduced Os-induced lung
inflammation [69,152]. To assess for impacts of spermidine on NF-kB activation, we
utilized LPS as a canonical NF-«B activator and translated our in vivo findings into
defining the mechanism via in vitro studies. Consistent with prior studies [145,167,168],
we observed that spermidine reduced LPS-mediated NF-kB associated cytokines and
chemokines, expression and concentration (Figure 18-20). In addition, we identified that
spermidine decreased the activation of NF-«kB activation surrogate, pNF«xBp65 (Figure

17).
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Though we were not able to fully tie spermidine regulation of NMDA-mediated
NF-kB activation together in this study set (Figure 22), we were able to identify an
agonist of the NMDA receptor, NMDA, as an activator of NF-xB in MH-S cells (Figure
21). Furthermore, while there are clear technical issues with the blot developed to
demonstrate spermidine reducing NF-kB activation via NMDA, there is a trend showing
that the pretreatment of spermidine had less pNFkBp65 (Figure 22). There are several
limitations and potential areas to improve the experimental design for future work. One
such consideration is the concentration of LPS. In our study we utilized 25ng/mL since
we identified it as the lowest dose to provide a robust cytokine response (data not
shown). However, in other studies defining NF-«B activation via translocation of p65 on
western blots, doses of 100ng/mL-500ng/mL were used [90,169]. While we were
concerned with identifying a low dose initially to not quench or mute a spermidine
response, potentially having less protein in general due to the more mild response, made
differences between groups harder to identify and quantify. Additionally, while it was
of interest to utilize D-AP5 as an antagonist to the NMDA receptor, in future work if a
robust difference is not seen another established inhibitor of the NMDA receptor can be
used. This is inclusive of MK-801 (dizocilpine) or memantine, both of which bind
selectively to the active form of the receptor and have commercially been used as

pharmaceuticals for Alzheimer’s Disease [80,170,171]. Finally, we acknowledge that in
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spite of several iterative troubleshooting steps, there is a potential for there to be a
technical issue with the laboratory protein transfer set up and protocol. A future step in
addressing this was determined to utilize a collaborator’s set up and protocol to address
internal individual errors.

Though we were able to define a direct effect of spermidine on Os-induced lung
injury in mouse models, we acknowledge limitations in the method of exposure for the
spermidine in vivo. Due to it being given via intraperitoneal injection, it is not directly
impacting the lung space. This method of exposure can then lead to questions regarding
how much of the dose is specifically impacting the lung and its cellular responses versus
a non-specific/whole-body, inflammation and injury response. This question could in
part be answered by collecting BALF samples from these mice, similar to what was seen
in Figure 14, to address the concentration of spermidine that is then found in the
airspace and presumably active. Furthermore, while intraperitoneal studies have been
done using spermidine [155], for the purpose of more specific responses within the lung,
future experiments can transition to utilizing oropharyngeal aspiration. Additionally, it
is worth exploring and testing a 75mg/kg dose of spermidine for a pretreatment. While
this data is preliminary, conducted on a limited number of mice, there was a mouse
within the 100mg/kg dose group that died following spermidine treatment and Os

exposure. However, that time point also gave the most distinct difference regarding
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injury and inflammatory markers measured. Thus, it would be of interest to not only
add to the number of mice per group, but also better define the therapeutic dose of
spermidine and any potential off-target toxicity. In addition, there is still a missing link
between this response and the NMDA receptor. It is of interest to determine whether the
decreased in vivo injury response following acute Os exposure, respectively, is due to
spermidine interacting with the NMDA receptor and then decreasing NF-kB activation.
This can be defined by using available NMDA receptor agonists and antagonists, similar
to what was done in vitro or by utilizing an NMDA knockout mouse to assess

differences in the inflammation response in the absence of this receptor.

3.5 Conclusion

In summary, our study focused on an intracellular mechanism in AMUJs with
potential to resolve pro-inflammatory signaling via reduced NF-kB activation. We
focused on arginase-1 derived metabolites of L-arginine based on the observation that
there was a dynamic increase in spermidine at 24h post Os exposure, a time point
associated with resolution of Os-induced lung inflammation. We confirmed the potential
role of spermidine in resolving Os-induced lung inflammation by administration of
spermidine to rodents undergoing in vivo Os exposure. To define mechanisms of
spermidine’s effects on AMOs, we focused on spermidine effects on NF-kB activation in

MH-S cells. We observed that spermidine inhibited LPS-induced NF-kB activation,
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cytokine expression, and release. Furthering this assessment, we determine that an
NMDA agonist, similarly activated NF-kB, and in preliminary studies there was a
suggestion that spermidine could inhibit NMDA-mediated NF-«xB activation. Overall,
this highlights the potential role of spermidine in resolving inflammation associated
with air pollution exposure. Furthermore, it highlights a potential mechanistic
relationship in AM@s where spermidine inhibits NMDA signaling to reduce NF-xB
activation and thereby promote a transition in AMOs from a pro-inflammatory
phenotype to one that can promote the resolution of inflammatory stimuli. These studies
could identify a potential therapeutic target that might promote the resolution of lung
inflammation and/or limit the adverse lung inflammatory effects of air pollution

exposure.
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Figure 14. L-Arginine metabolites fluctuated following Os exposure.

Male C57BL/6] mice were exposed to FA or Os (2 ppm) for 3h. Mice were then harvested
12/24/72h following exposure and the samples were collected and processed for
metabolite processing via the Duke Proteomics and Metabolomics Core Facility. Via LC-
MS/MS l-arginine metabolites were quantified from BALF samples of the mice.
Concentrations at the respective timepoints for l-arginine and its metabolites are
represented in grey, darker indicating later timepoints. n=2-7 mice per

group/exposure/timepoint *p<0.05. ANOVA analysis was conducted using Tukey’s
Honestly Significant Difference Test post-hoc.
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Figure 15. In vivo spermidine treatment trended toward decreased
inflammatory cell recruitment.

Male mice were treated with spermidine (25/50/100mg/kg) or DI water (control) via
intraperitoneal injections 1h before FA or Os (2 ppm) exposure. Mice were then
harvested 24h following exposure and the samples were processed for cell differentials
and other measures of inflammation. BAL total cells (A), macrophages (B), and
neutrophils (C) were enumerated following pretreatment and exposure to FA or Os
exposure. Bars shaded grey indicate Os exposure while white indicates FA exposure.
n=3-14 mice per group/exposure/timepoint *p<0.05. ANOVA analysis was conducted
using Tukey’s Honestly Significant Difference Test post-hoc.
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Figure 16. Spermidine treatment decreased total protein and albumin in the
airspace following Os exposure.

A. Male mice were treated with spermidine (25/50/100mg/kg) or DI water (control) via
intraperitoneal injections 1h before FA or Os (2 ppm) exposure. Mice were then
harvested 24h following exposure. BAL fluid was processed for total protein
measurements. B. A subset of samples was assessed utilizing a mouse albumin ELISA to
measure more specifically the amount of albumin, a protein found in vasculature and an
indicator of lung injury, is present in the airspace. Bars shaded grey indicate Os exposure
while white indicates FA exposure. n=3-14 mice per group/exposure/timepoint *p<0.05.
ANOVA analysis was conducted using Tukey’s Honestly Significant Difference Test
post-hoc.
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Figure 17. Pretreatment of spermidine decreased NF-xB activation.

A. MH-S cells were pretreated with 200uM spermidine 1hr before being exposed to
25ng/mL of LPS and 200uM spermidine. Following the exposure, cells were collected
and processed for analysis and measures of NF-kB activation. Schematic made on
BioRender.com. The cells were collected (B.) 5 min or (C.) 15 min after exposure to LPS+
spermidine and processed for western blotting. The membranes were probed for
PNFkBp65, indicating activation of NF-kB, and Bactin as a housekeeper. Densitometry
was done and is seen underneath each corresponding western blot.
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Figure 18. Rescue treatment of spermidine decreased expression of NF-xB
associated cytokines.

A. MH-S cells were exposed to 25ng/mL of LPS for 1hr and then treated with 200uM of
spermidine in addition to the 25ng/mL of LPS. Following exposure, cells were collected
and processed for analysis and measures of NF-kB activation. Schematic made on
BioRender.com. B. The cells were collected and processed for real time-PCR
quantification of MIP2, TNFa, and IL-6. Bars shaded red indicate exposure to 25ng/mL
of LPS, 1/2/3h, while blue indicates spermidine rescue treatment, 1h of 25ng/mL of LPS
followed by a treatment of 200uM of spermidine plus an exposure of 25ng/mL of LPS for
1/2h. n=2-8 per exposure/timepoint *p<0.05. ANOVA analysis was conducted using
Tukey’s Honestly Significant Difference Test post-hoc.
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Figure 19. Decrease of inflammatory cytokines following a 2h spermidine
rescue treatment.

Supernatant from MH-S cell culture was assessed for cytokine expression by multiplex
ELISA for inflammatory cytokines and known neutrophilic chemotactic factors. Bars
shaded red indicate exposure to 25ng/mL of LPS, 1h and 2h, while blue indicates
spermidine rescue treatment, 1h of 25ng/mL of LPS followed by a treatment of 200uM of
spermidine plus an exposure of 25ng/mL of LPS for 1h. n=3-4 per exposure/timepoint
*p<0.05. ANOVA analysis was conducted using Tukey’s Honestly Significant Difference
Test post-hoc.
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Figure 20. Decrease of inflammatory cytokines following a 3h spermidine
rescue treatment.

Supernatant from MH-S cell culture was assessed for cytokine expression by multiplex
ELISA for inflammatory cytokines and known neutrophilic chemotactic factors. Bars
shaded red indicate 3h exposure to 25ng/mL of LPS while blue indicates spermidine
rescue treatment, 1h of 25ng/mL of LPS followed by a treatment of 200uM of spermidine
plus an exposure of 25ng/mL of LPS for 2h. n=6 per exposure/timepoint *p<0.05.
ANOVA analysis was conducted using Tukey’s Honestly Significant Difference Test
post-hoc.
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Figure 21. NMDA activates NF-kB.

A. Hypothesized pathway in which the NMDA receptor agonist, NMDA, will activate
NF-kB, leading to increased inflammation responses such as cytokine responses. B. MH-
S cells were exposed to NMDA at 100/300/600uM then collected for NF-«kB activation
measurements. Schematics were made on BioRender.com. Following exposure, cells
were collected and processed for analysis and measures of NF-kB activation. Schematic
made on BioRender.com. C. The cells were collected 5 min or 15 min after exposure to
NMDA and processed for western blotting. The membranes were probed for pNFkBp65,
indicating activation of NF-kB, and Pactin as a housekeeper.
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Figure 22. Technical limitations in showing D-AP5 decreases LPS-induced NF-
kB activation and spermidine decreases NMDA-induced NF-kB activation.

A. Hypothesized pathway in which the NMDA receptor antagonist, D-AP5, will
decrease NF-«B activation leading to decreased inflammation responses such as
cytokines. MH-S cells were exposed to then collected for NF-«B activation
measurements. Following the exposure, cells were collected and processed for analysis
and measures of NF-kB activation. B. The cells were pretreated with 500uM D-APS5 for
1hr then exposed to 25ng/mL LPS. They were then collected 15 min after exposure and
processed for western blotting. The membranes were probed for pNF«kBp65, indicating
activation of NFkB, and Pactin as a housekeeper. C. Densitometry was also done
utilizing Image] to create a quantitative assessment of the blots. D. Hypothesized
pathway in which the spermidine will decrease NMDA-mediated activation of NF-«B.
MHS-S cells were exposed to then collected for NF-kB activation measurements.
Following the exposure, cells were collected and processed for analysis and measures of
NF-«B activation. E. The cells were pretreated with 200uM spermidine for 1hr then
exposed to 300uM NMDA. They were then collected 5 min after exposure and processed
for western blotting. The membranes were probed for pNFxBp65, indicating activation
of NF«B, and Pactin as a housekeeper. 2 blots are shown, with differing secondary
concentrations denoted, due to technical issues making the band fainter than typically
seen. Densitometry was also done utilizing Image] to create a quantitative assessment of
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the blots, (F) 1:5000 and (G) 1:10000, both blots probing pNFxBp65 were measured and
plotted. Schematics were made on BioRender.com.
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Table 4. RT-PCR primer sequences used for proinflammatory cytokine

expression.
Gene | Vendor Forward Sequence Reverse Sequence
MIP2 | Sigma- 5'- 5'-
Aldrich GGGTTGACTTCAAGAAC | CCTTGCCTTTGTTCAGTATC-
ATC-3 3
IL6 Integrated 5'- 5'-
DNA TTGGTCCTTAGCCACTCC | TAGTCCTTCCTACCCCAATT
Technologies | TTC-3 TCC-3
TNFa | Sigma- 5- 5'-
Aldrich CTATGTCTCAGCCTCTTC | CATTTGGGAACTTCTCATCC
TC-3 -3
18s Integrated 5'- 5'-
DNA TTGACGGAAGGGCACCA | GCACCACCACCCACGGAAT
Technologies | CCAG-3’ CG-¥
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4. Conclusion

4.1 Summary

The goals of this dissertation research were to explore both cellular and
intercellular pathways of inflammation resolution, with a particular focus on the role of
alveolar macrophages (AMUs). It is well-established that air pollution, such as Os,
causes detrimental effects and poses a significant health risk, particularly in individuals
who are most susceptible to air pollution’s adverse effects [24,26,30]. While generally air
pollutants induce inflammation that can be considered mild and resolving, in some
individuals these injuries can lead to prolonged and exacerbated inflammation and lung
disease [98]. Lung inflammation and resolution following injury is a highly regulated
and active process which is mediated in part by AMs [95,99]. While AM functions in
injury have been extensively studied, understanding which AMUs, based on ontogeny,
function following different injury sources and severities has not been well defined.
Furthermore, understanding mechanisms which promote the functional transition of
AMUs from pro-inflammation to pro-resolution phenotype has not been well studied.
These gaps in knowledge have prompted our in-depth investigation into the
mechanisms responsible for resolving environmental-induced lung inflammation. To

address this, we performed separate but conceptually integrated studies that focused on
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cellular mechanisms of AM@ function (chapter 2) and intracellular mechanisms in AMQ
(chapter 3) both of which promote a resolution of Os-induced lung inflammation.

In chapter 2, we worked to understand the AM cellular response using mouse
models (including lineage-labeled, and genetic knockouts) and data from Os-exposed
human volunteers. We identified that the predominant AM@ subset responsible for
resolution of inflammation following acute Os exposure are tissue-resident. Depletion of
these tissue-resident AMUs led to prolonged neutrophil presence in the alveolar space
after Os exposure, indicating impaired clearance of neutrophils and prolonged
inflammation. This impaired clearance was associated with reduced efferocytosis, as the
cells not cleared were apoptotic. We were then able to identify that this impairment was
due to the reduction of the MerTK receptor, which is found on AMUs and crucial for
resolving inflammation.

In chapter 3, we investigated a potential mediator of an intracellular mechanism
of resolution within AM@s. While nitric oxide synthase-mediated L-arginine
metabolism can promote inflammatory responses, arginase-1 generates metabolites,
aiding inflammation resolution [82,84-86]. We found that spermidine, a known anti-
inflammatory metabolite, was increased following acute Os exposure. Given the
increased presence within the airspace of spermidine, we examined for its inhibitory

effect on the NMDA receptor. Although previous studies suggest a link between NMDA
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activation, NF-«kB activation, and spermidine's anti-inflammatory properties, direct
connections have not been shown. By using MH-S cells, AMU-like cells, we were able to
test this paradigm and connect these pathways and receptors. Pretreatment with
spermidine decreased NF-«B activation following LPS exposure, a canonical NF-kB
activator. Additionally, NMDA, an agonist for the NMDA receptor, activated NF-«B,
establishing a direct link between the pathways. Evaluation of the NMDA receptor
antagonist, along with NMDA and spermidine co-treatment, elucidated the interplay
between the NMDA receptor and NF-kB activation, highlighting spermidine's ability to
mitigate this response.

In summary, this research underscores the crucial role of tissue-resident AMJs
in resolving Os-induced inflammation and explores spermidine's potential as a

therapeutic agent for environmental-induced lung inflammation.

4.2 Implications and Future Directions

Acute increases in ambient Oz levels have been linked to increased illness,
mortality, and greater severity of lung diseases [24,26]. Elevated ground-level O3
concentrations contribute significantly to a rise in hospital admissions, posing significant
health and economic challenges [14,27-29]. Prior research has found that an increase of
10ppb in daily Os exposure led to approximately 0.87% increase in total mortality [30].

Given the increase in both global average temperature and the frequency of severe
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climate events, the need to further understand mechanisms of resolution is critical to the
health and well-being of individuals. This study specifically explores the mechanisms
that govern the resolution of environmentally-induced lung inflammation through
AMOs.

One of the resolution pathways discussed in this thesis was MerTK mediated
efferocytosis. As one of the principal functions of AMUs, efferocytosis is particularly
important because ineffective clearance of apoptotic cells can lead to exacerbations of
lung pathologies following injury and ultimately can cause and exacerbate chronic lung
diseases [39,42,66]. Additionally, ineffective clearance of neutrophils can lead to diseases
such as autoimmunity when neutrophil exposure is prolonged [39,172]. While healthy
individuals are able to undergo “typical” inflammation and resolution responses, some
are more sensitive to environmental exposures, and this could be driven by having
differing macrophage sub-populations that are less effective in pro-resolving functions
such as efferocytosis.

Consistent with this potential, when we were assessing profiles of healthy
individuals aged 20-36, we observed significant inter-individual differences in immune
cell compositions in the FA exposure samples. This highlights baseline variability in
airspace immune cell composition between subjects (Figure 5A and 5D). Furthermore,

we observed additional variability in FA to Os exposure responses (Figure 5D). This

104



suggests that there is not only intra-individual variability in baseline immune cell
composition but also in the changes in immune cell composition following exposure. A
limitation of the observation in these pilot studies is that these baseline effects or
exposure responses were not linked to phenotypic exposure responses. Future studies
should consider if this baseline composition predicts the exposure responses or if
exposure immune cell profiles predict an individual’s response to exposure. In future
studies it would be interesting to address if individuals may have different base-line
populations of AMUs, leading to different susceptibilities to Os-induced lung injury.

In addition to studying differences seen between individuals and their response
to injury, it is important to understand a susceptibility factor that impacts everyone,
aging. Prior studies have shown that tissue-resident AM@s and their functionality
decrease as individuals age; however, the full implication of what a reduced tissue-
resident AMO population means for health is not yet well understood [173,174]. In part,
the reduction of inflammatory cells can result in a less vigorous immune response,
leading to a persistence of disease [175]. In support of this, work conducted by
DeMaeyer et al. described a failure of the immune system of elderly people to be an
inability to effectively clear acute inflammation via efferocytosis [176]. This can
potentially lead to systemic issues such as “inflammaging,” where there is a low, yet

chronic, inflammation found within the body [175,177]. In humans and mice,
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polyamines, such as spermidine, can be found in circulation, and their levels have
shown to decrease with age [178,179]. Thus, another potential avenue to study
spermidine in regard to resolution is how it can supplement endogenous polyamines to
increase the presence of anti-inflammatory signals, potentially reducing
“inflammaging.” In future studies, defining portions of the resolution pathway, cellular
and intracellular, that can be targeted for therapeutics is critical for the health and
wellbeing of susceptible individuals.

Expanding on the importance of understanding how polyamines can support
vulnerable individuals by promoting pro-resolution factors, the studies in this thesis
shed light on a potential mechanism for this process. The next crucial step involves
finalizing studies that directly establish the link between spermidine, decreased NMDA
activation, and reduced NF-«B activation. While previous research has identified
polyamines, like spermidine, as anti-inflammatory factors [84,86,134], the absence of a
targetable mechanism makes it difficult to effectively utilize it as a therapeutic. This
challenge is exacerbated by the highly recycled nature of components in the L-arginine
pathway and their variable half-lives, contingent upon their location (organ/circulation)
[160,164,165,180,181]. Achieving effective targeting is therefore essential for the future

use of polyamines as both a pro-resolution factor and therapeutic agent.
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These studies suggest a need for a more in-depth examination of tissue resident
cells in inflammation induced by air pollution. It is essential to consider not only the
dynamics of these cells as they clear debris but also the specific signals enabling them to
initiate and resolve inflammatory responses. Additionally, there is a necessity to
enhance our understanding of how pollutants alter these normal responses, causing an
inability to return to homeostasis.

More broadly, this thesis contributes to the understanding that inflammation
resolution is an "active" process. While previous studies primarily concentrated on the
initiation and propagation of inflammation, a broader examination of resolution now
includes active processes. This expansion enables more comprehensive investigations
into potential mechanisms and cellular pathways. As illustrated in this thesis, resolution
operates on multiple levels, demanding specific features within cellular subsets and
mechanistic pathways that actively downregulate signals promoting inflammation.
Defining these will be critical to understanding how air pollution promotes
inflammation, how it might perturb resolution of inflammation and ultimately enable
improved identification of at-risk individuals for adverse health effects that can be

addressed with targeted therapeutics.
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