ABSTRACT

VO, THAO TRINH PHUONG Ontogeny Shapes Alveolar Macrophage Response to ©zone
induced Pulmonary InflammatiofUnder the directioof Dr. Yogesh Saini

Ozone (Q) is a major compaentof urban air pollution, whiclposesa significant threat
to human health anthe ecologicalenvironmentworldwide Alveolar macrophages (AMsh
highly heterogenousnmune cell type in the lung alveotiriginated from fetal liveprecursorst
birth and are gradually replaced by bone mardmrived monocytesduring aging and
inflammatory processes. AMare the first responders to inhaled toxicants anthoggens,
including Q. Previous studies have shown that@s a negative impact on macrophage functions
Howeverhow Qs altersthe transcriptomes and cekll communication networks in AMs derived
from different origins remain elusivé&o bridge this knowledge gap, we first explbtbe role of
ontogeny in shaping the transcriptomic landscape of AMs by comparing the transcriptomic profiles
of AMs collected from bone marro(BM) and fetal liver(FL) chimera mice. Our data suggested
the association of bone marrow origin to antigen presentation and metated functions.
Meanwhile, the fetal liver origiwasassociated with cell cycleporphogenesjsendocytosisand
lipid metabolism functionsNext, we exposed C57BL/6J mice to either filtered air (FAppm
Oz, and1.5 ppm @for 3 hoursand performedingle cell RNA sequencing (ScCRN#eq)to address
the transcriptomic disturbance of AMs in response to varygmp@centrationsOur data revealed
the unique differentialhexpressed genes (DEGSs) that enriched in DNA damage and repair,
cholesterol biosynthesisand mitochondria dysfunction pathways in 1.5 ppra @oup.
Additionally, we assessed the gene expression on AM subclusters and identifiedsgplestic
DEGs associated with macrophage activation and cell proliferdioally, to explore the role of
ontogeny in altering AM transcriptome under the influencesd@xXposure, we exposed C57BL/6J
and BM chimera to 1 ppmd43dor 4 hours and performed scRANs&g on whole lung digest. Our
data demonstrated the altered transcriptome anete@élcommunication rteork between @
exposed C57BL/6J and@xposed BM chimera in relation to Féxposed C57BL/gXluggesting
thatontogenyplayeda critical role in regulating AM transcriptomes and subsequent interactions
with other cell types in response ta ©xposure. Taken together, our data show that AM
heterogeneous resporisenfluenced by ontogeny ands@xposure in a concentratiaiependent

manner.
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CHAPTER 1

Introduction



Abstract

Alveolar macrophag€AM) precursorsoriginate from the fetal liver and seed the lung
during the late embryogenesis phaskere theycontinueto differeniate during earlypostnatal
life (Hashimoto et al., 2013; Yona et al., 2013Bhey are seifenewng and requireminimal
contribution from the circulating monocyt@dashimoto et al., 2013However with aging these
fetal liver-derived AMs are gradually replacedith bone marrowderivedAMs (Z. Liu et al.,
2019) Additionally, severe acute and/or chronic inflammation triggfee rapid mobilization of
bone marrowderived monocytes to the lung, where they quickly differentiate AMSs,
highlightingthe critical role othelocal microenvironment in shapifgM attributesvan de Laar
et al., 2016)However,otherstudies have shown that cell ontogeny also plays an important role
as bone marrowlerived AMs exhibit distinct functions as compared to their fetal hgerived
counterpartsparticularlyin the contexof viral infections(Aegerter et al., 202@ndbleomycin
induced lung fibrosigMisharin et al., 2017) Thus, the relative contributisnof the local
microenvironment and ontogeny to tinanscriptional andunctional differencesn AMs require
further investigation

In this chapter,| will begin by providing an overview oWarious tissue resident
macrophages, their general functipaad unique characteristiciNext, | will shift the focus to
AMs, the primary immune cells in the pulmonary alveolar spaeell discuss the criticafactors
involved in AMdevelopmenand explorghe origins othe heterogenousM pool within the lung
airspace. Next, | will discuss the distinct functions of AMsth in homeostasisand under
inflammatory conditionsl will then follow up on discussion on the relative contributions of the
local microenvironment and the developmental origins to the transcriptional and functional
heterogeneity of AMsand finally the therapéie potential of AMs in various diseases and
conditions. | will also give a brief introduction to ozones)Oncluding its prevalence in recent
years, itatmospheri@recursors, anitis impact on population health. Lastly, | wdliscuss current
literature on the intactionbetween @and the lung epithelium, as well as itspacton AMs.
Building on this foundation, the later part of the chapter will explore how these ontogenically
distinct AM populations respond to lung injury with a particular foausdumg injury caused by
Os.



1.1l ntrodtumdacmomphages

The study of macrophages started over a hundred years ago sidiseaigeryby Elie
Metchnikoff in the late nineteenth centui@ordon, 2008)Macrophages arine major group of
innate immune cells that reside in various tissues, where they play essential roles as immune
system sentinels. Macrophages express various surface receptors, such as pattern recognition
receptors and scavenger receptibrat allow them to sense both biotic and abiotic aberrant entities,
and initiate and amplify immunological respong€snton et al., 2013; Kawai & Akira, 2010)
Macrophages were termed phagocytes from the
Aciteo, meaning fAcell 6, which accuratelky desc
phagocytosisMacrophages can also perform advanced functions that can be lessimfic in
mice and huma(Davies et al., 2013; Hoeffel & Ginhoux, 2013hey go by different names in
different organs: Kupffer cells in the liver, microglia in the brain, Langerkalsin the skin,
splenic macrophages in the red and white pulps of the spledrpulmonary macrophages in the

lung.

1.2Types of macrophages

Macrophages are resident cells in their tissue niches, where they perform surveillance,
phagocytosis, and produce bioactive molecules and growth factors. They adapt their phenotype
according to their microenvironment and play tisspecific roles. The hetogeneity of
macrophages across different tissues and within distinct niches of the same tissue have been
revealed using recent technolog{eavin et al., 2014; Mulder et al., 202The heterogeneity of
tissue resident macrophages is reflected in their tisgaeific gene expression profiles, which are
likely shaped by environmental cues during distinct developmental pro¢easeset al., 2014)
However, the exact mechanisms responsible for macrophage diversity remain unclear and require
further investigation. Tissue resident macrophages go by different names, depending on the tissue

or organ that they occupy. Here is a brief overview of vatiisgseresident macrophages:



l1.2Langerhans cell s

Langerhans cells (LCs) aeespecializedsubsetof mononucleateghhagocyteghat elicit
immune activation/tolerance in the epidermal layer of the skin. They account f&&@B%f
epidermal nucleated cel{§erad et al., 2008)LCs are derived from embryonic precursors and
gain their full identity as antigepresenting cells (APCs) shortly after birth, when they start
expressing MHC class Il markef€horro et al., 2009)Under homeostasis, LCs are leinged,
and selfmaintained locally within the ski(Chorro et al., 2009; Ghigo et al., 2013; Soucie et al.,
2016) The establishment and maintenance of the LC network is dependent on several cytokine
and growth factors such as TGE, I1L-34, CSF1, and BMP{Bobr et al., 2012; Borkowski et al.,
1996; Kel et al., 2010; Y. Wang et al., 2012, 2016; Yasmin et al., 2Bi@)ever, skin
inflammation can affect the proliferation, maturation, and migration of LCs. Depending on the
extent of inflammation, it can result in partial depletion of epidermal LCs, which is compensated
by the recruitment of bone marrederived cellgo the epidermis. These cells are guided into the
skin through CCLZCCR2 and CCL2€CCR6 axes(Nagao et al., 2012)Interestingly, these
recruited monocytes have been reported to either partially or fully acquire the phenotype of
homeostatic LC§Ginhoux et al., 2006; Nagao et al., 2012; Seré et al., 2Wld)e some reports
suggest that the recruited monocytes differentiate into-tiked inflammatory LCs, other reports
indicate that they can differentiate into lelnged LCs that persist in the epidern(@hopin et al.,

2013; Schulz et al., 2012)

LCs represent the first line of defense due to their localization at the outermost interface
between the body and the environment. In contrast to other tissue resident macrophages, LCs share
typical features with DCs in terms of migratory potential anditgld stimulate T cells, that leads
to the assumption that LCs are a DC suli@stnchereau & Steinman, 1998)Cs have a
remarkable ability to migrate to the lymph nodes, both during steady state and inflammation. While
the pathways responsible for the migration and activation of LCs remain unclear, the cytokines,
i.e., IL-1a, IL-1b, TNFa, and IL-18, were reported to play a role in LC migrat{@umberbatch,

2002; Cumberbatch et al., 1997, 2Q\preover, epidermal LCs induce tolerance at homeostasis,
where the barrier is intact. A minor barrier disruption will induce M€&activated LCs, but not

the nonactivated LCs, to extend their dendrites through the tight junctions to acquire foreign
antigengKubo et al., 2009; Ouchi et al., 201dnd induce T celmediated immunity(lgyarté et

al., 2011; Kashem et al., 2015)



1. 2Kapffer cells

Liver macrophages, or Kupffer cells, perform crucial functions in maintaining
homeostasis, including scavenging for bacteria and microbial products from the intestine
introduced to the liver via the portal vein, immune surveillance, and regulating tla&anior
suppression of the immune respondeavies et al., 2013)iver macrophages are heterogenous,
that compris&upffer cellsand monocytalerived macrophages. Kupffer cells are hepatic resident
cellsthatresideat the luminal side of the sinusoidal endothelium. They aresasthining, locally
proliferating, and are immunosuppressive at homeostasis. They constantly clelariged
pathogens from the blood and maintain the functional iron and bilirubin metabaticluding
removing damaged erythrocytes and other erythredgteved complexes from the blood
(Willekens et al., 2005Kupffer cells originate from the fetal liver progenit@&s-W. Kim et al.,

2016) However.emerging evidence suggegblk sac origin for Kupffer cellgMass et al., 2016)
Mouse Kupffer cells are characterized by the expression of F4/80, €1 X1b68, and CLECAF
surface markers. Additionally, they also express-likdl receptors, i.e., TLR4 and TLRRavin

et al., 2014)Human Kupffer cells are less well characterized as most studies in humans do not
thoroughly distinguish Kupffer cells and monocyerived cells. Common markers for human
Kupffer cells include CD14 and CD68. Kupffer cells can sense hepatic injury thtbegh
recognition of dangeassociated molecular patterns (DAMPS) or patheagsociated molecular
patterns (PAMPS) that bind to the pattern recognition receptors (RR&w)etti et al., 2016)
Activated Kupffer cells release cytokines and chemokines that promote an inflammatory milieu in
injured areas and facilitate the recruitment of infiltrating hepatic macrophage qillzsatsach et

al., 2002; Heymann et al., 2012; Heymann & Tacke, 2016; Karlmark et al., 2010; Marra & Tacke,
2014; Nakamoto et al., 2012pn the other hand, monocyderived macrophages are recruited
following liver injury or inflammation and acquire Kupffer céike phenotypd&C. L. Scott et al.,

2016) They are immunogenic and prompt functional differentiation based on the signals from the
local microenvironment, including from hepatic cells and various other immune cel(Bgresn

& Wynn, 2011; Bouchery et al., 2015; Hams et al., 2014; C. L. Scott et al., 2016; Tu et al., 2008)



1.2MBcroglial cell s

Microglial cells are the most abundant mononuclear phagocytes in the central nervous
system (CNS). Microgliacells originate from the embryonic yolk sac. They areisgiewdle
and locallyproliferating throughout life with no additional contribution from the bone marrow
derived monocyte¢Ginhoux et al., 2010)At homeostasis, microglia are ramified cells with
multiple branches. Their branches continuously make contact with neurons, astrocytes, and blood
vessels to monitor the functional state of synapses. When activated, miaeliiassumean
amoeboid shape and direct their processes t@thedsite of injuryin orderto phagocytoséhe
damaged tissu&lotably, bipolar rodshaped microgliavere observed toolocalize with neurons
and exonsbut not with other gliacell types, followingbrain injury (Tam & Ma, 2014) These
findings suggest thanicroglia phenotyps reflect theiradaptiveresponses to a broaray of
stimuli, ranging from normal neuronal activity to physical, chemical and microbial insults.

Microglia express many PRRs, including TLRs (TLR4, TLRXRgneka et al., 2015;
Saijo et al., 2013)NLRs (NLPR3 inflammasomegHeneka et al., 2015)yeceptors for nucleic
acids(J. Wu & Chen, 2014pandCLRs (CLEC7A)(Sancho & Reis e Sousa, 20,1&)Jjowing them
to detect PAMPs and DAMPs. During homeostasis, microglia transcriptome reflects a surveilling
activity (Wes et al., 2016)n activated states, microglia are often categorized as either clgssical
(M1) or alternativey (M2) activated(Appel et al., 2011)M1 microgliaaretypically induced by
simultaneous triggering of TLR and IFdsignaling pathways, resulting in the production of-pro
inflammatory cytokines and mediators, including FNAL-6, IL-16, IL-12, CCL2 and MMP12.
Additionally, M1 microglia exhibit high expression of MHCII, costimulatory molecules, Fc
receptors, and integrins, ultimatehdudng inflammation and neurotoxicity. On the other hand,
M2 microglia are induced by multiple factors, includingdLIL-13, IL-10, ligation of Fc recepts
by immunocomplexes, detection of apoptotic caltglactivation of transcription factonscluding
peroxisome proliferateactivated receptor gamma (PP@River X receptor (LXR), and retinoic
acid receptor (RXR)(Saijo et al.,, 2013) M2 microglia regulatesthe production of ari
inflammatory cytokines, such as-0 and TGFb and other growth factordnterestingly, n
models of neurodegeneration, microglia exhibit a mixed M1/M2 activation(€taie et al., 2013;
Wes et al., 2016)



1.2P41l monary macrophages

A detailed lineage tracing studgvealedhat pulmonary macrophage progenitors emerge
from three different sources: Yolk sac, fetal livand bone marrowenter the lung prior to birth
and localizeo different niches in the lun@@an & Krasnow, 2016)Yolk sacderived macrophages
enter the |l ung during embryonic de anglloclzenent ,
at the lung periphgr(Tan & Krasnow, 2016)Bone marrow progenitor®cdize to the lung
interstitiumandaret hus termed fAinterstitial macr ophages
originatefrom the fetal liver, which migrate into the airwajigringalveolarization within the first
days of I ife and ar e vdréAMsn&Mvs defive fromefatal liger origma c r o p h
anddevelop within the first few dayafter birth(Alenghat & Esterly, 1984; Bharat et al., 2016;
Guilliams, De Kleer, et al., 2013Additionally, previoustudieshave shown thdtuman alveolar
macrophageare selfrenewal(EguiluzGracia et al., 2016; Nayak et al., 201&preover, while
it has been clear for decades that pulmonary macrophages exist in both airways ahdehlng
only until recentlypulmonarymacrophage heterogeneity can be assessed through the advent of
single cell technologylavin et al., 2017; Leach et al., 2020; M. Liao et al., 2020; Raredon et al.,
2019; Saijti et al., 2020; Travaglini et al., 2020; Zilionis et al., 2@M8Ppending on the niches that
they occupy, pulmonary macrophages are categorized into two subtypes: interstitial macrophages
and alveolar macrophagesnterstitial macrophages reside in interstitial sgacalveolar
macrophages, the main immune cell population in the lung at homeostasis, mostly occupy the

alveolar airspaces

1.3Types of Pul monary macrophages
1.3l aterstitial macrophages

Interstitial macrophages (IMs), reside in the interstitial spaces between the alveolar
epitheliumand the endothelium of septal blood vess&$scompared té&\Ms, less is known about
the interstitial macrophage compartmefikls and IMs are distinguished by the expression of
surfacemarkers including M11b, M11c, and sialic aci#binding immunoglobulidike lectin F
(SIGLEGF) (Misharin et al., 2013; Zaynagetdinov et al., 20I})e developmeat origin of
interstitial macrophagehasbegunto be unraveledh the past few years. Genetic fate mapping
indicatal that interstitial macrophage pool includes the initial contribution of yolk sac progenitors



(Gomez Perdiguero et al., 2015; Tan & Krasnow, 20MBjch are largely replaced by the fetal
liver-derived macrophages and then by hematopoietic sterderdlied macrophages during the
early postnatal periofChakarov et al., 2019; Gomez Perdiguero et al., 20@6R2dependent
bone marrowderived cells continue to replenish interstitial macrophages during adulthood, albeit
at a low rate, and despite the heterogeneity described above, interstitial macrophage subsets appear
to display similar replenishment kinesicHowever, despite the clear evidence of progressive
replenishment by monocyte€.cr2-/- mice have normal numbers of interstitial macrophages,
suggesting thatcr2-/- mice cannot be used to determine the contribution of monocytes to tissue
macrophage pos) at least in health.

Recently, studies employing SCRNA sequencing technology revealed interesting findings
on murine interstitial macrophage heterogené@pakarov et al., 2019; Gibbings et al., 2017;
Schyns et al., 2019Many groups have shown that interstitial macrophage compartment contains
at least two distinct subsets defined by CD206 (mannose recéfbeiarov et al., 2019; Schyns
et al., 2019pr CD169(Ural et al., 2020gxpressioninterestingly, interstitial macrophages were
reported to act as AM progenitors in situations such as injury or de(gilmdrio-Ramos et al.,
2023)

1. 3ARveol ar macrophages

The first breath of a newborn opens up the alveoli in the lung and creates a niche, which is
rapidly populated with the circulating fetal monocyt€aiilliams, De Kleer, et al., 2013; Tan &
Krasnow, 2016) During the neonatal period, lung macrophages show high levels of proliferation
to occupy the newly recreated niches, which is sufficient to expandiMisecompartment with
little to no contribution fronthe bone marrow derived macrophad@iilliams, De Kleer, et al.,

2013; Hashimoto et al., 2013Bronchoalveolar lavage retrieval technique confikivs are the

sole immune cell population in the healthy mouse airsg@eedberg et al., 2019Yhe vast

majority of studies that investigate macrophages in the airways, and the techniques used to collect

t hem, do not di stingui sh bet ween 0al veol ar o
macrophages found in the larger airspatieis also not clear whether these macrophagesrare

fact, distinct. Therefore, in this reviewhemixture of macrophages found in the alveoli and airway

will be referredtas fal veol ajjorAMacr ophageso



Due to their highly specialized nicheMsa r e t fr e sipfoinrdsetr so t hat ar e
a plethora of cytosolic and membrane receptors, thus manifesting arbgpensive state to any
incoming pathogen@. ey et al., 2016; Taylor et al., 2003y recent years, alveolar macrophages
are being recognized for their roles in modulating the immune responses in various diseases and
conditions, which renders them an interesting candidate for therapeutic apprdalzesou et
al., 2023; Na et al., 2023)

Recent Aomi csO0 appr oachesonAM leterogeneityeandd e d o
plasticity at homeostasis and under inflammatory conditidmachiels et al., 2017a; Misharin et
al., 2017; Mould et al., 2019; van de Laar et al., 2016; Y. Wu et al., 2B, we willprovide
anoverview ofthe development of AMs, the immunological roles of &ihdAM heterogeneity
and its contributing factord~urthermorewe will addresshe roles ofAMs at homeostasis and
under acute anchronic Q-inducedlung injury modelshighlighting therelative contributionsof
ontogeny and microenvironmentshapingAM transcriptomic landscapes and functicess well

ascurrent models translationalAM research.

1. 4Kelfacdgcoorntri buting toatheotdavemapmephagtetes
1. 4AGMCSHPPPARaXI s

Several studies have demonstrated the critical role of granulo@dsophage colony
stimulating facto(GM-CSF), an epitheliadlerived cytokine encoded by the g&&2 in the AM
developmen{Guilliams, De Kleer, et al., 2013; Schneider et al., 20D4é)Jetion or mutation of
Csf2 Csf2rg or Csf2rbgenes in mice and patients resulta lack of functionalAMs (Guilliams,
De Kleer, et al., 2013; Schneider et al., 2014; Suzuki et al., 2808)CSFdeficient mice exhibit
pathological alterations that resemble human pulmonary alveolar proteinosisgPade)disorder
in which the excessive accumulation of surfactant lipids and proteins hinders the gas exshange
this study,the AM function was restored after intranasal installation of exogenousGSHM
(Guilliams, De Kleer, et al., 2013Jhis study alsalemonstrated the importance of GBEFin
the early development of AMs by linking the sharp increaseM-CSF levels in the lung from
embryonic day 17.5 to birth to the drastic differentiation of AM precursors into AMs during this
time (Guilliams, De Kleer, et al., 2013)

Peroxisome proliferateactivated receptor gamma (PPAJRregulates AM developmental

processes as a master transcription factor.-@G®F increases the expression and functional
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activity of PPARg(Schneider et al., 2014)he AMs ofPPARg-deficient mice are relatively low
in number and exhibit multiple abnormalities; this phenotype is also observed i€SFM
deficient and GMCSFRdeficient mice (Schneider et al., 2014; Y. D. Woo et al., 2021)
Collectively, these findings indicate that the G\~ PPARQg axis plays a critical role in the
development of AMs.

1. 4T6&BRH

In additionto GM-CSF, transforming growth factor (T&# plays a critical role in AM
development (Yu et al, 2017). Monocytes from fetal liver continuously producebTtGFlrive
the differentiation of AMs via autocrine and paracrine processes. Selective deletion -df TGF
receptor in AMs from adult mice dysregulates AM homeostasis and reducesd@gd@xpression;
suggesting that AMs are required to continuously producef @Fmaintain homeostasis, which
might be associated with PPAR However, the exact mechanisof how TGFb regulates
PPARgand the development of AMs remains unclear

1. 4EBR2

The transcription factor EGR2, associated with the effective clearance of bacteria from the
respiratory tract and tissue repaindis triggered by TGHb and GMCSF through a PPAR -
dependent pathway, indicatitigatit functions downstream of other critical signals, i.e.,-GHF,

TGFb, PPARgin regulating AM functional prograrfMcCowan et al., 2021)

1. 4PW. 1

Transcription factor PU.1 activated by GBBF is responsible for the innate immune
response and surfactant metabolism functions of fAShébata et al., 2001; Staitieh et al., 2015)
PU.1 levels were significantly reduced in AMs from @MsF/- mice, which were restored after
the selective expression of GEISF in the lungs of SRGM/GM-CSF/- transgenic mic€Shibata
et al., 2001)

1. 4BBCHI1

Similar to EGR2 and PU.1, the transcription factor BACH1 has been shown to regulate
AM immune functions. BACH1 plays a role in regulating oxidative stress. For instance, BACH1
modulates the levels of heme oxygenagelO-1), an antioxidant protein, and Hasen associated

with the decreased expression of antioxidant proteins in emphyemaet al., 2021) BACH1
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hasalsobeen shown to repress inflammatory response genes in AMs, suggesting their roles in
maintaining lung homeostagibinaShibuya et al., 2016 hese findings indicate that the levels
of BACHL1 are critical in the functions of AMs.

1. 4HBPACS3

The role ofHistone deacetylase 3 (HDAC3) in AM development and homeostasis has been
revealed by epigenetic analysis.d&ficiencyof HDAC3 during early embryonic development
adverselyaffects the development ofAMs (Yao et al., 2020) Meanwhile, loss of HDAC3
postnatally affects the maturation of#&s (Yao et al., 2020)Single cell RNA sequencing showed
that loss of HDAC3 causemitochondrial oxidative dysfunction via the disruption of HDAC3
PPARgaxis(Yao et al., 2020)

1.50rigiMAlsveocofl ar macrophages

1. 5F&t al-ddriiakeavde ol ar macrophages

Recent studies using genetically modified transgenic mouse models amdafgieng
approaches demonstrated that AMs originate from fetal liver macrophages during the second wave
of embryonic hematopoiesis. The second wave, termed definitive hematopoiesis in the
fetal liver (FL), around embryonic day 12.5 and gives rise to Mac2+ cells. These cells move into
the alveoli at birth to become AMs under the regulation of granulengiophage colony
stimulating factors (GMCSF) and dominate the AM pofsbuilliams, De Kleer, et al., 2013; Tan
& Krasnow, 2016)

1.5B@8mear r-eoevr iavlevde ol ar macrophages

Fetal liverderived resident AMs are sefnewed under homeostatienditions However,
under inflammatorgonditionsor aging process, bone marral@rived monocytes are recruited to
the lung, where they differentiate into AMs and assume their RéENnt advancemenrevealed
the gradual replacement &dtal liver derived AMs withbone marrowderived AMs that bear
distincttranscriptonit signatursin response to infectioandaging lung(Aegerter et al., 2020; Z.
Liu et al., 2019; Machiels et al., 2017a; Misharin et al., 2017; Y. Wu et al.,.2023)
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1.6Dynamic regulation of the alveolar macroph

1. 6AGeel at edesprocess

While itis knownthatthe AMs are selfrenewng throughout life andypically do not need
replenishment fronthe circulaing monocytesinder homeostec conditions the possibility that
monocytederived cellscontribute to the AM pooin response tearious intrinsic and extrinsic
factorscannot be excludedgerelated changes in AMs are believed to impair their core functions
of host defense. For instance, the bacterial phagocytosis ability is significantly reduced in AMs
collected from aged micg. Li et al., 2017) Other ageaelated features in AMs, including high
expression of cellular senescence markers, downregulation of cell cycle pathways, and reduced
response to distal injuries were reported to be the results of disrupted stress hormone signaling
(Boe et al., 2022)Furthermore, AM quantity was reported to decrease during aging process due
to PGE2 inhibiting AM proliferatiofC. K. Wong et al., 2017)0n the other hand, a longitudinal
analysis of FIt3crd&Rosa26LSLYFP reporter mice showed an increase in labalMd overtime,
indicating an agelependent contribution of hematopoietic stemdefived monocytes to the lung
macrophage populatiqiGomez Perdiguero et al., 2018&)onsistently, the idea thaMMs require
replenishment from bone marrederived nonocytesover the life span was supported by a
longitudinal study using Ms4a3cre mice, whallowedtracing of all cellderivedfrom thebone
marrow granulocytenonocyte progenitor&Z. Liu et al., 2019)From these findings, it is highly
suggestive that the lung microenvironmental influences the gradual replacement of resident AMs
with bone marrowderived AMs to maintain the sufficient number of AMs in the lung during the

aging process.

1.61 8f1 ammation/injury

The pulmonary macrophage pool is altereddiseased or injuretlngs, with changes
varying according teéhe nature of thénsult. Acute inflammation or severe infection often leads
to oss of tissue resident macrophages, a pher
r e a ¢ tAegertenet al., 2022)nflammation induced by instillation of LPS in mice leads to a
transient loss oAMs and expansion of interstitial macrophages in the tigBu&. Moore et al.,
2023) Upon loss of tissue residedMs, the alveolar niches replenishther through local
proliferation or recruitment of bone marrederivedAMs. For instance, AMepopulation during
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inflammation resolution appears to rely exclusively on local prolifergdohiu et al., 2019)On

the other hand, a more severe inflammatory response caused by bleomycin or silica to model lung
fibrosis or infection with influenza, leads to replacement of residbtg with monocytederived

cells (Aegerter et al., 2020; Machiels et al., 2017a; Misharin et al., 2@&mjlarly, in humans,
monocytederived cells replace and dominate &g compartment in individuals with severe
SarsCoV-2 infection (M. Liao et al., 202Q) Based on these studies, it is possible that the
circulating monocytes are the compensatory AM precursors when the proliferation of resident
AMs is limited due to inflammationCurrent literature suggests that these newly recruited
macrophages exhibit transcriptional differences fronir iiesue resident counterpa(segerter

et al., 2020; Machiels et al., 2017a; Misharin et al., 2dHaf)example, tissue resideitls exhibit

high expression of genes involvedcell cycle and DNA replication, while bone marrolerived

AMs displaya morepro-inflammatorytranscriptionalprofile (Aegerter et al., 2020; Misharin et

al., 2017; Mould et al., 201.7yVhile secretbn of proinflammatory molecules such as TdFand

IL-6 upon infection(Mould et al., 2017)s beneficial to clear pathogens, prolonged inflammatory
response can drive tissue damage, including epithelial injury, degradation of lung tissue, loss of

lung function and worseaddisease outcoméMisharin et al., 2017)

1. 71 mmunol ogi cahl Yfeotaromacobbphages
1. 71l thomeostasi s

1. 7.Hf flerocytosi s

Due totheir specific location in the alveolar spacAd)s are continuously exposed to a
plethora of biotic and abiotic entities from the environmewgn under homeostatic conditions.
As a result, AMs exhibit aninflammatory activities in response to innocuous inhalants by means
of efferocytosis( Or t ega G- me z Previousira Vitro,and i Ovivd@3 sfudies have
demonstrated that by clearing dead and dying cells, AMs prevent them from inducing pro
inflammatory and immunological responses in the airsp@ediec & Hussell, 2016; K. K. Kim
et al., 2018; Krysko et al., 2006; Mohning et al., 20M)reover, efferocytosis promotes AMs to
secrete aninflammatory factors, including TGB, prostaglandin E2 (PGEZ2), and platelet
activating factor (PAF), which further suppresses inflammatory respgRadsk et al., 1998;
Huynh et al., 2005)
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1.7.1lnt2eraction with the epithelium

At homeostasis, the alveolar microenvironment promotes the immunosuppressive activity
of AMs. Lung epithelial cells and AMs are the first cell types to come in contact with inhaled
insults, thus they must coordinate their actions to eliminate the indthisuvcausing too much
damage to the lungAMs interact directly with the alveolar epithelium through the binding of
CD200R receptors on their surface membrane to CD200 ligands expressed on the connexin 43
containing gap junctions of the epitheliumJ i ang Shi eh et al ., .2010;
CD200CD200R axis negatively regulates AM activiiyayer et al., 2008 Mice lacking CD200
has higher macrophage activity and were more vulnerable to influenza infection, which delayed
resolution ofinflammation and enhandenortality (Snelgrove et al., 2008AMs release growth
factor TGFb aiming at the epithelium to regulate the fluid transport and induce epithelial cell
proliferation(Peters et al., 2014)

Induced soluble factors and cédtcell contact of bronchial epithelial cells and AMs
reduces the AM inflammatory responses inimrvitro co-culture model (Mayer et al., 2008)
Alveolar epithelial type 2 cells (AE2) produce interleukin 10 (HLO) and TGFb-activating
integrin avb6 to promote ardinflammatory activity in AMs(Mayer et al., 2008)Moreover,
CD200CD200R axis between AR and AMs suppresses thelen Nterminal kinases (JNK),

P38 mitogeractivated protein kinases (P38), and extracellular sigarallated kinases (ERK)
signaling pathways in AMs, which in turn suppresses the expression offlarmmatory
cytokines(Koning et al., 2010)In addition, several mannose receptor ligands expressed©a AE
bind to AM mannose receptor, which blocks the recognition ofikalreceptor 4 (TLR4) ligands
(Steele et al., 2003; J. Zhang et al., 2005)

1.7.11nt3eraction with T |ymphocytes

The tolerogenic programing of AMs is very critical as it prevents aberrant immune
responsegMayer et al., 2008; Snelgrove et al.,, 2008; X. Yu et al., 20AK)s promote the
generation of regulatory T cells (Tregs) by producing fGthd retinal dehydrogenases 1 & 2
(RALDH1 and RALDG?2) (Bazewicz et al., 2019)On the other hand, Tregs promote the
differentiation of monocytes into AMke macrophages in laryngeal squamous cell carcinoma,

suggesting that there is a positive feedback loop between Tregs and AMs geriSratien al.,
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2017) AMs suppress the antigen presentatimtuced activation of resident T lymphocytes by
dendritic cell§Blumenthal et al., 2001; Chelen et al., 1995; Coleman, 2007)

1. 7.3urdf. act ant met abol i sm

Pulmonary surfactant (SP) is a mixture of proteins and lipids produced by alveolar type I
cells, including SFA, SRB, SRC and SFD (Weaver & Whitsett, 1991; Wright, 1990)/hile SR
B and SPC are critical in surface functions and metabolism;ASBnd SPD are critical in
modulating innate host defense of the lung against diverse pulmonary patiidéEmser &
Whitsett, 1991) Specifically, SPA binds to lipopolysaccharides (LPS) and various microbial
pathogens, aiding alveolar macrophages in clearing them from the(Ruswn et al., 1992;
Wintergerst et al., 1989; Wright & Youmans, 1993RD is important in suppressing
inflammation and in host defense against viral, furayad bacterial pathogef&rouch, 200Q)At
homeostasis, SR and SPD bind to the signategulatory protein a (SIRP expresed on the
surface of AMs and thus suppressing their phagocytic capa¢itgnssen et al., 2008)
Approximately half of the pulmonary surfactant pool is catabolized by alveolar macrophages
through the GMCSFdependent pathway to maintain the precise levels of surfactant throughout
life (Trapnell & Whitsett, 2002)

1. 7U0UBdEenfl ammatory conditions

Tissuehomeostasiss dependent on properly functioning macrophagegyatunctional
macrophages contribute, twr even causelisease onset or progress{@mitt et al., 2023; Misharin
et al., 2017; Siouti & Andreakos, 2019he plasticity of macrophages allows them to dampen the
pro-inflammatory attacks in response to tissue debris or innocuous antigens but does not
compromise the effective immune responses to pathogenic microorganisms. Due to their ability to
initiate and nodulate immune responses, macrophages play a significant role during infection or
tissue injury(M. Duan et al., 2017; L. Huang et al., 2018; Soni et al., 20fh6nflammatory
conditions, AMs can switch to perform various fmlammatory functiongM. Duan et al., 2017,
L. Huang et al., 2018; Soni et al., 201®%he destruction of airway epithelia and the associated

loss of immunosuppressive ligands indutteswitching of immunosuppressive AMs to their pro
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inflammatory state (Bissonnette et al., 2020; Fujii et al., 2002; Kaur et al., 2015; Moon et al.,
2015)

1. 7.Redponse to pathogens

Non-sterile air harboring various pathogens is constantly introduced to the lung during
respiration. AMs are located in a strategic niche, which makes them critical sentinels of healthy
lung function and barrier immunityAMs regulate tissue homeostasis by maintaining the perfect
balance between a waltchestrated inflammatory response and immunotoler@hcBuan et al.,

2017; L. Huang et al., 2018; Soni et al., 2016; Tsai et al., 2019; Wilson et al., 2020; Yeligar et al.,
2016) The plasticity ofAMs makes them highly versatile in responding to inhaled insults using
various pathogespecific mechanisms, while preventing excessive inflaramatesponse and

tissue damag@Neupane et al., 2020)

1. 7.RPh&gocytosi s

After shifting to preinflammatory state, AMs exhibit greater phagocytic actijitpdge
et al., 2019; Nagre et al., 2019hephagocytigprocess depends on the cell surface receptors that
can recognize microbes, dead cells, and external biotic or abiotic entities. The phagocytosis of
bacteria involves the recognition of opsonized bacteria by thgafmna (Fg) receptors, which
triggers the formation of pseudopodia extended from the membrane to surround and engulf the
bacteria(Allen & Aderem, 1996) The receptors thdtave been identifietb participate in the
opsonindependent phagocytosis include GcyRI (CD64), FcyRlla (CD32), FcyRllla (CD16),
FcaR1 (CD89), FceR1, CR1 (CD35), CR2 (CD21), CR3 (CD11b/CD18 complex), CD4
(CD11c/CD18 complex), C5a (CD88), and surfactant protein A ($Ré3ales & UribeQuerol,
2017) On the other hand, abiotic entities such as environmental toxicants and pollutants are

scavenged through scavenger recef@atecanda & Kobzik, 2001)

1. 7.Rp&Bptosi s

While AMs are the key effectors of antibacterial tdsfense via phagolysosomal killing,
when bacterial load exceeds their clearance cap@dig,undergo apoptosis to prevent bacterial
dissemination(Aberdein et al., 2013)For instance, Dockrell et alreported that prolonged
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intracellular killing of pneumococciis associated with macrophage apoptosis in human
macrophages and in murine mod@seckrell et al., 2001, 2003)Specifically, the proteiNlyeloid

cell leukemia 1 Nicl-1), anantrapoptotic member of the B& family, was reportechsa key
regulator of macrophage apoptosis during bacterial killing, as it was upregulated in AMs from
COPDandHIV -patients, where it was associated with reduced AM apoptosis and bacterial killing
ex vivo (Bewley et al., 2017; Collini et al., 2018)

1.7.Qytdoki ne/ chemokine production

Upon infection, AMs increase secretion of oxygen metabolites andhffaomatory
cytokines such as HlL, IL-6, and tumor necrosis factor alpha (Fa); chemokines, lysozyme,
antimicrobial peptides, and proteases to counter the pathogenic invasion and restore homeostasis.
(Bissonnette et al., 2020)lternatively, AMs orchestrate immune response against pathogens by
secreting proinflammatory cytokines/chemokines, such as intertléuk(iL-6), IL-8, and
interferon (IFN) signaling to recruit other leukocy(Bsdierlaurent et al., 2008; Schabbauer et al.,
2010) For example AMs activate the interleukidb (IL-1b) pathway to recruit circulating
monocytes durind.egionella pneumophilanfection (X. Liu et al., 2020) or releasing IFN to
recruit neutrophils and bone marralgrived macrophages upé&mnancisella tularensisnfection
(Furuya et al., 2014)

1.7.PRr.bi.ned i mmunity

Previous researchasshown that AMs display trained immunity in response to repeated
exposures or subsequent infeci@Aegerter et al., 2020; Chakraborty et al., 2023; Machiels et
al., 2017a)For instance, murid herpesvirdfMuHV-4) leadto the replacement of resident AMs
with monocytederived AMs, which can inhibit the dendritic cells from triggering the subsequent
house dust mitgpecific response by T helper 2 (TH2) c€Nsachiels et al., 2017b)Another
study suggests that specific monoegitexrived AMs recruited after influenza infection seeret
increased amounts of 4, thus improving the host defense against subseditegpptococcus
pneumoniad€Aegerter et al., 2020Additionally, these monocyeerived AMs displayed unique
functional, transcriptional, and epigenetic characteristics as compared with the resident AMs.
(Aegerter et al.,, 2020)Finally, monocytederived AMs from mice prexposed to bacterial
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endotoxin ofPseudomonas aeruginosaere shown to become more resistant towardl death

and display enhanced capacity for efferocytosis via MERCKakraborty et al., 2023 hese
findings highlight the trained immunological capacity of monodgaved AMs in pathogenic
infections. However, whether these functions were developed from the dysregulated

microenvironment or were innate to the bone marrow origins remained unclea

1. 7.TPRi.Hsue repair

Macrophages ard¢asked with maintaining the delicate order of the resolution of
inflammation and tissue repair to successfully repair and restore the epithelial barrier and avoid
aberrant remodeling. First, AMmssurethe efferocytosis of apoptotic cells to avoid necrosis and
facilitate the healing of injuries. It has been reported that AMs produce the enzymes arginase 1
and ornithine decarboxylase (ODC) to convert arginine and ornithine from apoptotic cells into
putregine, which enhanceghe continuous prcess of efferocytosi§Yurdagul et al., 2020)
Secondly, tissue repair process is triggered by the activation of prostaggsidiperoxide
synthase 2/cyclooxygenase Rigs2COX2), leading to PGERroductionand the stimulation of
TGFbl. However, the induction dPtgs2depends on the phosphorylation of ERK1/2 by the
phosphatas®usp4 Finally, it has been noticed that methionine from apoptotic cells suppress
Dusp4 creating a negative feedback loop that ensures the inflammatory resolution, i.e.,
efferocytosis is completed before tissue repair process begins. Additionally, AMs can aid in the
process of resolution and tissue repair through the secretion of immuratooglaytokines such
as IL.-10, CCL22, TNFa, and growth factors, including VEGF, T&i¥-trefoil factor 2, and PDGF
(Cakarova et al., 2009; Malainou et al., 2023J note, AMs recruit additional factors to aid in
inflammation control and tissue repair, depending on the nature of the infection. For instance, in
helminth infection, 14 and IL-13, along with apoptotic cells are needed to induce the
transcription ofantrinflammatory and tissue repair genes within A{@B®surgi et al., 2017)0On
the other hand, AMnduced placentaxpressed transcript Pletl) is important in promoting
alveolar epithelial cell growth and epithelial barrier repair in viral infeqfiRervizajOruqaj et al.,

2024)
Taken together, AMs can exhibit both pndlammatory and aniinflammatory functions,

depending on the nature of the alveolar microenvironment. While homeostatic microenvironment
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promotes antrinflammatory functions, inflammatory alveolar microenvironment indédd s to

perform preinflammatory functions.

1. 8Al veol ar macrophage heterogeneity

Organspecific functions and challenges customize functional specialization of
macrophages, resulting in highly diverse phenotypes of tigsigent macrophage populations
(Davies et al., 2013; Lavin et al., 2014; Mulder et al., 20PiEsue macrophage diversity has led
researchers to question the factors that might promote their mainteSaveeal studiebave
reported that the tissue resident macrophage functions are likely dictated by origin, differentiation
state of the precursors, tissue microenvironment, inflammation history, and time spent in a specific
environmeniAegerter et al., 2020; Machiels et al., 2017a; Misharin et al., 2017; van de Laar et
al., 2016)

1. 9Factors that contribute to heterogeneity
1. 90kt ogeny

Recent single cell RNAequencingtudieshaverevealed significant heterogeneity in lung
macrophage populations. Intrinsic factor, i.e., ontogeny, drives lung macrophage developmental
diversity(Aegerter et al., 2020; Gibbings et al., 2017; Machiels et al., 2017a; Misharin et al., 2017)
For instance, fetal liver monocytes cultured with @@F integrate better into empty alveolar lung
niche, and perform improved host defense against viral respiratory infections as compared to those
from bone marrow origing~. Li et al., 2022) Additionally, a study by Misharin et al., reported
that in contrast to fetal livederived AMs, the bone marrederived AMs express higher levels of
pro-inflammatory and profibrotic genes during fibrotic phase in bleomiyaoced pulmonary
fibrosis modé (Misharin et al., 2017)Finally, another study by Aegeter et al., reported that in
contrast to fetal livederived AMs, influenzanduced bone marrowerived AMs display a unique
transcriptional and functional profile that is more protective against subsequent infections
(Aegerter et al., 2020)These findings demonstrate the role of ontogeny in regulating AM

functions.
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1. 9MRcroenvironment

On the other hand, extrinsic factors, i.e., age, microbiota, and pathogen exposure impact
AM functional plasticity during disease progression by regulating the expression of unique
transcription factors, leading to distinct epigenetic profiles and diffdtamctions(Lavin et al.,
2014; Roquilly et al., 2020; van de Laar et al., 2008crophages undergo activation within the
lungs in accordance with environmental cuesthis regard, the unique makeup of the airway
fluids (surfactant and mucins) that, through the simple act of inhaling, become an ideal home for
a wide range of environmental features. These include bacteria, viruses, pollutants, allergens,
which can infuence macrophage activation, recruitmamid function(Aegerter et al., 2020; Y.
Kumagai et al., 2007; Lavin et al., 2014; M. Liao et al., 2020; Machiels et al., 2017a; Mass, 2018;
Mc Cowan et al ., 2021; Okabe &.Sdecificallj iastiwywby 2014
van de Laar et glreported that all precursors from yolk sac, fetal lieed bone marrow origins
were able to occupy the empty AM niche and differentiated into AMs with comparable
transcriptomic profilegvan de Laar et al., 201,6uggesting the critical role of the tissue niche in
modulating thetranscriptome®of AMs. Therefore, understandingM functional heterogeneity
and plasticityshapedoy both ontogeny andhe lungmicroenvironment is important to develop

future macrophagbased therapies for importamumanlung diseases

1. 10herapeuti calpweamndrariogplh agfe s

The immunomodulatory capacity and functional plasticity of macrophages makes them a
promising target in the treatment of pulmonary and other disorders. Here are a few examples of

disease conditions where ttieerapeutigotential of alveolar macrophages has been explored:

1. 1Pullmonary fibrosis

Increased monocyte courdse linked to increased risk afliopathic pulmonary fibrosis
(IPF) progression, hospitalization, and morta(i§arampitsakos et al., 2021, 2023; M. K. D. Scott
et al., 2019) Consistently, muringpulmonary fibrosis RF studieshavedemonstrated that the
deletion or inhibition of monocytderived AMs recruitment markedly attenuated the severity of
fibrosis (Gibbons et al., 2011; Misharin et al., 2017; Satoh et al., 20%@Jibrotic monocyte
derived AMs in IPF patients were reported to express high §RRins et al., 2020; Morse et al.,
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2019) and CX3CR1(Aran et al., 2019)Due to the correlation between monocysesl IPF
mortality and poor disease outcomes, newetegiesargeting monocytspecific genes has been
proposed to improve the survival of patients with IPF and other forms (@fd&*&mpitsakos et al.,
2023; M. K. D. Scott et al., 2019; Unterman et al., 20R#reover, previous studies have shown
that targeting proteins, i.e., cellular FLIGkhibitory protein (eFLIP), CSF1R,and SYK
expressed in macrophages amelig &€ in murine model@. Li et al., 2022; McCubbrey et al.,
2018; Meziani et al., 2018; Misharin et al., 2017; Murray et al., 2011; M. Wang et al., 2022; Yao
et al., 2016)thus validating the potential of these cells as therapeutic agents in PF.

Additionally, macrophage reprogramming has recently become a novel and promising
therapeutic approach for IPF. For instance, the inhibition of-B3R/ia antimiR-33 peptide
nucleic acids (PNA33) improves mitochondrial homeostasis andcreasesautophagy while
decreasing inflammatory response, thus atteémgidibrosis in vivo and ex vivan mice and
humars (Ahangari et al., 2023)A recent study demonstrated that nanoparticles can efficiently
deliver smalinterfering RNA against TGB1, targeting the prfibrotic monocytederived AMs,
thus resulting in decreagéung fibrosis(Singh et al., 2022)Moreover, folateargeted TLR7
agonist (FATLR7-54) accumulated in prbibrotic macrophages can reprogram them into fibrosis
suppressing macrophages, thus halting thdiprotic cytokine production in murine RF. Zhang
etal., 20200 Wi th regard to clinical trial s, Gal ect
profile has shown promising data, and further results from clinical trials are a@4iitadi et al.,

2021; Humphries et al., 2022)

Taken together, these studies showed that monadeyteed AMs aremechanistically

relevant for PF development, and future studies aiming at translating these findings are warranted

to determine the clinical capabilities of targeting AMs in PF.

1. 10.i2.al i nfections

The depletion of AMs is reported to have a detrimental effect on multiple viral infection
models, including Newcastle disease virus (NXV) Kumagai et al., 2007)Influenza virus
(Coleman, 2007; Ghoneim et al., 2018nd Middle east respiratory syndrome coronavirus
(MERS-CoV) (Channappanavar et al., 202Bpwever, AMs can be a liability in selected models
of viral infections. For instance, in SARSV-2 infection, classical M1 AM activation promste

virus propagation, while alternative M2 limsithe viral spreadJ. Lv et al., 2021)Other studies
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haverevealed that AMs infected by SARSV-2 virus contribute tochronic cytokine storm
induced damage to the pulmonary tiss(@gnt et al., 2021; C. Wang et al., 2028)milarly,
AMs infected by human Immunodeficiency virus (HLY exhibit decrease@xpression ofGM-
CSFPRb (Joshi et al., 2008ndimpair TLR-4-mediated TNFa productionthereby reducing the
hoso ability to mount an effective immune respor{Sachado et al., 2008, 2010)hile TNFa

aids in host defense, autocrine TNF triggers Ri&luced AM necroptosis, hindering the removal
of RSV from AMs and worsening lung damageprevious stugl hasreportedhatTnfr1 KO mice
displayssignificant reduction in the number of necrotic AMs in the lung, suggesting that targeting
TNF-mediated necroptotic pathway in AMs is an effective therapeutic app(8acitos et al.,
2021) After rhinovirusand influenza A infection, AMs undergo tolerogenic training and display
SIRRa -mediated phagocytosis impairmefRoquilly et al., 202Q) Inhibiting SIRRa using
antibodies improved the Adhbility to phagocytose pathogeim critically ill patients, rendering

it a possible therapeutic targ&oquilly et al., 202Q)

Type | IFNsproduced mainly by AMs are responsible for mediating pulmonary viral
infections (Peir6 et al., 2018) which are suppressed by T@BE, causing exacerbated
mitochondrial dysfunctiofGrunwell et al., 2018)Thus, disrupting TG#b1 signaling could be
considered a new treatment approach. Furthermareious studies underscore tioée of PPAR
gin regulating antiviral and inflammatory reactioR®ARgis decreased in AMs during influenza
infection as a result of type | IFNependent signaling. In additioRPARg deletion in myeloid
cells leads t@a heightened host morbidity and lung inflammaticeduced ability to control the
inflammation and inadequate tissue repd&®. Huang et al., 2019; H. Zhang et al., 2022)
Toglitazone, a PPARg agonist, has been shown tgeduce virusiinduced secretion of

proinflammatory cytokingsuggesting gpotentialas aherapeutic optio(H. Zhang et al., 2022)

1. 10Lntroduction to ozone

Ozone (Q), a major gaseous componenttloé urbanair pollution, is generated through
photochemical reactions involving nitrogen oxides (NOXx), volatile organic compounds (VOCSs),
and ultraviolet (UV) sunlight. Numerous studies have reported thaekg®suranduces airway
inflammation and bronchial hyperactivity in both humans and animal m{8daberg, 2016;

Triantaphyllopoulos et al., 2011Pver the years, epidemiological studies have consistently
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demonstrated the detrimental effects of ambieyarOrespiratory health and mortalifgell et al.,

2004, 2007; Gao et al., 2020; Halonen et al., 208Bhough Q concentration thresholds have
been periodically revised by various national and international agencies such as Environmental
Protection Agency (EPA) and the World Health Organization (WHO), it is estimated that more
than 90% of t he \inaes todéregulaly exposed to unheaalthy levelsof O
(World Health Organization, 2021)

1. 1Prevalence of ozone

Stratosphericozone 0 makes up approxi magantigforeéd% of |
naturally through the interaction of solar ultraviolet (UV) radiation, electrical discharges, and heat,
with molecular oxygen (&) (Aucamp, 2007) This QG layer absorbs a portion of the harmful
ultraviolet radiation (UVB ) preventing it fr oifRddle20I8hin ng t he
contrast, ground level (tropospherick @ a secondary air pollutant and is formed by the
photochemical reaction between nitrogen oxides (NOXx), volatile organic compounds (d@LCs)
sunlight(FinlaysonPitts & Pitts Jr, 1999; Fowler et al., 2008; Moller, 2QCdiyst identified in
1950s in Los Angeles, tropospherie lias since been detected in major urban and industrial
regions throughout the wor{azquez Santiago et al., 2024)

Ambient G poses a significant threat to both human health and the ecological environment
worldwide (Agathokleous et al., 2015, 2023; Cakaj et al., 2023; Emberson et al., EQp8sure
to ambient @ has been associated with increases in premature deaths and hospital admissions
related to cardiovascular and respiratory dise@3akaj et al., 2023)Therefore, several countries,
including the United States (US), China, Italy, and Japan, have established regulatory standards to
limit ambient Q concentrationgK. Li et al., 2019) The WHO updated its air quality guideline
(AQG) in 2021 recommending that the maximum daHlydBir average (MDAS8) of ambientsO
concentration should not exceed Ifim® (~50 ppb) for shorterm exposure and 6@y/m® (~30
ppb) as a énonth longterm exposuréWorld Health Organization, 2021n the US, the Clean
Air Act, which was last amended in 1990, mandates that the U.S Environmental Protection Agency
(EPA) establish National Ambient Air Quality Standards (NAAQS), for six principal pollutants,
including G, thatareconsidered harmful to humans and the environnérg.safe @levels were
set at 80 ppb in 1997, then reduced to 75 ppb in 2008, and finally 70 ppb ilLEDEPA, 2016)
Numerous studies have been conducted on the epidemiology(BEDet al., 2004, 2007; T. Li
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et al., 2015; C. Yang et al., 2013larmingly, multiple epidemiological studies have shown an
increased risk of severe asthma and cardiopulmonary mortaligjetels of less than 70 pgbe
Souza et al., 2014; Silverman & Ito, 201Moreover, studies done in Chinese urban cities have
reported that increases of h@/m® (=5 ppb) of @ concentrations over the prior 2 days were
associated with 0.81% increase in the mortality rgfas et al., 2012)

From 1990 to 2020he average ©levels have increased significan{{@icard, 2021)
especially in industrialized countries, and often time exceed the ambient air quality standards
(Kobayashi, 2015)We will next discuss the critical precursors far fGrmation and the recent

emission trends of these precursors.

1. 1Bajor ozone precursors
1. 1BO%.

NOX, i.e., nitric oxide (NO) and nitrogen dioxide (NO2), can be emitted from either natural
or anthropogenic sources. For instance, natural selikedightning generates around 10% of the
global NOx emission in the upper troposph@iault et al., 2017; Pusede et al., 201Spil
microbes can also produce NOx during denitrificaidimaraz et al., 2018 However, the most
significant NOx emissiorsourcesare fossil fuel combustion processg®rrero et al., 2016;
Henschel et al.,, 2015which are classified as stationamye., fossil fuelired power plants,
generators, petrochemical plants, industrial bailemsl mobile sourcese.,on-road and offroad
vehicles trains, watercraft, and aircr@iallmann & Harley, 2010; Dass et al., 2021; Nguyen et
al., 2021; HH. Yang et al., 2021)

As a result of adopting advanced technologies, i.e., 4hege catalysts, fuel nozzle
modification, exhaust gas recirculation, selective catalytic reduction, fuel quality improvement,
and good management policies, i.e., phasing out of vehicles that fagdbexhaust emission
standards, developed countries has greatly reduced NOx emifSharyy et al., 2017; Zhao et
al., 2019) Additionally, developed countries also moved most of their manufacturing industries to
developing countries, where the environmental standards are less strict, further explaining the
reduction over the years. On the other hand, the NOx emissions hgwecoedsed in developing
countries as they are still undergoing rapid economic expansion without strict regulations on air
pollution (Kurokawa & Ohara, 2020Regardless, developed countries still emit more NOx per

capita than developing countries due to higher energy consungpti¢tuang et al., 2017)n
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short, the global NOx emissions are not likely to be reduced in the near future; thuslebe O
will keep increasing and threaten human and ecosystems worldwide.

Tropospheric @ is formed during the atmospheric NOx cycle when the photolysis of NO
generates atomic oxygen atoms, which react with oxygen to ferfu@her, oxidants in ambient
air, i.e., peroxyl radicals, efficiently oxidize NO to generatexN&hich is utilized to generate
more Q in a positive feedback logiMonks et al., 2015; T. Wang et al., 2017)

1.1%0Ratile organic compounds

Volatile organic compounds (VOCSs), the crucial precursorthisustained formation of
Oz (Acton et al., 2020; Garg & Gupta, 2019; N. Lin et al., 2021; Z. Liu et al., 2022; Zhan et al.,
2021) have been a focus of air quality managenfi€énLi et al., 2019) In particular, nine reactive
species, i.e., isoprene, €sbutene, tran®-butene, propylene, ethylene;blitene, m/pxylene,
cis-2-pentene, and styrene, were identified as important precursors that showed significant
correlation with @Qformation(Z. Wang et al., 2022)/OCs are directly emitted by anthropogenic
(AVOCs) and biogenitmatural (NVOCs)yourceqAtkinson & Arey, 2003; Benedict et al., 2020;
Guenther et al., 1995; Mohd Hanif et al., 2021; T. Wang et al., 28iK73ources of VOCs have
been identified,(NVOCs), i.e., biogenic emissions (BE, 43%gnd (AVOCs), i.e.,gasoline
evaporation (GE, 17%), industrial emissions (IE, 14%), solvent usage (SU, 14%), liquid petroleum
gas evaporation (LPG, 7%), and vehicle emissions (VE, 5%).

A series of regulations and policieslated to VOCs have been implemented in many
regions(J. Li et al., 2016; M. Yu et al., 2019%owever, while there was reduction of VOCs
emissions from anthropogenic sourcesc@ncentrations has remained high Li et al., 2019)

For instance, despite the significant reduction in global emissions of AVOCs during the €OVID
19 lockdown, the levels of ambient @ere not reduce{Gualtieri et al., 2020; Kerimray et al.,
2020; Z. Lv et al., 2020; Parker et al., 2020yvas suggested that the high emissions and reactivity
of NVOCs played a compensatory role in this scen@igenther et al., 1995; Sindelarova et al.,
2014) Of note, the formation and emission of NVOCs are affected by climate cj\ingle Chen

et al., 2018; Saunier et al., 2028pecifically, elevated temperature and liglgassociated with

the increase in NVOC:s, i.e., isoprene emisglusede et al., 2015; Romer et al., 2018; Tang et
al., 2016)
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1. 13%e®mperature

Temperature directly impactss@ormation by enhancing £formation rates and the
emission rates of £precursors such as soil NOx, biogenic VOCs, and evaporative VOCs from
anthropogenic source@Pusede et al., 2015; Romer et al.,, 2018; Tang et al., 26{igh
temperature is usually associated with air stagnation, sunshine duration, high solar irradiation, and
low relative humidity that further enhances grodexke! O; formation (Kazem et al., 2020;
Mujabar & Chintaginjala Venkateswara, 2021; A. K. Shrestha et al., 2(Mé)ce, the
photochemical @production occurs during the day peaking at noon, then decreases gradually with
decreasing solar irradiatigdkimoto & Tanimoto, 2022)

A study by Santiago et al., monitored @recursors, temperature, and grodexkel G
concentrations across 41 megacities worldwide between200% The findings revealed that, as
climate change progresses, ambient@ncentrations are likely to continue increasing, posing an

ongoing threat to urban air quality and public he@thzquez Santiago et al., 2024)

1. 1Epidemi ol ogical evidence of o0ozoneds i mpact

Oz is a noxious pollutant that primarily targets the IMudway, 2000) Since the mid
1980s, @ exposure hadveen demonstrated to induce airway inflammation and reduce lung
function (Bromberg, 2016; Mustafa, 199MWloreover, Q exposure has a heightened impact on
the elderly and patients with ongoing chronic obstructive pulmonary diseases (CExADNi et
al., 2015; T. W. Wong, 2006)

A study has showihat healthy control subjectsxposed to Q exhibit decreased lung
function, increased lung neutrophilia, and increased levels ehflacnmatory cytokinegYan et
al., 2016) Another study showed that acutee@posure enhanced plasma CC16 levels and sputum
neutrophils, monocytes, and macrophages with a significant upregulation of innate immune
(mCD14, CD11b, CD16) and antigen presenting (CD86, HiF) markers(Lay et al., 2007)

Gene array analyseslmfonchoalveolar lavag®8AL ) cells following QG exposure highlighted that
inflammatory pathways associated with chemokine/cytokine secretion, cell adhesion and
migration, and cell growth and tumorigenesis were318fold upregulated compared to healthy
subjecs (Leroy et al., 2015)n addition, timeseries analyses across 17 States in the USA revealed
a significant increase in the emergency room vastociated with ever30 ppbrisein Oz levels
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(Strosnider et al., 2019Moreover, it is concerning thats@oncentration below the National
Ambient Air Quality Standard (0.06 ppm) has been reported to impair lung function and increase
airway inflammation even in healthy young ad@s S. Kim et al., 2011a)

The risk is particularly increased in susceptible populations particularly children, pregnant
women, and individuals with existing cardiopulmonary condgi@ong et al., 1997; Simoni et
al., 2015; T. W. Wong, 2006vidently, an early observational study done in 38 asthmatic patients
and 13 healthy control subjects in metropolitan Atlanta showed tha&x@bsure resulted in
exacerbated symptoms of upper airways in asthmatic patients, i.e., greater airflow obstruction,
lower quality of life scores, more eosinophilia, and higher exhaled nitric oxide (NO) (Kvelsi
et al., 2009) Additionally, a recent study from the National Health and Nutrition Examination
Survey (NHANES) between 2005 and 2006 demonstrated a positive association between O
exposure and emergency room visits in asthmatic paijstasdy et al., 2019)Finally, a study
conducted in Hubei province of China demonstrateshcrease in asthma mortality as asthmatic
patients were acutely exposed to increasing level ¢Y. Liu et al., 2019)

Aside from asthma, patients with other comorbidities, such as idiopathic pulmonary
fibrosis (IPF) and adult respiratory distress syndrome (ARDS) were also affedia@xyosure.
For instance, increases of 1 ppb in anrmarage @levelswere associated with increases in
annual hospital admission rates for ARDS of 0. 1B%illy et al., 2019)Additionally, correlation
between the increasir@zlevels and acute exacerbation and hospital admission were observed in
a French IPF cohort (COhorte Fibrose, CQBBsé et al., 2018)

1. 1Mechani sms undnerdli wnitregl @Wlaonaegge t o the respir

The epithelial lining fluid (ELF) layer lining the luminal surfaces of the airways is a
physical barrier protecting the airways from direct interactions with inhaled erfitiedue toits
low solubility, does not react directly with the epithelial cells, but instead reacts with the
constituents of the airway lining fluid to generate ozonation products, reactive oxygen species
(ROS), and other secondary agents to enhance local oxidatgs, inflammatigrand epithelial
injury (DeLucia et al., 1975; X. Duan et al., 1996; Gerrity et al., 1995; Hatch et al., 1994; Housley
et al., 1995; Kelly et al., 1995For instanceQs interacts with unsaturated fatty acids to form
aldehydes, i.e., hexanal, nonanal, heptanal, and reactive species, i.e., carborfifraxigeon et
al., 1999a, 1999a; Pryor et al., 199Burthermore, carbonyl oxide combines with aldehydes to
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form ozonide or with water to form hydroxy hydroperox{@antrock et al., 1992Additionally,

Oz causes protein misfolding, thus altering their biological functions. For inst@rcejas
suggested to indirectly contribute to the neutrophil elastakeced emphysema &sreducedhe

activity of enzymeal-proteinase, an endogenous inhibitor of neutrophil elagiatemson, 1980,

1987; Nadziejko et al., 1999j is highly likely that the generated ozonation products interact with

the epithelial cells and immune cells in the ELF layer. Resident AMs are the primary cell type
patrolling the ELF layer, thus are likely to be the first to respon@stand ozonation products

(Patial & Saini, 2020)In addition, acute and chroniz induces unique immunological patterns

in the lungs, which are not completely understood. Understanding these mechanistic processes will
help design both preventative and therapeutic strategies for subjects exposed to either acute or

chronic Q.

1.16.1l mpadt ogxmes wr ee onlaar o pfhuangcet i o n

Previous studies in rats indicate that @as a negative impact on macrophage functions,
including reduced motilityMcAllen et al., 1981andreduced bacterial clearan@goldstein et al.,
1974) which could be the result of reduced lysozyme con{&htsrwood et al., 198@nd reduced
production of superoxide radicgldmoruso et al., 1981Feveral mousbased studies have also
indicated Q -exposed AMs reduced ability to phagocytose bacteria, includiefpsiella
pneumonia (Mikerov, Gan, et al., 2008; Mikerov, Haque, et al., 2008)reptococcus
zooepidemicugGilmour et al., 1993)and environmental insults such as carbon b(dekab &
Hemenway, 1994a)A possible explanation for the reduggldlagocytoticability of Oz-exposed
AMs is that Q impairs the structure and function of SPA, an opsdmat isimportant for the
phagocytosigunctionof AMs (Benne et al., 1997; Schagat et al., 2001; Stringer & Kobzik, 1996;
Tenner, 1998; Schagat et al., 2QQhus compromising the phagocytosis pro¢€xssting et al.,
1991; Su & Gordon, 1996However, the contribution of other opsonins and receptors to the
phagocytosis process remain incompletely understood.

In addition to the reducephagocytoticability, acute @G-exposed AMs (0.8 ppm for 3
hours) exhibit reduced production of superoxide anions, substrates required for the production of
bactericidal hydrogen peroxide {6p) (RyerPowder et al., 1988)he decreased production of
superoxide nitric oxide (NO) and their productandperoxynitrite (ONOG), may contribute to
impairedbacterial clearance Osz-exposed AMsAIlthough these reactive oxygen and nitrogen
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species play a critical role anti-bacterialdefensetheyhave also been implicat@dtissue injury
(Bedard & Krause, 2007However, the role of these superoxides né&xposed lungs has been
controversia(Kenyon et al., 2002; Laskin et al., 200Arute exposure t@3 (0.8 ppm. 3 h) caused
higher expression of oxide synthase (iINOS/NOS2) and elevated production of NO and @NOO
AMs, resultingin increased epithelial injurfaskin et al., 2001 )confirming the detrimental roles

of superoxides in tissue injury. However, chronic exposure {@ Ppm, 8 hour, 3 nights) resulted

in more epithelial injury in INOSleficient mice as compared withld type (WT) mice (Kenyon

et al., 2002)indicating that the ablation of superoxides worsegsir@uced lung injury. These
controversial results might be explained by the differenexposure paradigms that altered the
lung microenvironment, thus regulating the plastic responses of AMs. However, the exact
mechanisms on how the altered lung microenvironments regulate AMs and subsequently affect
the degree of tissue injury require fugthnvestigation.

AMs were reported to be classically activated upon exposurestanOst likely by
responding to the products released from the injured epithelial cells and subsequently produce
proinflammatory mediators and reactive oxygen species, including aN&iNOS, which further
promote lung injury(H. Y. Cho et al., 2001; Fakhrzadeh, Laskin, Gardner, et al., 2004;
Fakhrzadeh, Laskin, & Laskin, 2004; Pendino et al., 1996wever,somestudies havalso
shown that AMs are alternatively activated and produce@fdimmatory mediators, such as-IL
10 to promote inflammation resolution, tissue repBackus et al., 2010; Reinhart et al., 1999)
and efferocytosis of dead or dying céxahl et al., 2007; Ishii et al., 1998)
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CHAPTER 2

The Role of Ontogeny in Shaping Alveolar Macrophage Transcriptomic Landscape
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Abstract

Alveolar macrophages (AMs) play critical roles in the maintenance of tissue homeostasis,
immune regulation, and tissue repair. Transcriptomic and functional heterogeneity soinAM
various lung inflammation models have been previously reported. The heterogeneity of AM pool
is regulated by ontogeny and lung microenvironment. However, the relative contribution of these
determinants in shaping the transcriptomes and biologicalidmsadf AMs remains incompletely
understood Through transcriptome profiling,evaimed to analyze gene expressiatternsand
associated enrichment of biological pathways that are unique to AM ontogenySBéAvas
performed on AMs from agmatched C57BL/6J contglbone marrow (BM) chimera, and fetal
liver (FL) chimera. Comparative analysis of AM transcriptomes from C57BL/6J cgnBM
chimera, and FL chimera identified common and unique differentilyessed genes (DEGS)
between BM chimera and FL chimera. Pathway enrichment analysis revealed that common DEGs
between BM chimexr and FL chimera were associated with host defense pathways, i-eglicell
signaling, leukocyte trafficking, macrophage activation, and adaptive immumigrestingly
bone marrowspecific gene signatures were associated with metatsdéited pathways, while
fetal liverspecific gene signatures were associated with cell dektted pathways. Finally,
common DEGs between FL chimera and C57BL/6J controls were assbwidh homeostatic
functions, i.e., cell cycle, cell morphogenesis, endocytosistagispand lipid metabolisntaken
together, these findingevealed the distinct transcriptome and biological functions of AMs
derived from different origins, highlightinghe critical roles of ontogeny inshaping AM

transcriptomic landscape and associated functions.
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2.1l ntroducti on

Alveolar macrophages (AMs) reside in the alveajpacesf the lung and play diverse
roles in tissue homeostasis, response to infection and lung injury, and tissu¢Liapairecht,
2006) AMs are the most abundant innate immune cells in healthy lung airspaces, where they play
critical roles in surfactant homeostasis and immune surveillgiBa@n & MacDonald, 2022;
Guilliams et al., 2013; Hashimoto et al., 2013; Hou et al., 2021; Scott & Guilliams, Z0i@)g
active infection or lung injury, AMs initiatenmunomodulatoryesponses through polarization,
antigen presentation, and cytokine production to control the inflamni{&temold et al., 2011; X.
Liu et al., 2020; Westphalen et al., 201Additionally, AMs contribute to the resolution of
inflammation through efferocytosis of apoptotic cells ahd release of artinflammatory
mediators to facilitate tissue rep@iforris et al., 2003; Peters et al., 201Zhese critical features
makeAMs as promising target for therapeutidntervention(Anderson et al., 2021; Lim et al.,
2021; C. Liu et al., 2022; Malainou et al., 2023)

Contrary to the longneld view that AMs are derivellom and continuously replenished
by bone marrowderived circulating monocytes (van Furth and Cohn, 1968), recent shalies
revealedhat AMs come from the fetal livaterived monocytes that populate the lung during early
embryogenesigGuilliams et al., 2013)Fetal liverderived AMs are londived and selrenewed
in homeostatic conditions with little contribution from the circulating monocyest{imoto et
al., 2013; Yona et al., 20L3However, upon aging, fetal livelerived AMs are gradually replaced
by bone marrowderived AMs(Z. Liu et al., 2019; McQuatti®imentel et al., 2021; Schneider et
al., 2021) Additionally, exposure to pathogens, pollutants, and toxic chemicals induces a rapid
recruitment and differentiation of bone marrderived AMs Aegerter et al., 2020; Machiels et
al., 2017; Misharin et al., 20L,7which contributes to the heterogeneity of the AM pool.
Furthermorestudies using variodsing inflammation models hawhown thathe transcriptomic
and functional differences between bone mardarived AMs and fetal livederived AMs are
governedby their ontogeny Aegerter et al., 2020; Machiels et al., 2017a, 2017b; Mislearah,
2017; Mould et al., 2017and microenvironment_@vin et al., 2014; Subramanian et al., 2022;
Svedberg et al., 2019; van de Laar etal.,, 2016)Wh i | e rsecampr dgiaoecmh &€s have
significant AM heterogeneityGibbings et al., 2015; Mould et al., 2019; Woods et al., 20R8)
extent to which keyeterminantsuch asontogeny and microenvironmental signals, shape AM
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functionsduring homeostasis andfluence theiffunctional plasticity during active inflammation
remains incompletelynderstood

In this study, weaimedto determine the relative contribution of ontogeny in shaping the
gene expression and biological functions of AMs at homeostasis. Accordingly, we hypothesized
that the gene signatures and biological functions that are specific to ontogeny at homeaodtasis co
be identified by comparing the transcriptomic signatures of AMstal liver and bone marrow
origins in chimeric mice To test our hypothesis, we generated bone marrow (BM) and fetal liver
(FL) chimeras by intravenously inj@&ag) lethally-irradiated C57BL/6J mice with bone marrow or
fetal liver precursors fronROSA"™C mice, which ubiquitously express mTomato fluorescent
protein. We identified common and unique gene signatures and biological functions between bone
marrow and fetal liver origins by comparing the transcriptomic profiles and performing biological
pathway aalyses on AMs from agmatched 1éveekold C57BL/6J control, BM chimera, and

FL chimera.

2. 2Materials and Met hods

Transgenic mice and animal husbandry

Eightweekold C57BL/6J male mice were procured from theckson Laboratory (Bar
Harbor, ME) Mice were maintained in individuallyentilated, hotwashed cages on a 12:h2
darklight cycle and were fed a regular diet and water ad libidliranimal use procedures were

performed afteapproval fromhe LouisianaState University Animal Care and Use Committee.

Generation of Bone Marrow and Fetal Liver chimera
Bone marrow irradiation and reconstitutiexperiments were conducted as previously

describedVVo & Saini, 2022) Briefly, C57BL/6J recipient mice werkethally-irradiated with 6
Megavolt Xrays (Clinac 21EX.inear AcceleratgrVarian, Palo Alto, CAwith atotal dose of
1000 c& (500 cG dorsal and 60 cG ventral) Eightweekold B6.129(Cg)
Gt26Sortm4(ACTRtdTomatosEGFP)Luo/J(Jax ID: 007676YROSA"MCG ) mice thatexpress
membrandargetednTomato red fluorescent protethatallowsthe lineage tracing girogenitor
cells(Muzumdar et al., 2007 were used as donorfhe bone marroswere collected fronthe
femur bones afterflushing withRPMI 1640 media (Thermo Fisher Scientific, Waltham, Max)d

single cell suspensions were prepared. Fetal livers were collecteROSA"™CE15.5 embryos
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and single cell suspensions were prepared by passing the fetal livers repeatedly through a 20G
syringe A total of 7 million (7M) progenitor celldrom thebone marrow or fetal liver single cell
suspensions wersjected into the tail vesmof designatedethally-irradiated recipientnouse The

recipient mice werenaintained orD.2% neomycin sulfaté/etOne, Boise, Idahajissolved in
acidified water(pH=2.52)for two weeks postransplantation. Chimera mice wenecropsied
eightweeks posbone marrow amhfetal liver transplantation, which has been previously shown to

be an optimal duration fahe repopulation of residemadveolar macrophages with donloone
marrowcells followingtotal bodyirradiation(Matute-Bello et al., 2004)

Bronchoalveolar lavage fluid collection and analyses

Mice were anesthetizeda intraperitoneal injection of 2,2s@ibromoethanol (Millipore
Sigma, Burlington, MA). After exsanguination by midline laparotomy, lung and trachea were
exposedvia thoracotomy, and bronchoalveolar lavage (BAlgs performedising a calculated
volume ofice-cold phosphatbuffered saline (PBSas previously describg@houdhary et al.,
2021) The first two lavages were pooled and centrifuged atd® 5 min at 4°C. After
resuspending the sedimented cells in 1 mL of PBS, the cell suspension was used for the
determination of total cell counts using h@mocytometerBright-Line; Hausser Scientific,
Horsham, PA) To maximize the recovery of airspace immune cells, further lavages were
performed to collect an additional 5 mL of BAL fluid (BALFjwo sets of cytospins were
prepared withl 0 OL frem the 5 mL of additional BALF. The first set of togpins were
differentially-stainedM odified Giems&it; Newcomer Supply, Middleton, WBnd analyzed to
determine the composition of various immune cdllse second set of cytospinerefixed with
10% neutral buffered formalin (NBF) and coverslipped withiéhgDiamondAntifade mourdnt
containing DAPI (46-diamidinc2-phenylindole)Thermo Fisher Scientific, Waltham, MA) for
fluorescentmicroscopyanalysis(ZOE Fluorescent Cell ImageBio-Rad, Hercules, CA)The
remaining portion of the first cefluspension and the additional 5 mL lavages were pooled and
processed for total RNA isolation. Lung tissues andfoedl BALF from the first two lavages

were stored ai80°C for further analyses.
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RNA isolation and quality assessment

Total RNAwas isolated fronthe AMs of C57B/6J control, BM chimera, and FL chimera,
using the RNeasy Plus Micro Kit (Qiagen, Gern
recommendations. RNA quantity and integrity were aredywith the 5400 Fragment Analyzer
System (Agilent Technologies, Santa Clara, CA)

Construction of sequencing library and RNA sequencing

200ng of total RNA was used for the construction of cDNA sequencing libraries using the
NEBNext Ultrall RNA Library prep kit fom Illumina (NEB, Ipswich, MA), following the
manuf act url.&NAAssqugneing onajualkified libraries was performed using the lllumina
NovaSeq 6000 Platform (lllumina, San Diego, CA) to generategaird 150base paireads.
Averages 062.7, 55.9, and 5nillion raw reads were obtained fraime C57BL/6J contro] BM
chimera, and FL chimeraespectivelyBioinformatics pipelines were used to remove adapters and
low-quality reads. Averaged 51.1, 54.5,and49.2million clean reads were recovered from the

C57BL/6J contro] BM chimera, and FL chimeregspectively

Gene expression analyses

Pairedend clean reads were aligned to the mouse reference gemom0) using
HISAT2 (v2.2.1). Dfferential expressioranalysis betweethetwo groups was performed using
the DESeqg2 R package (v1.40.2). DESgg@vides statistical methods for analyzing differential
expressionin high-dimensional gene expression d#tat model negative binomial distribution
DESeqg?2 uses BenjamiiHochberg method to control the False Discovery Rate (FDR) by adjusting
the P-valuesfor multiple testing Gene with an adjustedP value<0.05 andabsolute fold change
|(FC)|>1 (JLog2 FCP D were considered differentigtexpressedThe PCA plots were prepared
using the PCAtools package in R based on the normalized gene expression data from different
groups. The volcano plots were prepared using the EnhancedVolcano package in R based on the
gene lists from different groupshe heatmaps were prepared using the ComplexHeatmap package
in R based on the customized functspecific gene lists.
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Cytokine estimation

Lung homogenates were analyzed for the quantification of various cytokines. Briefly,
frozen lungs from experimental mice were homogenized with RIPA Lysis Buffer (Thermo
Scientific, Waltham, MA). Collected lung homogenates were assayed for the cytokieatsont
using BioPlex Pro Mouse Cytokine 28ex and customized 3lex assays (Bi&Rad, Hercules,
CA) according to the manufacturerés recommen
homogenates were determined by Bradford assay (Protein Assay DyRadibercules, CA).
Cytokine data was normalized to the total protein concentration.

Pathway analyses
To determine the biological and functional relevance of differéntepressed genes
(DEGS), we employed two different approaches for pathway analyses, i.e., ingenuity pathway

analysis (IPA; https://www.qgiagen.com/us/products/discovandtranslationaresearch/next

generatiorsequencing/informatieand-data/interpretatiowontentdatabases/ingenuiyathway

analysi3 (Kramer et al., 2014)and gene ontology (GO) enrichment analysishburner et al.,

2000; Carbon et al., 2019)EGs (adjusted® value<0.05 (|Log2 FCP0O) wer e upl oaded
software to identify the enriched canonical pathwaly#\ identified molecular and functional

pathways in which DEGs are significantly enriched. GO analysis was performed by analyzing the
DEGs (adjusted value<0.05 (|Log2 FCD0O) wi t h t he (JTChenpt@le P06 Sui t e
identify the enriched biological processes.

Statistical analyses

Oneway analysis of variance (ANOVA) foll owec
comparisons was used to determine significant differences among groups. All data were expressed
as means + Standard error of the mean (SEMy.al ue O 0. 05 was consi c
significant. Statistical analyses were performed using GraphPad Prism 8.0.1 (GraphPad Software,
La Jolla, CA).
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2. 3Resul ts

Fetal liver and bone marrow chimera mice display comparable reconstitution of AMs

To generate dne marrow (BM) and fetal liver (FLghimera mice lethally-irradiated
C57BL/6J mice received intravenous injection of bone marrow or fetatiisfrom ROSA"T/MC
mice, which ubiquitously express membrdaameted Tomato (mTomato) fluorescent protein
(Supplemental Figure 2.1). As indicated by theonsistenbody weightgain for 6 weekgost
transplantatiorfFigure 2.1A), theBM and FLchimera miceshowed comparable growth patterns,
with no obvious signs of irradiation toxicity.

Next, to assess the reconstitution of airspaces with the cells of donor origin, the
bronchoalveolalavage(BAL) cellsfrom BM and FLchimerawere analyzed aightweeks post
transplantation+97.6 % and ~96.0 % of the BAL cells franeBM and FLchimera respectively,
were positive for red fluoresceniggesting their derivation from the donor cégure 2.1B-

C). Of note, the red fluorescence in the donor cells and their derivatives is assured by Rosa26
locuscontrolled ubiquitous expression of mTata fluorescent proteirAs expected, the BAL

cells fromthe nonirradiated control C57BL/6J mice were devoid of any fluoresceRitpile

2.1C).

To determine the effect of irradiatimaconstitution experiment on the cell composition in
the airspacesmmune cell analysesere performed on BALF from C57BL/6J control &hd two
types ofchimeramice The total number of BAL immune cells trended higher in FL chinf@da
+ 15.9 x 16) as compared to naive C57BL/6J contf8.8+ 8.3 x 1¢) and BM chimerag7 + 7
x 10°), but the increase was not statistically significfigure 2.1D). Consistent with alveolar
macrophages (AMs) being a prominent cell type in BAL c€Hgedberg et al., 2019AMs
accounted for 98.5%, 96.4%, and 98.3% of BAL immune cells in C57BL/6J cdi¥athimera,

and FLchimeramice, respectivelyRigure 2.1E-F).

Differential cytokine profiles in the lungs are defined by varied AM origins

Next, b determine whether the presence of AMs derived from different sources affect the
cytokine profile in the lung tissues, we compared the lewél28 cytokinesin the lung
homogenates from C57BL/6J control, BM chimera, and FL chimera mice. As compared to
C57BL/6J control, the levels &C, TNFa, IL-10, and 1-17 were norsignificantly elevated in

theBM chimeramice (Figure 2.2A-D). As compared to thBM chimeramice, the levels of KC,
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TNF-a, IL-10, and I-:17 were significantly lower in the Fthimeramice Figure 2.2A-D). As
compared to C57BL/6J control and FL chimera, the levels-8f (tM-CSF,IL-4,andIL-13 were
significantly elevated in BM chimera micEigure 2.2E-H). The data for all the assayed cytokines
is included inTable 2.1 These data highlight the impact of varied origin of AMs in defining
differential cytokine profiles in the lungs.

Comparative RNAequencing identifies common and unigignaturesof AMs from different
origins

To determine the gene expression changes between the morphologically similar AMs
derived from different precursors, we performed R8&q transcriptomic profiling of BAL cells
from C57BL/6J controlBM chimeraand FLchimera(n=4/group). Of note, these BAL cells were
morphologically identical to alveolar macrophag@d. RNA samplesselected for RNASeq
analyseshad RQN values in the range of -B8B. On average, 489 and~46.9 million total
mapped readand uniquely mapped reads, respectively, were obtained per sample wifb ~9
uniquelymapping rate

The principal componenfPC) analysiswas performed to confirm the clustering of
biological replicates within the same group and to identify distinct separations between the three
experimental groupsPC1, which accounts for 32.59% of the variance, separated C57BL/6J
control from chimera mice, and PC3, which accounts for 11289 nce separated BM chimera
and FL chimeraFigure 2.3A). Taken together, PC1 and PC3, which contributed to ~44%
variance, completely separated C57BL/6J conBM, chimera,and A chimeragroups(Figure
2.3A). These dataugigestthat irradiationtransplantation procedure and precursor origins (fetal
liver versus bone marrow) were the dominant drivers of variation in AM transcriptomes

Next, we compared the gene expression data between C57BL/6J d@Mticijmera,and
FL chimera First, we analyzed the gene expression data from C57BL/6J control and BM chimera.
Using the relaxed cutoff criteria (|Lo§old change| >0; adjust&ivalue <0.05)], a total of 2739
DEGs(upregulated, 1457; downregulated, 1282) were identified in BM chimera as compared to
C57BL/6J control Eigure 2.3B). Upon using the stringent cutoff criteria (|kdgo | d change|
adjustedP value <0.05)],735 DEGs (upreguled, 308 downregulated427) were identified
(Supplemental Figure 2.2A).
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Next, we compared the gene expression data of C57BL/6J control and FL chisieta
the relaxed cutoff criteria 1831 DEGs (upregulated, 878; downregulated, 953) were identified in
FL chimera azompared to C57BL/6J contrdFigure 2.3C). However, upon using the stringent
cutoff criteria, 633D EGs(upregulated, 220; downregulated, 413) were identifsagpplemental
Figure S2.2B).

To identify the gene signatures that esenmon between BM chimera and FL chimeva,
compared the list of DEGs (|LpFold change{®; adjustedP value <0.05) from the BM chimera
andthe FL chimera with respect t657BL/6J control. We identified246 DEGs (upregulated,

622; downregulated, 624) thaerecommonly expressed in BM chimera and FL chimera but not
in C57BL/6J controlFigure 2.3D).

A guestion that we waatito answer in this studwaswhat gene signatures of AMs are
specific to the origin of its precursors. We identified 1493 DEGs (upregulated, 835;
downregulated, 658) that were specific to bone marrow origins. Similarly, we identified 585 DEGs
(upregulated, 256; downregulated, 329} thare specific to fetal liver originThe top25 unique
and common DEGs identified betwe#dre BM chimera andthe FL chimera with respedo
C57BL/6J contrdd areincluded inTable 2.2

Common gene signatures betwdmme marrowchimera andfetal liver chimera dictate host
defenseelated pathways

Pathway enrichment analysis was performed using two different approaches: ingenuity
pathway analysis (IPA) argkeneontology (GO). To assess the biological functions of AMs that
are common between BM chimera and FL chimeraparéormed pathway enrichment analyses
using IPA on common DEGs (1246 genes (upregulated, 622; downregulated, 624Fdldbg
change| (Oalue &0d0b) iranBM athimera and FL chimera with respect to C57BL/6J
controk. IPA results revealed that the common gene signatureMictdmera and FL chimera,
but notin C57BL/6J contrdd, were upregulated in pathways involved in host defense and
macrophage activation, including interferon type 1 and type 2 signaling, TREML1 signaling, OAS
antiviral response, macrophage classical activation patramaynterleukin4 and interleukirl3
signaling pathwag(Figure 2.4A).

Next, we performed gene ontology (GO) analysis on common DEGs from BM chimera

and FL chimera, with respect to C57BL/6J control, where we focused on identifying enriched
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biological processes. Consistemith IPA results, our GO results revealed that common gene
signatures in BM chimera and FL chimera, but not C57BL/6J caentsare involved in the
enrichment ofbiological processes associated with varibast defensgrocessesincluding
response to external stimulus, adaptive immunity;aallsignaling, immune cell traffickingynd
cytokine productionKigure 2.4B).

Finally, we compared the gene expression profildegmarkers involved in the enriched
pathwaysidentified throughpathway analysis. BM chimera and FL chimera share similar
expression patterns for genes involved in host defense, cell signaling, cell trafficking, M1

activation, and M2 activatiooomparedo C57BL/6J contra (Figure 2.4C).

Bone marrowspecific gene signatures dictate antigen presentation and metablated
pathways

To assess the biological functions of AMs that are unique to bone marrow origin, we
performed pathway enrichment analyses using IPA on bone mapeeific DEGs (1493 genes
(upregulated, 835; downregulated, 658); p6go | d c han ge P vadd<0.05a tPAust ed
pathway analysis results revealed timague gene signaturesi&M chimera, but not FL chimera,
were upregulated in antigen presentation and metalméted pathways, including sphingolipid
metabolism and sucrose degradation pathwayufe 2.5A).

Next, we performed gene ontology (GO) analysis on unique gene signatures from BM
chimera, where we focused on identifying enriched biological processes. Our GO results revealed
that unique gene signaturesBM chimera, but not FL chimeraereinvolved in the enrichment
of various biological processes associated wgtsttranslational protein modification and
metabolierelated pathways, including, lipid metabolic process, ATP metabolic process, and
carbohydrate metabolic procegsgure 2.5B).

Fetal liver-specific gene signatures dictate cell deedlated pathways

To assess the biological functions of AMs that are specific to the fetal liver origin, we first
performed pathway enrichment analyses using IPA on fetal-dppecific DEGs (585 genes
(upregulated, 256; downregulated, 329); p6go | d c han g e P valdD<0.055 PAu st ed

pathway analysis results reveatadtunique gene signatureskib chimera, but not BM chimera,
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were upregulated in pathways involved in cell death, MYC mediated apoptosis signaling, and
necroptosis signaling pathwalyiure 2.6A).

Next, we performed gene ontology (GO) analysis on unique gene signatures from FL
chimera, where we focused on identifying enriched biological processes. Our GO results revealed
that unique gene signatures in FL chimera, but not BM chimenainvolved in the enrichment
of biological processes associated with varjpmaeessesncluding endocytosis, protein targeting
to ER, and intrinsic apoptotic signaling pathway in response to endoplasmic reticulum stress
(Figure 2.6B).

Finally, we compared the gene expression profiléegmarkers involved in thenriched
pathwaysidentified through pathway analysis. C57BL/6J control and FL chimera had closer
expression patterns for genes involved in cell cycle, cell morphogenesis, endocytosis, apoptosis,
and lipid metabolism compared to BM chimeFagUre 2.6C). These data suggest that the fetal

liver origin plays a role in regulating cell development and homeostatic functions of AMs.

2. 4Di scussion

Alveolar macrophage (AM) are lung resident c#iatreside within the alvedhlveolar spaces

Their specialized locatiooombinedwith their highly plastic nature allamthemto handle tissue
homeostatic functions, i.e., clearing surfactants and defmmsune surveillance, regulating lung
inflammation, and assisting in tissue resolution and rgpambrecht, 2006)Due totheir key

roles in the lung at both homeostasis and during active lung inflammBtiam & MacDonald,

2022; Guilliams et al., 2013; Hashimoto et al., 2013; Herold et al., 2011; Hou et al., 2021; X. Liu
et al., 2020; Scott & Guilliams, 2018; Westphalen et al., 20hdny novel macrophageased
therapeuti@pproaches are currentipderdevelopmentLim et al., 2021; Malainou et al., 2023)
However,AMs are also highlyheterogenousand this could significantly impact the efficacy of
macrophagédased therapig®Vu et al., 2023; F. Zhang et al., 202BM heterogeneity depends

on multiple determinants, including ontogeny and lung microenviron(@egerter et al., 2020;
Lavin et al., 2014; Machiels et al., 2017b; Misharin et al., 2017; Mould et al., 2017; Subramanian
et al., 2022; Svedberg et al., 2019; van de Laar et al., 2db@)ever, the precise mechanshy

which these determinants shape AM functions at homeostasis and alter their functional plasticity
during active inflammation remains incompletaipderstood In this study, we performed a

comparative transcriptomic analysisAMs isolatedfrom agematched C57BL/6J contig|BM
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chimera, and FL chimers to elucidate the relative contribution of ontogeny to AM gene
expression and function

AM pool is a heterogenous population consisting of AMs that originated eithefdtam
liver or bone marrow(Mould et al., 2017, 2019, 2021I)jhe pertinence of transcriptome profiling
using bulkRNA-Seqrelies heavilyon the homogeneity ahe cell population being analyzed
(Gyanchandani et al., 201@)herefore, to obtain homogenous populations of osgiecific AMs,
we generated BM chimera and FL chimera by lethally irradj@&weekold C57BL/6J recipients,
followed by intravenous injecti@with bone marrow and fetal liver precursors frR@SA"TMS
mice, which ubiquitously express mTomato fluorescent proBone marrow chimera isveidely
used experimentalpproach in biomedical researfcn studying immune cell origin, function, and
tissuespecific dynamicgHollingsworth et al., 2010; Kreymborg et al., 2015; Patial et al., 2021)

In contrast the useof fetal liver chimers, particularly in lung researchremains limited and
underexploredThe effectiveness of these two approaches was demonstrated by fluorescence
microscopy whichconfirmedcomplete donederivedreconstitution irbothBM and FL chimera

(Figure 2.1B-C). Furthermore, similar to C57BL/6J contsplBM chimera and FL chimera
predominantly harbored alveolar macrophages in the lung airspadesiting the absence of
irradiationrinduced lung injury Eigure 2.1F). In summary, iese data suggest thaj similar to

the BM chimera, the FL chimera approach successfully allows alveolar compartment
reconstitution, and 2) BM chimera and FL chimera mice restore lung homeostasis at eight weeks
postirradiation. These findings propose the viability of procuring origpecific AMs from BM
chimera and FL chimera for future research ndatisrestingly, grevious studyrasdemonstrated

that fetal liverderived AMs outcompete bone marral@rived AMs and yolk saderived AMs in
colonizing the lung airspas¢van de Laar et al., 2016 onsistently, we observed an increased
number of total BAL cells in FL chimesacompared to BM chimesa confirming the higher
intrinsic proliferative potential of fetal livederived AMs Figure 2.1D).

We assessed the cytokine profiles to determine the influence of AM ontogeny on the
production and regulation of cytokines in the lung airspaces. Out of 28 cytokines anBlyzed
chimera exhibited elevatedexpression levelsf 8 cytokineswhen compared to FL chimesa
Theseinclude KC, TNFa, IL-10, IL-17, IL-3, GM-CSF, IL-4, and IL-13 (Figure 2.2). AMs are
known to produc&C, TNFa, IL-10, and Il-:17 (Boehringer et al., 1999; De Filippo et al., 2013;
Flynn et al., 5616; Song et al., 2008)owever, these cytokines are also produced by other cell
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types, i.e., epithelial cellandlymphocytes (Inui et al. 2018; Mehta et al. 20E&rentinoet al.
1989; Langrishet al. 2005). Similarly, 1t4 and 1-13, two cytokines that mediate alternative
activation of AMs (Doherty et al., 1993; Doyle et al., 1994; Stein et al., 1992)produced by-T
helper type 2 (Th2) cells (Seder and Paul, 1994; Chomarat and Banchereau, 1998). Interestingly,
IL-3 and GMCSF,two important cytokines in AM development and funct{@&gn D-M Chen et
al., 1988; Willinger et al., 201 1¢xhibitedelevatedexpression in BM chimesxompared to FL
chimera, which suggestthat bone marrovderived AMsare potentially lessesponsive to these
cytokines andthereforerequire higher concentratisto elicit responses similar to their fetal liver
derived counterparts. This finding is consistent &itihevious reporivhich showed thdttal liver
monocytes exhibit higher responsiveness to-G8F compared to yolkac macrophages and bone
marrow monocyte¢van de Laar et al., 2016)

In the currenstudy, whilechimeirc mice restored lung airspace homeostasis 8 weeks post
irradiation, the transcriptomic profiles of AMs from BM chimera and FL chimera were
significantly different when compared with C57BL/6J contsol Irradiation alters lung
microenvironment and impacts AMs phenotypicédyoves et al., 2023; Shiao et al., 201H)iao
et al, have reported that, following irradiation, AMs exhibgregulation of genesssociated with
both preinflammatory and immunosuppressive pathwggiiao et al., 2015)Consistently, our
ingenuity pathway analysis (IPA) and gene ontology (GO) results demonstrated that AMs in BM
chimera and FL chimera were commonly upregulated in bothinfleonmatory and ari
inflammatory pathwayssuchas macrophagedassical activation signaling pathway, interferon
signaling pathwayandinterleukin4 and interleukiriL3 signalingHence, he common differential
expressed genes (DEGs) between BM chimera and FL chimera, with respect to C57BL/6) control
couldhavebeeninfluencedby the irradiatiortransplantation proceduitself. Alternatively, these
common DEGs couldeflectinherent transcriptionaimilarities between precursoells ofbone
marrow and fetal liver origin. Thereforagditionalexperiments are needed to further delineate the
contribution ofirradiationto AM activation.

Previous studietiavedemonstrated that monocyderived macrophages can process and
present antigen inraannersimilar toclassical dendritic cell€DC9 (Cheong et al., 2010; Langlet
et al., 2012; Leon et al., 2000 onsistently, IPA and GO results from our data demonstrated that
the bone marrovepecific DEGs were associated with the antigen presentation pathway. These

findings suggest that antigen presentation capacity might be specifick#ig to the bone marveo
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origin. These data furthandicate that the bone marrowderived AMs might have a higher
potential in activating the adaptive immunity as compared tdétived AMs However, further
experiments using inflammatory models are needed to confirm the high adaptive immunity
potential of BM chimera comparad FL chimera.

Single cell RNA sequencing studby Mould et al., has demonstrated that fetal kderived
AMs are associated with pathways important for resident AM programming, including PPAR
signaling, cell proliferation, cell cycle, and lipid metabolism pathw@yeuld et al., 2019)
Consistently,our findings suggest that at homeostasis, fetal liver origin regutaiesdeath
pathways anthe homeostatic function pathways, i.e., cell cycle, cell morphogenesis, endocytosis,
apoptosisand lipid metabolism.

The role ofontogenyin shaping AM transcriptomic landscapes and functions were
previously reported in different disease models, including viral infe¢Aagerter et al., 2020;
Machiels et al., 2017b).PSinduced lung injuryMould et al., 2017)and pulmonary fibrosis
(Misharin et al., 2017)However, a previous study bsan de Laar et al. reported thale of
microenvironment isynchronizinghe transcriptome and functions of AMs derived from different
origins. Briefly, precursors from yolk sac, fetal liver, and bone marrow origins were transferred
into empty AM nicheof Csf2rla/- murine neonatesT'he precursors from all origins were able to
assume the role of AMs and displayed almost identical transcriptomic profiles to the naive tissue
resident AMs after 6 weeks. In our study, BM chimard BL chimera underwent the irradiation
transplantation procedurethich was reported to mediate bystander effects on immune(Xells
Han et al., 2022)Therefore, the host defersaated pathways, e.g., cell signaling, cell trafficking,

M1 activation, and M2 activation pathways that wecenmonbetween BM chimera and FL
chimera in relation with C57BL/6J contnolice suggestdthat these pathways might be regulated
by the irradiatioAnduced lung microenvironment. Howevere cannot rule out the possibility
that thesdost defenseelatedpathways werenriched by the DEGs that were inherently common
between the precursors from bone marrow and fetal ditigins. Therefore, further investigation
is needed to delineate the transcriptomic changes regulated by the lung microenvironment.

One caveatfothis study is that we used both male and female embryos as donors for the
generation of FL chimeras. Thus, to eliminate the possibility of including false positive sex
specific DEGs, we excluded all skrked gene signatures from our analysis. Consetyyeme

might have missed important skiked DEGs that are specific to either ontogeny or
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microenvironment. Therefore, this factor should be considered when employing FL chimera in
future experimentsMoreover, the common DEGs between BM chimera and FL chimera in
relation with C57BL/6J control mice can be regulated by either the irradiatioiced lung
microenvironment or the inherent similarities between the bone marrow and fetal liver precursors,
orthe combination of both factors. Therefose, were not able to identify ti#EGs and associated
biological pathways that were exclusively regeth by the lung microenvironmenivhich is
another limitation of this study.

In summay, this study revealed interesting findings: 1) common DEGs between BM
chimera and FL chimera were associated with host defense pathways, ree]l tinaling,
leukocyte trafficking, macrophage activation, and adaptive immunity, 2) bone rrspemifc
gene signatures were associated with metaielated pathways, 3) fetal livspecific gene
signatures were associated with cell deatated pathways, and 4) common DEGs between FL
chimera and C57BL/6J controls were associated with homeostaticofusctie., cell cycle, cell
morphogenesis, endocytosis, apoptosis, and lipid metabolism.

Collectively, our data highligbthe dynamisof ontogeny in regulating AM transcriptome
and biological functions at homeostasis. However, the role of ontogeny and microenvironment in
governing the AM functional plasticity during active lung inflammation remains unknown and

requires further investigian.
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Figure 2.1: Fetal liver and bone marrow chimera mice display comparable reconstitution of

AMs. (A) Body weight of bone marrow (BM) and fetal liver (FL) chimera during eight weeks of
reconstitution period(B) Percentages of donoversus hostlerived BAL cells in BM and FL
chimera miceSt at i st i cal di fferences wettestEerorbarsi ned
represent SEM(C) Representative fluorescent photomicrographs of BAL cells from C57BL/6J
control (eft), BM chimera (middle), and FL chimenaght). White arrows depict red fluorescence
expressing cellgD) Total BAL immune cells recoved per lung in the BALF from C57BL/6J
control (white bar), BM chimeragyeenbar), and FL chimera (red ba(k) Percentages of BAL

cell typesare shown in a stacked bar graph (macrophages [red], neutrophils [blue], eosinophils
[green], and lymphocytes [purple]. Error bars represent S|BM0*05, **p <0.01 using onavay
ANOVA foll owed by Tukeyos p o st (F)hRepresentatiget for
photomicrographs of Wrighbiemsastained BAL cells from C57BL/6J controleft), BM

chimera (middle), ad FL chimeraright). Red arrows depict alveolar macrophages.
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Figure 2.2
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Figure 2.2: Differential cytokine profiles in the lungs are defined by varied AM origins.
Cytokine levels (pg/mL) of KCK), TNFa (B), IL-10 (C), IL-17 ©), IL-3 (E), GM-CSF §), IL-
4 (G) and I-:13 H) in the lung homogenadrom C57BL/6J (white bar), BM chimergreen
bar) and FL chimera (red bar) mice. Error bars represent SEM0:05, **p <0.01, ***p <0.001,
usingoneway ANOVA foll owed by Tukeyds post hoc te
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Figure 2.3: Comparative RNA-sequencing identifies common and unique DEGs AMs from
different origins. (A) Two-dimensional principal component (PC) analysis plot using PC1 and
PC3 on all detected genes (after normalization) in C57BL/6J cpimtnaé marrow (BM) chimera,
andfetal liver (FL) chimera(B-C) Volcanoplots depicting differentialhexpressed genes (DEGs;
upregulated [red] and downregulated [blue])two different comparisons that were identified
usingrelaxedcutoff criteria (JLog Fold change| >0; adjwed P value <0.05)B: BM chimera vs.
C57BL/6J (DEGs = 2739; upregulated, 1457; downregulated, 128E). chimera vs. C57BL/6J
(DEGs = 1831, upregulated, 878; downregulated, 953). (n = 4 per g{@)pyenn diagram
depicting commorand uniqueDEGs (upregulated [red] and downregulated [blue]) usshaxed
cutoff criteria (JLog Fold change| >0; adjust&value <0.05) irBM chimera vs. FL chimera with
respect to C57BL/6dontrol.
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Figure 2.4: Common gene signatures between BM chimera and FL chimera dictate host
defenserelated pathways (A) Stacled bar graph depicting common enriched biological
pathways between BM chimera and FL chimera with respect to C57BL/6J control identified using
ingenuity pathway analysis (IPA) approa¢B) Dot plot showing enrichment of common gene
ontology biological process between BM chimera and FL chimera with respect to C57BL/6J
control. OAS, Oligoadenylate synthase; ID1, Inhibitor of DifferentiatioRigh factor the ratio

of DEGs annotated in the pathways/ all genes annotated in the pail@yayeat maps for
normalized gene expression valuessgores) of host defense, cell signaling, cell trafficking,
classical (M1) activation, and alternative (M2) activation associated markers of common gene

signatures between BM chimera and FL chimera withaeisto C57BL/6J control in AMSs.
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Figure 25: Bone marrow-specific gene signatures dictate antigen presentation and
metabolic-related pathways. (A)Stacled bar graph depicting most enriched biological pathways
unigue to BM chimera, but not FL chimera, compared with C57BL/6J control identified using
ingenuity pathway analysis (IPA) approa¢@) Dot plot showing enrichment of gene ontology
biological process pathways unique to BM chimera, but not FL chimera, compared with C57BL/6J
control. Rich factor the ratio of DEGs annotated in the pathways/ aflegeannotated in the

pathway.
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Figure 2.6
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Figure 2.6: Fetal liver-specific gene signatures dictate cell deattelated pathways. (A)
Stacled bar graph depicting most enriched biological pathways unique to FL chimera, but not BM
chimera, compared with C57BL/6J control identified using ingenuity pathway analysis (IPA)
approach.(B) Dot plot showing enrichment of gene ontology biological proeggsthways
unique to FL chimera, but not BM chimera, compared with C57BL/6J coRtich. factor the

ratio of DEGs annotated in the pathways/ all genes annotated in the pat@yveigat maps for
normalized gene expression valuessores) of cell cyel cell morphogenesjsendocytosis
apoptosis, and lipid metabolism associated markers of gene signatures in AMs.
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2.6. Tables

Table 2.1 Cytokine levels in lung homogenates of C57BL/6J control, BM chimera and FL
chimera.

| : : Lower Li
Cyt ok C57BL/ @ BM chim FL chin Det ect
| L4 0.33 N 0.49 N 0.67 K 0.03
| 12 56. 78 N 52.32 N 32.96 N 24 .15
| 43 2.75 N 5.26 N 2.87 N 0. 45
| 14 60 N O. 71.68 N/  42.91 N 14.12
| 15 2.59 N 6. 16 N 0.08 N 0.13
| 16 2.64 N 2.95 N 1.62 N 3.3
| 19 5.46 N 2.79 N 4. 04 N 3.03
| 11 0 200. 96 252.40 N 165. 25 22.68
| 12 189.97 168.55 155. 22 61. 73
| 41 3 104. 38 135.42 N 89.88 N 50. 31
| 17 5 N O. 6. 86 N 4.36 N 1.65
Eotax] 933.85 N 786.10 [883.15 2
G-CSF 33.39 N 47.91 N 28.66 N 13.609
GMCSF 42.22 N| 52.33 NJ| 36.33 N 20. 7
| F-iy 10.96 N 11 N 0 9.86 K 1.55
KC 45.67 N| 50.63 N|{31.18 N 33.48
MC PL 110.23 § 129.54 120. 54 20. 07
MI Ra 28.93 N 26.64 N 42.15 N 0.59
M| Bb 208.20 § 158.36 11 234.87 3.63
RANTE| 50.68 N 56.63 N 63.48 N 14.22
TNR 115.45 [ 166.62 N70.94 N 35. 77
ENA 8 23.95 N 25.80 N 21.34 N 16. 28
Eotax|1676. 68 1354.09 [1102. 64 3.36
| RO 259.97 K 276.11 [ 221.54 21.29
MC B 15.74 N 16.90 N 18.27 H 1. 85
MC 5 95. 44 N 73.06 N 93.03 N 0.82
MD C 403.89 N 374.40 1354.19 0.52
TARC 46.21 N 34.18 N 52.20 N 6. 02

Cytokine levels (pfmL) in lung homogenate. (n=4 per group; P <0.05)
* 8 Two values carrying identicadlesignationg(for example,* or 8) in same row represent
significant differencedMention how stats was done. What test used etc. and if this is SEM?
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Table 2.2 Top 25 most upregulated and top 25 most downregulated genes in BM chimera and
FL chimera (common and unique) with respect to C57BL/6J.

Common in both BM chim Uni que to BM ¢ Uni que to FL
L4 chlmecr5$B\|/_?6§:57BL/6~ BM chi mera vs FL chi mera vs
Log?2 ; Log .
Gene| FC P'(agl\ln)t FC P'fglL)L Gene LFng Padj U Gene LFocg az-ju
( BM) (FL
Top 25 most upregul ated genes
Klra3|{6.60/7.9H|[5.617.8®6B|Gpr 153 4.212. DR | Gm43272 |4.4|6. DB
S100a|6.41]1.PB|5.3]1.9R2 | Nrghn 4. 204. DR |Erp27 4.114. 9R
Cdi177|6.28/1.PE|5.312.BB6|P2r x6 4.045.PB|Trigk 3.8|2.DPR
Sox7 6.20/3.dE|5.5¢9.0B|Cd79b 4. 011. DR |1 gf2bp3 3.7/1. 838
Pknox|5.85/1.®6|4.4¢1. DB[4933423P|3.9¢4.BHR|Pl a2g4dc 3.6/4.9R
Dachl1|5.21|2. ®#6|5.6{5.®B|Cdh5 3.943. PR | Gm42793 3.2|4. 0R
|l igpl{5.09/1.9B|5.092. 9B |Hotairml{3.817.9B|6330403L[{2.7[3.®8
Gm426(4.96|/2.HB|3.8(3.HR|Gm5470 3.744.94R | Gm38346 2.5|4. 3R
Zbtb7/4.70/1.-pB5[3.0(0(2.PR|GmM17815 3.714. dR | Spink?2 2.411. DR
Hoxb4{4.50/8.3B[4.6y4. 8K | Gm8369 3.3¢1.0B|Gm19951 2.4|13.4B
Esr 1l 3.95/2.2R|2.983.4dR|Lncpparal3.217.®B|Gm21370 2.414. OR
Sash1/3.92({1. %K [3.9¢2. 6GB|AKk1 3.181.DPB|Cd8a 2.212.8R
Bank1|{3.83/6.49B|4.4¢9.®B|Cst7 3.1]12.DR|Cobl 1l 1 2.1|5. 9B
C4b 3.78|/1.83R|[4.111.383B[31100060/3.0¢§3.DPR|PIlacs 2.0]/3.0R
Nn mt 3.73/7.9B|3.412.®BR|Sell 2.676.8/B|Cd200r 3 2.0/3.8R
Sod3 3.63/4.9B|2.712.8P|Gm4813 2.5{1.®B|Prss27 1.8/4.9PR
Lrgl 3.56|/5.24B|3.1942.AB | Gzmb 2.513. R | Gm44652 1.8/3. 3R
Apbb2/3.55/1.82B|2.6]1.4R|Faml169b 2.312.9R| Gm6277 1.7/3. DR
Cspg4|3.48/5.a4p|2.7]16.4R |1 fi 213 2.342.dR|KI kK13 1.7|/8. 3B
Npas2|{3.42/8.DH|[3.6]1.DHE|Ifi 44 2.348.8®B | Hpse 1.5/3.dP6
S100a[3.26|1. ¥B|2.4¢1. B |Trat1l 2.294. 9R | Gm13710 1.4]1. DR
Prssi1/3.25/{3. PR |4.045. 9B | Mmp9 2.214. BR[| Ch25h 1.2]4. DR
Ol fr5/3.23/3.®R|3.7(1.®R|Ccr 4 2.1¢1.9PR | Dhdh 1.2|1. DR
Sprr1/3.14/4.84B|2.141. DB |[Cc2d2a 2.113. DB | Csf1 1.1/2. 8B
Syngr|3.06/4.gB|2.75. 3B Gm28187 2.1(1.®R| Gm9821 1.1|5. 0B
Top 25 most downregul ated genes

Gm408|-6.754. D6 |-6.6|4. ®86|Sfmbt 2 5.3/8. 96| Capnll 5.87.8®bB
Acvrl|-6.714.0@B| 6.5 9. 89B|Rbfoxl 4.8/ 4. ®R| Adamdecl|-5.02. 8B
Apocl|-6.282. BB |-4. 3|5.@R|Fzd2 -4.6|/1. DR | Ces?2b 5. 03. 9B
Robo?2|-6.121. DB |-3.5[1. O9R|[Gml12264 4. 4/8.DB|1tih?2 4.92. DR
Wfdcl1l|-5.902.8B|-5.0/2. B8R | Gm44891 4. 4/4. DR| Gm48667 -4.85. 0B
Gml160|-5.831. 9B |-5.7|3.0OB|[2010005H 4. 1({3.49B|Gm47136 4.8 4. 9B
Hmcnil|-5.7Q07.®@65|-8.5/{9. 49K |Tagl n3 -3.9/2. DR | Gm5712 4. 73.0R
29000|-5.34.®82|-4.5|4.®B|Tri m34b 3.9(2.9R | Sox30 4.7 2. DR
13RI k
Gm493|-5.145. DB |-3.4|1.9B|Cyp2a4 -3.8/{3.PR| Ol fr11s5s 4.6 4. OR
Tcim 5.132.965|-2.8/3. 0B | Mfsd2a -3.8/1.3dB|Chrnb4 4. 43. DR
Pappa|-5.072.@B|-4.9|2.®B|Clec3a -3.8/4. DR| A930006K[ 4. 11. HR
Marco|-4.972.4R|-2.5[2. DB|Gm14139 -3.8/3.dR | Rpp25 3. 72. DR
Adgrl|-4.863.89B|-5.9/8.PB|Gm36028 -3.8/3.®R|H1fx -3.52. DR
|l gf2b|-4.842.2B]-4.5|5.4A4R{Gm4961 3. 7]/2.®R|Si x5 -3.52. 8R
Mk x 4.746.2H|-4.6|2. 4B | Gapdh 3.7(3.DR|Ube2e? 3.51. PR
Scnnl|-4.693. 0B |-3.7|3.8®B|AC163633/-3.6[/2.®R|Sds| -3.52.-DB@
l cal -4.573.0OB|-2.8|2.DB|Faml8lhb -3.6/7. B |Apobec?2 2.94. OR
Gmi171|-4.432.O®R|-4.3|2. DR[| Gm27326 -3.5/4. DR|Acot 6 2.61. DR
Prick|-4.298.2B|-4.3|5.2B|Smocl -3.5/3.®6|Al dhlav 2.63.0R
Myripl4.232.9B|-4.3|1. DB|Adcy?2 3. 4/{3.PR|Cypdal2b/-2.65.DB
Dt na -4.218.PB|-5.1/4. AR | Smo 3.4|1. R | Ankmy 1 2.61. DR
Gm493|4.131.®B|-3.4|8. DB|Fbxo027 3.3/1. DR [ Mpz 2. 64. DR
Sync 4.113.8dR|4.7|1. DR |Ponl -3.0({2.DR| Gm34084 |[-2.54. 3B
Topaz|-4.112.BHB|-3. 9/3. DB |[4Mar 2.8|2. 9B Foxql1l 2. 47. B
Rbms3|-4.041. PBE|-3.9[3. 495 |Bt npls7 2.7|/5.0B|Cesld 2. 42. 08B
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2.7. Supplemental Information

Supplemental Figure 2.1
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Supplemental Figure S2.1Experimental design depicting the workflow used in this stlidy.
generate bne marrow (BM) and fetal liver (Flchimera micelethally-irradiatedC57BL/6J mice
received intravenous injection of bone marrow or fetal liver precursors ROBA"MC mice,

which ubiquitously express mTomato fluorescent protafiter reconstitution phase, total RNA
isolated from the AMs ohgematched C57BL/6J controBM chimera,and FL chimerawere
sequenced using lllumina 6000 system. Bioinfornsagipelines were used to clean up raw
sequencing data. Gene expression data were used for Differential Expression Analysis and

downstream Pathway Enrichment Analysis.
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Supplemental FigureS2.2
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Supplemental Figure S2.2:Gene expression analyses reveal similarities and differences
between AMs derived from varied sources. (M) Volcano plots depicting differentially
expressed genes (DEGs; upregulated [red] and downregulated [blwaj)different comparisons
that were identified usingtringentcutoff criteria (|Log Fold change| >1; adjust&alue <0.05).
A: BM chimera vs. C57BL/6J (DEGs = F3upregulated, 3&) downregulated, 4278: FL
chimera vs. C57BL/6J (DEGs =8upregulated, 20; downregulated, 4). (n = 4 per group).
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CHAPTER 3
Single-cell Transcriptomics RevealsAlveolar MacrophagespecificResponses irsingle-

hit OzoneExposureModel in Mice
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Abstract

Alveolar macrophages (AMs), a highly plastitmunecell population, are among the first
responders to the inhaledone QOs3) and ozonized products the lung airspacesiowever, the
complete understanding of how AMs respond tg garticularly to different concentrations,
remains elusiveAccordingly, we exposed C57BL/6J madultmice to filtered air (FA), 1 ppm
Oz, or 1.5 ppm @for 3 hours. As compared to Féxposed mice, ©exposed mice exhibited
increasedecruitment ofalveolar macrophages and neutrophils in the lung airspatéesh) was
consistent with the elevated levels of macrophagd neutrophispecificchemokines, i.e., MIP
2, MCR-3, andMCP-5. Next, to profile AM transcriptome from @exposed mice and understand
the relevance of these transcriptomic changelationto thar population heterogeneity and
functionalty, we performedsinglecell RNA sequencing (ScRN&eq)analysesThedifferentially
expressed genes (DEGahalyses on AM population identifiesignificant changes inl ppm
exposednd 1.5 ppm @exposednice.As compared to AMs from F&xposed group, AMs from
1 ppm Q- and 1.5 ppm @exposed groups displayed enrichment of pathways incluiigtive
phosphorylation, EIF2 signaling, and reanonical NFkB signaling. Furthermore, AMs from 1
ppm Q-exposed micshowed enrichmerdf IL-10 signaling pathway. On the other hand, AMs
from 1.5 ppm @-exposed mice were uniquely enriched in DNA damage bypass and repair
pathways. InterestinglyJMAP analyses omannotated AMsesulted infive distinct subclusters.
DEGs andingenuity pathways (IPanalyseson each subcluster revealeds @oncentration
dependent enrichment of pathways relevant to protein translation, cholesterol biosynthesis and
mitochondrial biogenesis. Further analyses revealed tha@sure results in clustspecific
alterations to the expression of gene signatures associated with macrophage activation. Finally,
AMs from 1.5 ppm @exposed mice displayed elevated expression of proliferagsociated
gene signatures. Taken together, this study idestieconcentratiordependent alterations in

AMs transcriptome andssociated functional modulationsaaginglecell resolution.
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3.1Introducti on

Groundlevel ore () is a highly reactive air pollutant generated through photochemical
reactions of nitrogen oxides and volatile organic compounds in the presence of heat and ultraviolet
sunlight(Aucamp, 2007)Gs interacts with the constituents of the epithelial lining fluid (Etd-)
generate harmful ozonated produ@@ampton et al., 1999b, 1999a; Kelly & Mudway, 2003;
Kotiaho et al., 2000; Mudd et al., 1969; Pryor et al., 1996; Pryor & Uppu, 1098uses adverse
effects on respiratory health, including altering airway epithelial homeostasis, increasing airway
inflammation, and altering lung functi¢Bell et al., 2004; Jang et al., 2002; Kehrl et al., 1987; C.

S. Kim et al., 2011b; Mar & Koenig, 200%levated levels of groudédvel O; contribute to a
significant increase in hospitalization, resulting in substantial health and economic (&irtden
et al., 2008; Medind&amon et al., 2006a; K. Moore et al., 2008; Schwartz, 1994)

Alveolar macrophages (AMsgpresent highly plastic and heterogeneous population of
sentinel cells that patrol theng airspacefDick et al., 2022; Hussell & Bell, 2014; Y. Wu et al.,
2023; XuVanpala et al., 2020Pue to the presence of multiple surface receptors, including Toll
like receptors, scavenger receptorstyfe lectin receptors, and cytokine receptors, AMs are
specialized irsensing the presence of both biotic and abiotic entities ifutigeairspaceand
mount a wide array of functional responses, including antigen presentation, pathogen killing, tissue
destruction, tissue repair, and scavenglrey et al., 2016; Taylor et al., 2005; Wynn & Vannella,
2016) AMs are likely the first cell type to interact witlg@nd ozonated productBatial & Saini,
2020)andsubsequentlyo respond in a variety of ways, including functional activation, release of
inflammatory mediators, and communication with neighboring ¢®ltssser & Edwards, 2008;
Choudhary, Vo, Paudel, Patial, et al., 2021; Choudhary, Vo, Paudel, Wen, et al. Hz®24yer,
the effect of single exposure ot On resident AMs, at singlecell resolution, remains unclear.

In this study, we hypothesized that the concentradiemendent effects of:@n AM functional
heterogeneity can be identified by evaluating their transcriptomic signadurgsglecell
resolution. To test our hypothesis, we perforrsadjlecell RNA sequencing (SCRNAeq) on
bronchoalveolar lavage (BAL) cells from C57BL/6J mice that were exposed to either filtered air
(FA), 1 ppm @, or 1.5 ppm @ Specifically, we performed gene expression profiling and
biological pathways enrichment analyses on AM ertssbbserved in mice exposed to FA, 1 ppm
Oz, or 1.5 ppm Q. The results from this study highlight the heterogeneity of AMs and the
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concentratiordependent effects of{@xposure on clustapecific AMs proliferation, functional

activation and associated enriched biological pathways.

3.2Materials and Met hods

Animal husbandry

12-weekold male C57BL/6J mice were procurgdm Jackson Laboratory (Bar Harbor,
ME). Mice were allowed to acclimatize for a period of 1 week upon arrival at North Carolina State
University Laboratory Animal Resource (NCSIAR). Mice were maintained in individually
ventilated, howashed cages onl2h:12h darklight cycleand were fed a regular diet and water
ad libitum All animal procedures were approved by the NCSU Institutional Animal Care and Use
Committee (IACUC).

Experimental design and filtered air/ozone exposure

C57BL/6J mice were randomly assigned to their designated exposure groups, i.e., filtered
air (FA), 1 ppm ozone (£§), or 1.5 ppm @ Mice were transferred into steel wire mesh cages and
were placed inside the ligiprotected chambers without food and water before the start of LAR
night cycle. Mce were exposed @A, 1 ppm @, or 1.5 ppm @in the designated chambers for 3
hours. Q was generated from the Ozone Generator (TSE, ChesterfieldaMOhe reatime O
concentration in the chamber was monitousthg a UV photometric £analyzer (EnviaAltech
Environment, Geneva, IL). Datacluding the @ concentration, along with chamber temperature
and pressurewere recorded using DACO monitoring and contsoftware (TSE Systems,

Chesterfield, MO}hroughout the exposure.

Bronchoalveolar lavage fluid collection

Mice exposed to FAr Oz were euthanizeld2-24 h after the end of the exposuBziefly,
mice were anesthetized via intraperitoneal injection of arlhBomoethanol (Millipore Sigma,
Burlington, MA). Midline laparotomy was performed to expose and severe inferior vena cava for
exsanguination. Thereafter, thoracotomy was performekpose the lung and trachea. The left
main stem bronchus was ligated, and the right lung lobes were lavaged with a calculated volume
of icec ol d Dul beccods Rlineo (OPBSRA (Canindd Manbssas,eh). The
retrieved bronchoalveolar lavage fluid (BALF) was centrifuged at 5§@x 5 min at 4°C. Cell
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free supernatant was stored-80°C for cytokine analyses. After resuspending the cell pellet in
500m of DPBS, 90m of cell suspension was diluted in 1dDof DPBS and was used to prepare
cytospins. Prepared cytospins were differentiatlined(Wright Giemsa Stain Kit; Newcomer
Supply, Middleton, WI) and analyzed to determine the composition of various immuné kells.
photographs were captured under the 40X objective of the ECLIPEHEMRiroscope with DS

Fi2 camera attachment (Nikon, Melville, NY). To maximize the recovery of airspace immune
cells, further lavages were performed to collect an additional 5 ml oFBAhe remaining portion

of the immune cells from the first lavage and the additional 5 ml lavagelahi@e per group
were poold and centrifuged at 500gfor 5 min at 4°C. The supernatant was removed, and the
cell pellet was resuspended in 58mf fresh DPBS. The washing process was repeated one more
time. After the last wash, the BALF was centrifuged at 5@0or 5 min at 4°C, the supernatant
was removed, and the cell pellet was resuspended in DPBS with 1% Fetal Bovine Serum (FBS).
The concentration of BALF immune cells was adjusted to 2000rdel&imples were submitted

to the Advance Analytics Core at the University of North Carolina at Chapel Hill (UNC) School
of Medicine for library construction and sequencing.

Cytokine analyses
Cell-free BALFsamples werassayed fovariouscytokineand chemokineontents using
Mouse Cytokine kit (BieR a d , Hercules, CA), according to th

Singlecell suspension preparation and library construction

BALF immune cells were stained with acridine orange and propidium iodide and assessed
for viability and concentration using the LUNRX7 dual fluorescence cell counter (Logos
Biosystems, Annandale, VA) and loaded int€laromiumNext GEM Chip G(10X genomics
Pleasanton, CAto generate gdbeads in emulsionsBarcoded sequencing libraries were
constructed using Chromium Singtee | | 3060 Relflfxegertomids Pléasanton, CA

Singlecell libraries were sequenced using NovaSeq X Pldmgra HealthSouth Plainfield, NJ

Singlecell RNA sequencing data analyses
Raw FASTQ fileswere demultiplexe@nd the unique transcripts with unique molecular

identifiers (UMI) were countedsing the Cell Ranger pipelirfe8.0.0) andindividual reads were
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aligned toGRCm39mousereferencegenome (10X genomics, Pleasanton, CA). Initial-bg
gene count matrix was imported into Seurat (v5.1Ma0 et al., 2024using R (v4.4.0;
https://www.Rproject.org). Cellswith fewerthan 800 UMIsfewer tharb00detectedyenes, and

more thanl0% mitochondrial geneontentwere excluded from downstream analyses. An equal
number of cells were randomly selected from each group for the downstream integration process.
Data were normalized and scaled using SCTransform function, integrated using IntegrateData
function, and clusted with LouvairJaccard clustering (resolution = 0.2) using FindNeighbors
and FindClusters functions. Uniform manifold approximation and projection (UMAP) analysis
was performed using the RunUMAP functi@iiao et al., 2024)Cell annotation was performed

using a list of predefined markerSupplemental Table 8.2). Differential gene expression
analyses among different exposure conditions were performed using FindMarkers f(idaton

et al., 2024)

Pathway and function analyses
To determine the biological and functional relevance of differentex|yressed genes
(DEGS), we employed ingenuity pathway analysis (IPA;

https://www.giagenbioinformatics.com/products/ingempathwayanalysiy (Kramer et al.,

2014) IPA identifies molecular and functional pathways that are influenced by DEGs. DEGs
(Javerage log2FC|= 0.1, adjusfegdalueO 0, mid.pct = 0.1) were uploaded into IPA software,
and their contribution towards the enrichment of canonical pathwagsnalyzed.

Construction of the cellular trajectory analysis

R package Monocle3 (v1.3.https://coletrapneltiab.github.io/monocle}/(Qiu et al.,

2017)was applied to construct the cellular development trajectory along the pseudotime. Working
Seurat object was converted to cell dataset (cds) format to execute Monocle3. Cell development
trajectory was analyzed using the learn_graph function, and clo$teeis were ordered based

on their gene expression along the pseudotime using the order_cells function. BM&aR with

the developmental trajectory line was plotted using the plot_cells function.
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Statistical analyses

Oneway analysis of wvariance (ANOVA) foll owed
comparisons was used to determine significant differences among groups. All data were expressed
as means * Standard error of the mean (SEM).al ue O 0. 05 was consi c
significant. Statistical analyses were performed using GraphPad Prism 8.0.1 (GraphPad Software,
La Jolla, CA).

3.3Results

Ozone exposure alters immune cell composition and the levels of inflammatory mediators in the
airspaces

To determinethe concentratiolependent effect of single exposwkozone (@) on
immune cell composition in the lung airspaces, immune cells were quantified in the
bronchoalveolar lavage fluid (BALF) from filtered air (FA)r Oz-exposed miceHigure 3.1A-
C). While the BALF from FAexposed mice did not contain neutrophils, the 1 ppm and 1.5 ppm
Os-exposed mice exhibited significantly increased neutrophil recruitnfegure 3.1A-C).
Although non-significanty, the neutrophil and lymphocyfeercentagesvere higherin 1.5 ppm
Os-exposed mice versus 1 ppre-€posed mic¢Figure 3.1A-C).

To assess the effect ok@xposure on the release of inflammatory mediatotisin the
lung airspaces, wassessethe levels okelecteccytokines and chemokines in the BALF of FA
or Os-exposed miceHigure 3.2. The BALF levels of neutroph#pecific chemokinesi.e.,
macrophage inflammatory protein 2 (MBPCXCL2), keratinocyte chemoattractant
(KC/CXCL1), and LPSnduced CXC chemokine (LIX/CXCL5) trended higher in 1 ppm O
exposed mice versus Féxposed mice, but the increase was not statisticallyfis@gmt (Figure
3.2A-C). Among the threameutrophitspecificchemokinesanalyzed, the BALF levels favIP-2
levels were significantly higher in 1.5 ppm-€xposed mice versus FAs well as 1 ppm €
exposed miceHigure 3.2A). The increasan the BALF levels of thesaeutrophitspecific
chemokines @&sconsistent with the increase in neutrophil countssexposed mice as compared
with FA-exposed mice

Next, we assessed the BALF levels of monocytescrophagespecific cytokines, i.e.,
monocyte chemotactic protein 3 (MERCCL7), monocyte chemotactic protein 5 (MCP
5/CCL12), and macrophage colesymulating factor (MCSF/CSF1). MCE8 and MCP5 levels
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were significantly increased in boths-®xposed groups as compared with-&osed group
(Figure 3.2D-E). M-CSF levels were comparable between 1 ppaexposed and F&xposed
groups butveresignificantlyincreasedn 1.5 ppm @-exposedjroup as compared to 1 ppm-O
exposed and F&xposed groups-{gure 3.2P.

Macrophagederived chemokine (MDC/CCL22) is responsible for the recruitment of T
helper cells type 2 (Th2) and regulatory T cells during lung inflamm@gtam et al., 2001; Imai
et al., 1999)The BALF levels of MDC were significantly elevated in bothe@posed groups as
compared with FAexposed groupHigure 3.2G). MDC levels trended higher in 1.5 ppm-O
exposed mice as compared with 1 ppae®posed mice, but the increase was not statistically
significant(Figure 3.2G).

The levels of various prmflammatory cytokines, including interleukin 6 (&),
interleukin 1 beta (IL1b), interleukin 1 alpha (lt1a), and tumor necrosis factor alpha (T8l
were also assessed. The BALF levels oblin 1.5 ppm @exposed mice were significantly
elevated as compared with Fe&kposed mice and trended higher as compared with 1 ppm O
exposed miceRigure 3.2H). In contrast, the BALF levels of Hla, IL-1b, and TNFa trended
higher in both @exposed groups as compared with-&fposed groupHigure 3.2I-K).

Matrix metallopeptidase 12 (MMBE2) is a macrophaggpecific protease that is responsible
for the alveolar space enlargement in various disease models, includimgluGed lung
inflammation(Choudhary, Vo, Paudel, Yadav, et al., 2021; Finlay et al., 1997; Trojanek et al.,
2014) MMP-12 levels trended higher in 1 ppm-&xposed mice as compared with-ERposed
mice, but the increase was not statistically significkigure 3.2L). The BALF levels of MMP
12 were significantly increased in 1.5 ppmr&Xxposed mice as compared with-ERposed mice
(Figure 3.2L).

Ozone exposure results in concentratt@pendent transcriptional changes in BALF cells.

The BALF cells were collected from FA, 1 ppm, and 1.5 ppgexposed groups to
generate thainglecell RNA sequencing (scRNAeq) profiles. An equal number of cells (n =
2213/exposure group) that passed quality control filtering, were randomly selected for further
integration stepsSupplemental Figure S3.L Using a conservative clustering resolution (res =
0.2), the integrated UMAP identified 8 cellular clusters (Cluster 0, 1, 2, 3, 4, 5SFeguie 3.3A).

The individual UMAP of BALF cells from three exposure groups showed almost similar pattern
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of clustering, whildiffering in the cellular density within the different clustefsglre 3.3B-C,
Supplemental Table S3.1L

Cell-specific genesJupplemental Table S3.Pwere used to annotate various cell clusters
identified in the UMARFigure 3.3D-E). Alveolar macrophages (AMMertk, Chil3, Lyz2, Mrc1,

Itgax) accounted for the largest proportioithe BALF immune cells from each group [FA = 1997
cells (90.2%); 1 ppm &= 2018 cells (91.2%); 1.5 ppmz© 1855 cells (83.8%)]Rigure 3.3~
G). Other predominant cell types in the lung airspaces of &# Q-exposed mice were
plasmacytoid dendritic cells (pDC3%rafl, Cd74, H2Ab1l, H2Aa) and myeloid dendritic cells
(mDCs: H2-Ab1, H2Aa, Cd74, Apoe, Clga, FhlpDCs accounted for the second largest
propation of the BALF immune cells from each group [FA = 156 cells (7%); 1 ppm D46
cells (6.6%); 1.5 ppm £ 155 cells (7%)]Figure 3.3FG). mDCs accounted for the third largest
proportionof the BALF immune cells from each group [FA = 24 cells (1.1%); 1 ppm 22 cells
(1.1%); 1.5 ppm @= 40 cells (1.8%)] Kigure 3.3FG). Additionally, neutrophils $100a8,
S100a9, Retnlg, Itgamand lymphocytes, i.e., CD4+ @ells (Tcf7, 1I7r, Igfbp4, Ms4a6b, Lefl
CD4+/CD8+ Tcells Cd3g, Cd3d, Mier), type 2innate lymphoid cells (ILC24i1rl1, Hilpda,
Gadd45b, were increased in 1.5 ppms-@xposed mice as compared with-Fend 1 ppm @
exposed miceHigure 3.3FG).

Alveolar macrophages (AMs) are among the first cellular responders to the inhaled
toxicants including ® (Patial & Saini, 2020and display altered transcriptional and functional
responses during£induced lung injurf{Choudhary, Vo, Paudel, Patial, et al., 2021; Choudhary,
Vo, Paudel, Wen, et al., 2021; K. Kumagai et al., 2016, 204dWever, how the transcriptional
profile of AMs changes in response to varying concentrations af e singlecell level is yet
to be defined. Towards this, we compared expression levels of transcripts in AMs from each group
[FA = 1997 cells (90.2%); 1 ppms& 2018 cells (91.2%); 1.5 ppmz® 1855 cells (83.8%)]
(Figure 3.3F.Usingthecub f f criteria (| avePwwge® 10,anipPdEC| O (
O 0 .hd gifferentialgeneexpression analyses between 1 ppave&sus FA group identiid
1356 differentially-expressed genes (DEGs) (upregulatésl); downregulated606) (Figure
3.4A). Usingthecuo f f criteria (| avePamweO 10pgBFE| pOt 001
the differentialgene expression analyses between 1.5 ppmvérsus FA group revealed a
relatively higher number &#980DEGs (upregulated, 8Z; downregulated, 193) (Figure 3.4A).
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Among the DEGs identified by differential expression analyses, a total of 815 DEGs
(upregulated, 392; downregulated, 423) were common joeXposure, regardless ofzO
concentration, e.gS100a4, Ffar2, Cfb, Car4, S100a6, Gstpl, Fdps, Sqle, Cd14, Tmdand23,
Mt2,andll17d (Figure 3.4B, Table 3.). Additionally, we identified 494 DEGs (upregulated, 326;
downregulated, 168) that were differentially expressed exclusively in 1 pmgroGp versus FA
group e.g.,Apocl, Ace, Scd2, P2ryl@8ndS100a8Figure 3.4B, Table 3.). On the other hand,
we identified 2118 DEGs (upregulated, 880; downregulated, 1238) that were differentially
expressed exclusively in 1.5 ppra @oup versus FA group, e.¢f1b, Osm, Ccr5Mki67, Bpifal,
Scgblal, Ctsf, Ccl9, Slc27al, Csf@ndCd69(Figure 3.4B, Table 3.). Thetop 25 upregulated
and downregulateDEGsof all AMs was included iTable 3.1

Ingenuity pathway analysis (IPA) revealed that common DEGs identified in 1 ppm O
versusFA group and 1.5 ppm LOversusFA group comparisons suggested the enrichment of
pathways including oxidative phosphorylation, na@anonical NFkB signaling, regulation of
apoptosis, cellular response to hypoxia, regulation of mMRNA stability by proteins that bind AU
rich elements, TRIM21 intracellular antibody signaling, neutrophil extraeeltuhp signaling,
interleukinl family signaling, NOTCH4signaling, and theuppression of pathways including
mMTOR signaling, chemokine signaling, and Fc epsilon receptor (FCERI) sigrifjgg 3.40).

The unique DEGs from 1 ppmsQ@ersus FA comparison were associated with the
enrichment of pathwaysincluding selenoamino acid metabolism,-10 signaling, and
macrophage alternative activation signalikgg(re 3.4D). Meanwhile, unique DEGs from 1.5
ppm Qversus FA comparison were associated with the enrichment of pathways including cell
cycle checkpoints, DNA damage bypass and repair, cholesterol biosynthesis, oxidative stress
induced senescence, MHC class Il antigen presentation, and the supprgsaibways including
regulation of lipid metabolism by PPARalpha, ferroptosis signaling, role of NFAT in regulation
of the immune response, senescence pathway, and macrophage alternative activation signaling
pathway Figure 3.4E).

Differential expression analyses also revealed genes that were differentially expressed in
opposite direction in 1 ppma@roup versus FA group and 1.5 ppra @@oup versus FA group.

We identified 15 DEGs that were upregulated in 1.5 ppmedsus FA but were downregulated
in 1 ppm Q versus FA, e.gFilipll, Pdia6, Cdknla, Stmnl, ChiHgure 3.4F). On the other
hand, we identified 32 DEGs that were downregulated in 1.5 pprme@us FA but were
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upregulated in 1 ppm£rversus FA, e.gKIf10, Tnfsf13, Ctsa, Fgr, Capnsl, Cd30@lhd Sgkl

(Figure 3.4F). IPA revealed that as compared to 1 ppsc@centration, exposure to 1.5 ppm O
suppressed neutrophil degranulation. Other pathways that were enriched in 1.5mjma ¥@rsus

1 ppm Qmice include Fc gamma receptor (FCGR) dependent phagocytosis, chaperone mediated

autophagy, telomerase signaling, and notch signdfiigyife 3.4G).

AM heterogeneity posizone exposure

Next, we generated UMABulxlustersbased on the positive expression for all the selected
AM -specific signatures, i.eMertk, Chil3, Lyz2, Mrc1l, Itgaxwhich resulted in the 5 subclusters,
i.e., AM clusters 0, 1, 2, 3, and Bigure 3.5A). AM cluster O [FA = 818 cells (35.8%); 1 ppm O
= 866 cells (37.9%); 1.5 ppme© 601 cells (26.3%)]Kigure 3.5B-C, Supplemental TableS3.3
was defined by the expression of markensluding Cd44, AhnakAfdn, Mmp19,and Rasa2
(Figure 3.5D) AM cluster 1 [FA = 457 cedl (34%); 1 ppm &= 476 cells (35.3%); 1.5 ppnz©
414 cells (30.7%)] was defined by the expression of markersiding Rpl35a, Rps27a, Rpsi4,
Rpsl13,andEar2 (Figure 3.5D) AM cluster 2 [FA = 344 cells (36.7%); 1 ppm © 305 cells
(32.6%); 1.5 ppm &= 288 cells (30.7%)] was defined by the expression of markeaisiding
Sgstml, Cat, Afp, AcoddndEfr3b (Figure 3.5D) AM cluster 3 [FA = 240 cells (27.3%); 1 ppm
O3=240 cells (27.3%); 1.5 ppme© 399 cells (45.4%)] was defined by the expressianarkers
includingTmpo, H2az2, Pclaf, Cep5&andCdca3(Figure 3.5D) Finally, AM cluster 4 [FA = 138
cells (32.7%); 1 ppm &= 131 cells (31%); 1.5 ppms& 153 cells (36.3%)] was defined by the
expression of markergcludingMalatl, Gab2Macfl, Ssh2andGm27008Figure 3.5D).

AM is a heterogenous populati¢Bick et al., 2022; Y. Wu et al., 2023; Xanpala et al.,
2020) First, to determine whether the different AM clusters represent cell populations at different
stages of development, we performed Trajectory analy@eset al., 2017)which assess gene
expression changes to determine the cellular differentiation stage of each cluster. Trajectory
analysis revealed that the differentiatmfmMs began with the most inactive cluster (AM cluster
0) and progressed through AM clusters 4, 1, 2 and ultimately to cluster 3. However, interestingly,
the trajectories of AM clusters between the three treatment greapEned unalteref(Figure
3.5EF).
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Ozone exposure alters transcriptome of AMs in a concentradiwh cluster dependent manner
Comparison of AM gene expression between different treatment groups revealed several
differences in a clustespecific mannerAM cluster 0, which accounts for ~39% (2285 out of
587Q Supplemental TableS3.3 of total annotated AMs, was analyzed to identify DEGs between
1 ppm Qversus FA group and 1.5 ppmy @rsus FA groupUsing the cubff criteria (Javerage
l og2FC| O @uvaueO a@,j alitre.dpct O Odertified 7120E6s anal y
(upregulated, &3; downregulated, 3 in 1 ppm QversusFA, and 157 DEGs (upregulated 3;
downregulated806) in 1.5 ppm Qversus FA groupKigure 3.6A). The comparison 02069
(712+1357 identified DEGsrevealed total of 401 DEGs (upregulated, 185; downregulated, 216)
thatwere common to 1 ppmz@nd 1.5 ppm &groupswith respect to FA groufFigure 3.6B,
Table 3.2. The IP analyses on these 401 DEGs suggdsée@s exposure t@ither concentration
causd enrichment of pathways involved in active translatiesponsegFigure 3.7A). We
identified 293 DEGs (upregulated, 149; downregulated, fl#at)were uniquely expressed in 1
ppm Q versus FA groufFigure 3.6B, Table 3.2 The IP analyses on these 293 DEBggestd
enrichment of pathways involved in active translation responses, mitochondrial electron transport
chain complex assembly and biogenesisl@Lsignaling, and PPAR signalir(§igure 3.7A).
Finally, 938 DEGs (upregulated, 357; downregulated, 581) were uniquely expressed in 1.5 ppm
Os versus FAgroup Figure 3.6B, Table 3.2. The IP analyses on these 938 DEGs suggested
enrichmenbf pahways involved in cholesterol biosynthedtsgure 3.7A).

AM cluster 1, which accounts for ~23% (1347 out of 5&@plemental TableS3.3 of
total annotated AMs, was analyzed to identify DEGs between 1 pprar€us FA and 1.5 ppm
Osversus FA groupUsingthecub f f criteria (| averPaaueO | @.gRF C|
min. pct O O0.denified288DEGs tupreglilates, d3; downregulatedd) in 1 ppm
Osversus FA, an@54 DEGs (upregulated489, downregulated, 365) in 1.5 ppms @rsus FA
(Figure 3.60). The comparison df0R (238+854) identifiedDEGsrevealed total 0f146 DEGs
(upregulated76; downregulated70) thatwere common to 1 ppmz@nd 1.5 ppm &with respect
to FA-exposednice (Figure 3.6D, Table 3.3. The IP analyses on these 146 DE®gealed that
the @ exposure to either concentration causes enrichment of pathways involved in active
translation responses and cholesterol biosynth@sgure 3.7B). We identified 88 DEGs
(upreguéted, 58; downregulated, 30) that were uniquely expressed in 1 ppersds FA group
(Figure 3.6D, Table 3.3. The IP analyses on these 88 DEGs suggested an enrichment of protein
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translation pathwayd-{gure 3.7B). Finally, 704 DEGs (upregulated, 409; downregulated, 295)
were uniquely expressed in 1.5 ppanv@rsus FA groupRigure 3.6D, Table 3.3. The IP analyses
on these 704 DEGs suggested enrichmenadaiive translation responses and suppression of
alternate activation of macrophad&sgure 3.7B).

AM cluster2, which accounts for ~16% (937 out of 58Blpplemental Table S3.Bof
total annotated AMs, was analyzed to identify DEGs betvieepm Qversus FAand 15 ppm
Osversus FAgroup. Usingthecud f f cri teria (| averPaaueO | @.gRF C|
min.pct O 0. 1), 2P5DEGs&pregllatesl8dsdownmglatedpoyin 1gppm
Oz versus FA, and99 DEGs (upregulated301; downregulated, 298) in 1.5 ppms @rsus FA
groups Figure 3.6E). Among the DEGs identified by dédfential expression analyses, a total of
98 DEGs (upregulated, 67; downregulated, 31) were common to 1 ppm and 1.53pypth O
respect to FAKigure 3.6F, Table 3.4. The IPA revealed that these 98 DEGs were associated
with the enrichment of pathways involved in protein translatiogure 3.7C). We identified 124
DEGs (upregulated, 91; downregulated, 33), and 498 DEGs (upregulated, 232; downregulated,
266) that were uniquely expressed in 1 ppaivédsus FA and 1.5 ppmz®@ersus FA, respectively
(Figure 3.6, Table 3.4. While the unique DEGs in 1 ppmsQ@ersus FA comparison were
involved in the enrichmemf protein translation pathways, the unique DEGs in 1.5 ppre3us
FA comparisons were involved in the enrichment of pathways involved in mitochondrial function
as well as protein translatioriQure 3.7C). The uniqgue DEGs in 1.5 ppmsQ@ersus FA
comparison werénvolved in the suppression of mitochondrial dysfunction pathwdsiguie
3.70).

AM cluster 3, which accounts for ~15% (879 out of 5830pplemental Table S3.Bof
total annotated AMs, was analyzed to identify DEGs between 1 pprar€us FA and 1.5 ppm
Osversus FA groupUsingthecub f f cri teria (| averPaaueO | @.gRF C|
min.pct O 0 .rebdaled360 DEGs @pregulaged, 806 downregulated, 163) in 1 ppm
Oz versus FA, and 834 DEGs (upregulated, 447; downregulated, 387) in 1.5 pm@rs@s FA
(Figure 3.6G). Among the DEGs identified by differentiakpression analyses, a total of 217
DEGs (upregulated, 125; downregulated, 92) weeramon to 1 ppm and 1.5 ppmWith respect
to FA (Figure 3.6H, Table 3.5. These 217 DEGsvere associated with the enrichment of
pathways involved in protein translation and proteasoradiated degradation pathways
involving genes such @sma3, Psmbl, Psmb2, Psmb8, Rbx1lm Rps27a, Bbafi2 (Figure

74



3.7D). On the other hand, we identified 152 DEGs (upregulatedj@&nregulated, 71), and 617
DEGs (upregulated, 322; downregulated, 295) that were uniquely expressed in %k pprau®
FA and 1.5 ppm &versus FA, respectivelyF{gure 3.6H, Table 3.5.While the unique DEGs in
1 ppm Q versus FA comparison were involved in the enrichment of protein translation pathways,
the unique DEGs in 1.5 ppmsQ@ersus FA comparison were involved in taerichment of
pathwaysincluding celtcycle, mitochondrial biognesis, and ubiquitinatiorfrigure 3.7D). The
unigue DEGs in 1.5 ppm Oversus FA comparison wer@volved in the suppression of
mitochondrial dysfunction anthacrophagealternaive activation signaling pathway(Figure
3.7D).

AM cluster 4, which accounts for ~7% (422 out of 5830Qpplemental Table S3.Bof total
annotated AMs, was analyzed to identify DEGs between 1 ppwerGus FA and 1.5 ppmzO
versus FA groupUsing the cub f f criteria (| averRweeOl @&gDKC|
min. pct O 0 .idén}ified 30 DEGs @pregulajed, 28sdownregulated, 11) in 1 ppm O
versus FA, and 28 DEGs (upregulated, 21; downregulated, 7) in 1.5 ppearsOs FA Figure
3.61). Among the DEGs identified by differential expseon analyses, a total of 4 DEGs
(upregulated, 1; downregulated, 3) were common to 1 ppm and 1.5 ppmthQespect to FA
(Figure 3.6J, Table 3.6. On the other hand, we identified 35 DEGs (upregulated, 27,
downregulated, 8), and 24 DEGs (upregulated, 6; downregulated, 18) that were uniquely expressed
in 1 ppm Q versus FA and 1.5 ppms®@ersus FA, respectively-{gure 3.6J,Table 3.6. The IP
analyses revealed that these unique and common DEGs were not influencing biological pathways

indicating an AMsulpopulation that is minimally affected by;@®xposure.

Ozone exposure modulates expression of genes relevant to macrophage activation pathways.
To assess the activation status of AMs from different treatment groups, first, we randomly

selected 50 AMs from F&xposed, 1 ppm $£exposed, and 1.5 ppmsz@xposed mice and

compared the expression of gemelevant toM1 and M2 activatiomesponsesCompared to the

AMs from FA-exposed mice, AMs from mice exposed to 1 ppydi€played increased expression

of genes associated with both M1 and M2 activation respoRggpsé¢ 3.8A). In contrast, AMs

from mice exposed to 1.5 ppm €xhibited decreased expression of genes related to both M1 and

M2 activation responseg(Figure 3.8A). However, the comparisons of M1 and M2 activation

signatures at a singkeell level revealed increased expression of genes relevant to both M1 and
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M2 activation. For instance, cells corresponding to asteridkigjure 3.8Asuggested higher copy
numbers of transcripts relevant to M1, elld.8, Cd68, Aldoaas well as M2, e.gChil3, Clec7a,
Trem2,activation.

Next, to assess the activation status of AMs from different treatment groups in & cluster
specific manner, we randomly selected 25 cells from each AM cluster (Clusterisodn FA-
exposed, 1 ppm £exposed, and 1.5 ppme@xposed mice and compared the expression of genes
relevant to M1 and M2 activationln AM cluster 0, compared to FA grouthe expression of
genes relevant to both M1 and M2 signatures were downregulated in 1 ppm and O5gopups
(Supplemental Figure S3.2 On the other hand, in Allusters 1 an@, the M1 and M2 signatures
were upregulated in AMs from 1 ppf@s group as compared to FA and 1.5 p@w groups
(Supplemental Figure S3.3, S3)4 Next, in AM cluster 3, the M1 and M2 signatures were
upregulated in AMs from 1.5 ppr®s group as compared to FA and 1 ppD3 groups
(Supplemental Figure S3&). Lastly, in AM cluster 4, the expression of M1 and M2 sighatures
did not reveal a definite trend in any treatment groups, indicating that the macrophage activation

status in this cluster was minimally affected@yexposurgSupplemental Figure S3.5

Ozone exposure modulates expression of genes associated with proliferative responses.
Next, we compared the gene expression of the cell proliferation markéids among
FA-exposed, 1 ppm $£exposed, and 1.5 ppmz@xposed miceOur analyses revealed that the
majority of the screenegroliferation markerswere upregulated in &igher proportion of
randomlyselectedAMs in 1.5 ppm @group versus FA and 1 ppmz@roups Figure 3.8B). Next,
we compared the gene expression of the cell proliferation markeubclusters oAMs among
FA-exposed, 1 ppm $£exposed, and 1.5 ppme@xposed micelur analyses revealdtatall the
proliferation markersi.e., Pcng E2f1, Mik67, Top2a Brcal, Bubl, Ccnbl Foxml, andCdkn2c
were expressed in at least 30% of the randesrlgctedcluster 3AMs from at least one of the
treatment groups. However, in AM clusters 0,1,2,4, étdgaandE2f1 genes were expressed in
more than 20% of the randorabglected AMs from at least one of the treatment groups
(Supplemental Figure S3.7AC, E). In AM cluster 0, compared to FA group, the expression of
Pcnaand E2f1 were downregulated in 1 ppm and 1.5 ppmgBoups Supplemental Figure
S3.7A. In AM cluster 1, the expression BEnawas upregulad in AMs from 1.5 ppm &group
as compared to FA and 1 ppm @oups, while the expression B2f1was upregulated in 1 ppm

76



Oz group as compared to FA and 1.5 ppeg@ups Supplemental Figure S3.7B. In AM cluster

2, as compared to FA group, the expressioRafawas upregulated in both 1 ppm and 1.5 ppm
Os groups, while the expression B2f1was upregulated only in 1 ppns @roup Supplemental
Figure S3.7Q. Next, in AM cluster 3, except f&?2f1, all proliferation markers,e., Pcna Mki67,
Top2a, Brcal, Bubl, Ccnbl, Foxndhd Cdkn2cwere upregulated in AMs from 1.5 ppms-O
exposed group as compared with-F#nd 1 ppm @exposed groupsSupplemental Figure
S3.7D. Lastly, in AM cluster 4, thaverageexpression ofomeproliferation markersi.e.,Pcnha
andE2f1, were upregulated in AMs from 1 ppnmy-©xposed grougersuskFA-exposedyroupand
someproliferation markerd.e.,Mki67andCdkn2¢ wereupregulated in AMs 1.5 ppmz@xposed
groupversusFA-exposedyroup(Supplemental Figure S3.7

3.4Di scussi on

Inhalation of ambient ozone ¢Presults in lung inflammation and exacerbates existing
respiratory symptoms in susceptible individu#lsLiao et al., 2006; Fuller et al., 202Pyevious
studies have demonstrated thate@posurgpromotes immune cell infiltration, and alters cellular
survival and function, including cellular proliferation, activation, and apop(G$isudhary, Vo,
Paudel, Patial, et al., 2021; Choudhary, Vo, Paudel, Yadav, et al., 2021; K. Kumagai et al., 2016,
2017) Alveolar macrophages (AMs), a predominant cell type in lung airspapeesent a highly
heterogenous populatiofKu-Vanpala et al., 2020; Dick et al., 2022; Y. Wu et al., 2023)
Increasing evidence has demonstrated the prevalence of distinct AM subsets in hon@oktatic
et al., 2022nnd inflammatory conditionfAran et al., 2019; X. Yu et al., 2024However, the
role of AM heterogeneity in response te-iB@duced lung inflammation has not been clearly
defined. In this study, we employed singll RNA sequencing (scRN&eq) approach to
investigate the transcriptomic profile ahmune cells, particularhAM, from mice that were
exposed to filtered air (FA) or two different concentrations of@ur findings provided critical
insights into the shotterm effects of @exposure on AMs diversity, transcriptomic alterations,
and the potential functionatodulation

Immune cell infiltration is aonsistenfeatureof Os-induced lung inflammatio(Backus
et al., 2010; Choudhary, Vo, Paudel, Patial, et al., 2021; Choudhary, Vo, Paudel, Yadav, et al.,
2021; Gabehart et al., 2014; Guttenberg et al., 2024; Mathews et al., 2018; Oakes et al., 2013;
Tovar et al., 2020; Verhein et al., 2018)pnsistent witltheseprevious reports, we observed the
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infiltration of neutrophils in the lung airspaces af€xposed mice as compared with-ERposed
mice.Consistent withihe increaseecruitmenbf neutrophils in @exposed micgheBALF levels
of neutrophitspecificchemokines, i.e., MR2, KC, and LIXwere foundelevated The annotated
cellular clusteringevealed an increase in other immune celts, CD4+ Tcells, CD4+/CD8+ T
cells,and type annate lymphoid cells (ILC2s) in 1.5 ppm-@®xposed mice as compared with 1
ppm G-exposed mice, highlighting the concentratd@pendent response tos ©@xposure in
altering immune cell composition in the lung airspa¢és. increasen Th2inflammatiorrelevant
immunecells in 1.5 ppm @as compared with 1 ppmasQvas consistentwith the significant
increasein MDC/CCL22 levels in thebronchoalveolar lavage fluilBBALF) of 1.5 ppm G
exposed mice versus 1 ppra-&xposed miceDespite the enhanced recruitment of other immune
cells in the @exposed nte as compared with the Féxposed mice, AMs remained the
predominant cell type in the airspaces of nicall treatment groups. Therefore, we compared the
gene expression profiles of AMs between 1 ppgrefposed mice versus FA and 1.5 ppm O
exposed mice versus FA.

The expansion of macrophage population through local proliferation and/or recruitment is
a common response observed in airspace stress caused by various intrinsic factors as well as
extrinsic agent¢Jenkins et al., 2011; Z. Liu et al., 2019; van de Laar et al., 2016; Morse et al.,
2019; Aegerter et al., 2020; Machiels et al., 2017b; Misharin et al., 20/iile the recruitment
of inflammatory macrophages, expressing gene signatures distinct from régitkerakes place
in sustained and prolongadection orexposure to a stre¢&egerter et al., 2020; Machiels et al.,
2017b; Misharin et al., 201,Ahe local expansion of resideki¥ls occurs as a shetérm response
to a lower degree of strefidotchkiss et al., 1989; Jenkins et al., 2011; Z. Liu et al., 2029)
analyses revealecbncentratiordependent and AM clustspecific proliferative responses. Our
findings are consistent withprevious study o@s-exposed rats, where proliferative macrophages
were the primary cause of increaséM counts in earlier stages pastposurgHotchkiss et al.,
1989; Tredaniel et al., 1994)he increased AM proliferative signatures i® ppmgroup were
also associated with significantly higher-@5F levels in BALF. Of note, MCSF is a potent
proliferation inducer, which igeleased by various lung cells, including macrophages, neutrophils
fibroblasts and endothelial cellBraza et al., 2018; Clinton et al., 1992; Falkenburg et al., 1990;
Tang et al., 2018)The exact source of MLSF and other proliferation triggers and their role in the

expansion of AM population remain unclear.
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Previous studies have demonstrated that AMmain functionally restrained at
homeostasigHussell & Bell, 2014) but become functionally activated upon exposure 0 O
(Backus et al., 2010; Choudhary, Vo, Paudel, Patial, et al., 2021; Choudhary, Vo, Paudel, Wen, et
al., 2021; Fakhrzadeh, Laskin, & Laskin, 2004; Pendino et al., 1994; Reinhart et al., 1999; Sunil
et al., 2012a)Consistent with these reports, we obsereednarkedly increased number of
differentially-expressed genes (DEGa&)d corresponding enriched biological pathways between
Os-exposed mice versus Fé&posed micesuggesting the effect of :3@xposurein modulating
gene expression and biological functi@ig\Ms. Additionally, the alteration in the transcriptome
and biological functions of AMs from 1.5 pp@®g-exposed miceersus 1 ppnDsz-exposed mice
further emphasizedhe concentratioependent effectef Os exposure Acute exposure to £
resulted in enhanced production of interleukjrapoptosis, and activation of transcription factor
NF-kB (Pendino et al., 1994; Sunil et al., 2012&@pnsistent with the previougports the
ingenuity pathway analyses (IPA) results highlighted the common pathways in both 1 ppm and 1.5
ppm Q-exposed AMs, including interleukih family signaling, oxidative phosphorylation, non
canonical NFkB signaling, and regulation of apoptosis. In addition, we also observed the
activation of common pathways between 1 ppm and 1.5 ppexgbsed AMs, including cellular
response to hypoxia and KEANFE2L?2 pathways, which were only reported to be elevated in
chronic QexposurgWiegman et al., 2014)

Macrophage activation, i.e., enhanced functioning, is a typical response that has been
widely investigatedGroves et al., 2013; Mathews et al., 2018 the other hand, several acute
studies using high £concentration exposure (1.5 ppn2 ppm) demonstrated poor phagocytic
abilities of AMs (Jakab & Hemenway, 1994b; Mikerov, Gan, et al., 2008; Mikerov, Haque, et al.,
2008) suggesting that highs@oncentration compromises AlMnctions.Moreover, AMshave
been identified atarges of Oz-induced oxidative DNA damad&unil et al., 2012a)which has
been associated wiimpairedmacrophage functions, including defects in proliferation, delayed
differentiation,andincreasd senescenc@andan enhancedirway inflammatory respongeuo et
al., 2018; Pereirhopes et al., 2015 onsistent with these studiesir IPA data showed that AMs
from the 1.5 ppm @exposed micavereuniquely activated in multiple DNA repair, DNA damage
bypass, and cell cycle checkpoints pathways. Moreovédrast beerreportedpreviously that
macrophages exhibit dysregulated inflammatory response and altered immune functions in the

absence of proper lipid metabolic programmihge & Bensinger, 2022)n this current study,
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the regulation of lipid metabolism pathwasassuppresseth AMs from cluster 3 of the 1.5 ppm
Os-exposed miceWe speculatedhat 1.5 ppm @concentratiordisruptedthe tightly controlled

cell cycle checkpoints by bypassing the DNA damage, thus promoting irregular cell proliferation.
We furtherspeculatedhat the newly proliferated AMwerefunctionally less matureHowever,
furtherexperimentation iseeded taestthese hypotheses.

Several eports indicate that macrophages can reprogram their cholesterol biosynthetic
machinery to aid in host defense respor(@&anc et al., 2013; Hayakawa et al., 2022; Lee &
Bensinger, 2022; Madenspacher et al., 20RBvious reports have shown upregulation of genes
relevant to the cholesterol biosynthesis pathways in the lung following repetitex@surgH.-

Y. Cho et al., 2021; Choudhary, Vo, Paudel, Patial, et al., 2021; Colonna, 2015; Tovar et al., 2020)
Consistentwith previous studiesin the current study, despibmetime exposure paradigmve

found enrichment of pathways driven by cholesterol biosynthesis relevant gey@Esl4l,
Dhcr24, Fdftl, Fdps, Hmgcr, Hmgcesl, Idil, Msmol, Pmvk, Sc5d, &x{gsterols, e.g., SecoA,
SecoB, and-epoxycholesterols, are known to be upregulated steXposed airwaysand are
implicated as potential mediators o @xicity (Pryor et al., 1992; Pulfer et al., 2005; Pulfer &
Murphy, 2004; Speen et al., 2018notherreport by Duffney et al demonstrated that oxysterols
can form adducts with CD64 and CD206 which can interfere with the phagocytic poteAtiéd of
(Duffney et al., 2020)In contrast, cholesterol derivatives are also found to be beneficial in host
responses. For instance, Madenspacher et al studied the role of 25 hydroxycholesterol (25HC), a
product of an important cholesterol biosynthesis enzyme (chole&tetoldroxylase), in LPS
induced inflammatior{fMadenspacher et al., 2020)hey demonstrated that 25HC prevent lipid
overload in AMs, in an aninflammatory nuclear receptor liverreceptor (LXR)dependent
manner, which is critical for the Merkediated efferocytotic removal of neutrophils and
resolution of inflammation in LP8hdlenged miceMadenspacher et al., 20200 is likely that

the cholesterol derivatives are playing similar role in the efferocytosis-ofddced neutrophils

and subsequent resolutiarf inflammation It is also likely that the upregulated cholesterol
biosynthesis pathways in macrophages serve as a source of cholesterol derivativessin the O
exposed airspaces. However, the exact identity and source ofztineu®ed triggers for the
reprogramming of cholesterol biosynthesis in AMs, and their functional impact on immune and

epithelial cells rerain unknown and require further investigation.
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Mitochondria are the major source of reactive oxygen species (ROS) and free radicals
during oxidative phosphorylatigiBoveris et al., 1972; Boveris & Chance, 197@)d play a key
role in lipid metabolism and cholesterol homeosté&Sid.. Han et al., 2021; L. Li et al., 2022;
Torres et al., 2021V ariety of environmental insults result in overproduction of mitochondrial
ROS (mtROS), which could cause mitochondrial dysfunction, i.e., damage mitochondrial protein,
mitochondrial lipid membrane, and mitochondrial DNBrookes et al., 2004)Increasing
evidence supports the important role of mitochondrial dysfunction in the development and
pathogenesis of lung diseag@guileraAguirre et al., 2009; Jablonski et al., 2017; Sharma et al.,
2021; J. Yu et al.,, 2016)Moreover, the @induced mitochondrial structural damage was
previously reported in epithelial cel{topez et al., 2007)cardiomyocytegTian et al., 2021)
airway smooth muscle cel($Viegman et al., 2015and microglia(Valdez et al., 2020)n the
current study, pathways related to mitochondrial responses, oxigative phosphorylation,
respiratory electron transport, mitochondrial protein import, mitochondrial dysfunctiuh,
complex | biogenesis, were enriched in the AMs from 1.5 pprexposed group versus the 1 ppm
Os-exposed and FA groups. However, the exact mechanism and consequengesdoic€
mitochondrial dysfunction in AMsemainunclear andequiresfurther experimentation.

Translational control is critical for cellular preservation in response to gtiedsk &
Sonenberg, 2005)0ne of the key mechanisms of translational control during stress is the
phosphorylation of elFAyvhich results in the transcriptional activation of stress response genes
(Harding et al., 2000)n the current study, we found enrichment of protein translation pathways
driven by elF2 signaling and other relevant genes,Efgf, Eif3h, Rpl21, Rpl23, Rpl26, Rpl27a,
Rpl28, Rpl34, Rpl36, Rpl36a, RplI3Rpl4, Rpsll, Rpsl5a, Rpsl9, Rps26, Rpas2d Rps8
Additionally, previous studies suggested the involvement of elF2 signaling in antibacterial
respons€S. Liu et al., 2007; Nakayama et al., 2010; N. Shrestha et al., 2012; C. W. Woo et al.,
2009) For instance, using three very diverse pathogensyeiginia pseudotuberculosis, Listeria
monocytogenesandChlamydia trachomatjsShrestha et al has demonstrated the direct linkage
between elF2 signaling and the antibacterial defense syste®hrestha et al., 201,Zuggesting
the roles of elF2 signaling pathway in the host defense mechanism.

Free fatty acid receptor Efar2/Gpr43) is widely expressed in various inflammatory cells
such as macrophages and neutrodKigsnp et al., 2016; McNelis et al., 201%he reported roles

of Ffar2 in inflammation were controversial. For instanEér2 gene deletion was reported to
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increase inflammation in arthritis model and allergic airway m@deaklowski et al., 2009)On

the other handi-far2 gene deletion was reported to decrease inflammation in etmahamed
inflammation mode(M. H. Kim et al., 2013)and dextran sulfate sodium (DS8¢luced colitis
model(Sina et al., 2009Further deletion ofFfar2 was reported to increase perivascular fibrosis
and increase cancer progressiiithe current studyi-far2 was commonly increased in both 1
ppm and 1.5 ppm £exposedyroups, suggesting the inflammatory roleFéér2 in Osz-induced
lung injury. However, further experimentation is warranted to elucidate whether the elehaaid
expression was associated withqprtlammatory or antinflammatory responses.

Gene signatures associated with macrophages could indicate the nature of their immediate
microenvironment. Macrophagesay respondto products released from epithelial caligon
injury by Os resulting in classical macrophage activation (M1) and release products such as
reactive oxygen species (ROS) and T&lRvhich further promote lung injurgH.-Y. Cho et al.,
2001; Fakhrzadeh, Laskin, & Laskin, 2004; Pendino et al., 1€9%5)he other handnotheistudy
has showrihe presence oflternatively activated AMs (M2) in thes@xposed lunggMathews
et al., 2015)TheM2 macrophagerelease artinflammatory mediatorsuch amterleukin10 (IL-

10) and actively participate in wound repair, clearance of apoptotic/necrotiq@alit et al.,
2007; Ishii et al., 1998and resolution of inflammatiofBackus et al., 2010; Reinhart et al., 1999)
We observed interesting expression readouts of macrophage actasdimriated gene signatures.
The assessment of macrophagtivation relevant gene signatures in the entire AM population
revealedhatexposurdgo 1ppm G causes anpregulagd expression ajenes associated with M1
as well as M2 activation. In contrast, as compared to bothaR8 1ppmOs.exposure groups,
AMs from the 1.5 ppm &exposed mice exhibited downregaldtexpressionf genes relevant to
both M1 and M2 activationWe found inerestingpatternsof gene signatures associated with
alternative and classical AMs activation responses in a clsgéemific manner. Particularly,
analyses of gene expression for AM in cluster 3 suggest that3hgm Q exposure results in
upregulaéed expression ajenes associated with M1 as well as M2 activation. On the other hand,
analyses of gene expression for AM from clusters 1 and 2 suggest thatim.& exposure
dowrreguldes the expression genes associated with M1 as well as M2 activatfoprevious
report indicated the eexistence of both M1 and M2 gene signatures in AMs retrieved from BALF
of C57BL/6J micethat weresub-chronically exposed to 0.8 ppms @houdhary, Vo, Paudel,

Patial, et al., 2021 However, itremainedunclear whether the mixed M1/M2 signature was the
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result of population heterogeneity or cellular plasticity. In this study, we assessed the M1 and M2
signaturesn all AM clusters from FAexposed, 1 ppm £exposed and 1.5 ppnme@xposed mice.
Interestingly, we found elevatéelelsof both M1 and M2 markers within the same cell suggesting
that the expression of gene signatures associated with M1 and M2 activations is not mutually
exclusive.

This study revealed some interesting findings. Firstefposure results ia concentration
dependent increase in the levef inflammatorymediatorsin the airspaces of mice. Second,
within 24 h of Q exposure, the AM population diversity remains unchanged, suggesting minimal
recruitment of inflammatory macrophage populations. Third, DEG analyses revealed greater
perturbation in gene expression in AMs frane 1.5 ppm versughe 1 ppmOs-exposed group.
Fourth, exposure to highéds concentrationis assomted with the enrichmentf pathways
involved in cell cycle checkpoint, DNA damage and repair, cholesterol biosynthesis, and
mitochondrial responses. Finally, assessment of macrophage activation status revealed the
concentratiordependent expression of genes relevanmaxrophageactivation in a cluster
specific mannerTaken together, our data highligthte intrinsic transcriptomic disturbansen
highly heterogenous alveolar macrophage subpopulations in murine airgpsif@sexposure at

singlecell resolution level
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3.6. Figures and Figure Legends
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Figure 3.1: Ozone exposure alters the immune cell composition in the airspaces. (A)
Schematic diagrandepicting the filtered air (FA) and ozone (Q) exposureregimen and
subsequent scRN&eq analysegipeline (B) Percentages of bronchoalveolar lavage (BAL) cell

types are shown in a stacked bar graph (macrophages [red], neutrophils [blue], eosinophils [green],
and lymphocytes [purple]). Error bars represent standard error of the mean (SE#0.05,

***% p <0.0001 using onwvay ANOVA foll owed by Tukeyds po
comparisons.(C) Representative photomicrographs of Wrighemsastained BAL cells
cytospinsfrom FA- (solid pink border), 1 ppm $£(solid green bordergnd1.5 ppm @Q-exposed

mice(solidblue border). Red arrows depict alveolar macrophages. Blue arrows depict neutrophils.
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Figure 3.2: Ozone exposure alters the levels of inflammatory mediators in the airspaces.
Cytokine levels (pfml; picogram per milliliter) of A) macrophage inflammatory protein 2 (MIP
2/CXCL2), (B) keratinocyte chemoattractant (KCXCL1), (C) LPSinduced CXC chemokine
(LIX/CXCL5), (D) monocyte chemotactic protein 3 (MEGRCCL7), E) monocyte chemotactic
protein 5 (MCP5/CCL12), £) macrophage colony stimulating factor {86F/CSF1), G)
macrophagelerived chemokine (MDC/CCL22)H] interleukin 6 (IL-6), (1) interleukin 1 beta
(IL-1b), (3) interleukin 1 alpha (It1la), (K) tumor necrosis factor alpha (TNF, (L) matrix
metallopeptidase 12 (MMB2) in the BALF from FAexposed mice (solid pink bar), 1 ppm ozone
(O3)-exposed mice (solid green bar), and 1.5 ppsrexposed mice (solid blue bar). Error bars
represent standard error of the mean (SEN%0.05, **p<0.01, ***p<0.001 using onevay
ANOVA f ol | o wepdst Hogtestlfar udtiplédceomparisons.
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Figure 3.3: Ozone exposure alters cellular density inthe UMAP clusters. (A) Uniform
manifold approximation angrojection(UMAP) plot of scRNAseq data from filtered air (FA)
(n=4), 1 ppm ozone (P (n=4), and 1.5 ppm £Xn=4) depicting 8 distinct cellular clusters T}

(B) Bar graph depicting total cell number in each cell cluster from FA (solid pink bar), 1 ppm O
(solid green bar), and 1.5 ppm @olid blue bar)(C) Stacked bar graph depicting relative cell
proportion in each cell cluster from FA (solid pink), 1 ppe($lid green), and 1.5 ppms®olid
blue).(D) UMAP plot illustrating major cell populations identified by distinct markers, with each
population represented by a different col@) Dot plot depicting the scaled expression level
(yellow (low) to black (high) colored dgtaind percemtge ofcells (size of dotsgxpressinghe
designatednarker genes for each cell populati@) Bar graph depicting total cell numbers in
each cell population from FA (solid pink), 1 ppm @olid green), and 1.5 ppms(olid blue).

(G) Stacked bar graph depicting relative cell proportion in each cell population from FA (solid

pink), 1 ppm Q(solid green), and 1.5 ppmsGolid blue).
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Figure 3.4: Ozone exposure results in concentratiolependent transcriptomic changes in
alveolar macrophages. (A)Volcano plots depicting differentialgxpressed genes (DEGs;
upregulated [red] and downregulated [blue]) (JaverageLog2FC | >0.1; adjustad ue O 0. 05)
1 ppm ozone (€) versus filtered air (FA) (left panel) and 1.5 ppav@rsus FA (right panellB)

Venn diagram depicting common and unique DEGs (upregulated [red] and downregulated [blue])
in 1 ppm Qversus FA and 1.5 ppmz®ersus FA(C) Bar graph depicting commonly enriched
biological pathways between 1 ppny @nd 1.5 ppm @with respect to FA identified using
ingenuity pathway analyses (IPA) approach. Pathway activation (orange) and suppression (blue)
status were determined based on IP#are (D) Bar graph depicting uniquely enriched biological
pathways in 1 ppm §versus FA identified using IPA approach. Pathway activation (orange) and
suppression (blue) status were determined based on$eére(E) Bar graph depicting uniquely
eniiched biological pathways in 1.5 ppms @rsus FA identified using IPA approach. Pathway
activation (orange) and suppression (blue) status were determined based escti?é\(E) Dot

plot depicting the scaled expression levgéliow (low) to black (high) colored ddtsand
percenage ofcells (size of dots) fogeneswith expressionn opposite direction between 1 ppm

Oz and 1.5 ppm ©with respect to FA(G) Bar graph depicting enriched biological pathways in

1.5 ppm Qversus 1 ppm &dentified using PA approach. Pathway suppression (blue) status was

determined based on IPAszore. White color bar indicatesszore=0.
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Figure 3.5
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Figure 3.5: AM displays heterogeneity postozone exposure. (AUMAP plot of annotated AMs

from filtered air (FA), 1 ppm ozone €D and 1.5 ppm &depictingfive distinctAM subclusters
(0-4). (B) Bar graph depicting total AM counts in each cluster from FA (solid pink bar), 1 ppm O
(solid green bar)and1.5 ppm Q(solid blue bar)(C) Stacked bar graph depicting relative cell
proportion in each AM cluster from FA (solid pink color), 1 ppm($dlid green color)and1.5

ppm Q (solid blue color)(D) Dot plot depicing the scaled expression level (color) and percent
expressing (sizefpr defined marker genes for each AM subclusti). UMAP plot colored by
pseudotime representing differentiation from dark blue (less differentiated) to yellow (more
differentiated) in FA (left), 1 ppm £(middle), 1.5 ppm ©(right). (F) Boxplotsof the range of
pseudotime in each subcluster, colored by subcluster annotation.
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Figure 3.6: Ozone exposure altershe transcriptome of AMs in a concentration and cluster
dependent manner. (A) Volcano plots depicting differentialgxpressed genes (DEGs;
upregulated [red] and downregulated [blue]) in AM cluster O (JaverageLog2FC | > 0.1; aBjusted
value O 0. 05) 3 versusFA ([efppaneld and InSeppr\@sus FA (right panel).

(B) Venn diagram depicting common and unique DEGs in AM cluster 0 (upregulated [red] and
downregulated [blue]) in 1 ppmz@ersus FA and 1.5 ppms@ersus FA.(C) Volcano plots
deprcting DEGs (upregulated [red] and downregulated [blue]) in AM cluster 1 (JaverageLog2FC |
>0.1; adjustePv al ue O 0. 05) g)ivensuslFA fef)randd.5 ppmzDergusFA
(right). (D) Venn diagram depicting common and unique DEGs in AM cluster 1 (upregulated [red]
and downregulated [blue]) in 1 ppmy@rsus FA and 1.5 ppms®ersus FA(E) Volcano plots
depicting DEGs (upregulated [red] and downregulated [blue]) in AM cluster 2 (JaverageLog2FC |
>0.1; adjustedPv al ue O 0. 05) j3)ivensusIFA fefi)rand d.5 ppmz@ersusOFA
(right). (F) Venn diagram depicting common and unique DEGs in AM cluster 2 (upregulated [red]
and downregulated [blue]) in 1 ppny@rsus FA and 1.5 ppmz®ersus FA(G) Volcano plots
depicting DEGs (upregulated [red] and downregulated [blue]) in AM cluster 3 (JaverageLog2FC |
> 0.1; adjustedP v a | u e ) i1 ppm 6zéne (§) versus FA (left) and 1.5 ppms@ersus FA
(right). (H) Venn diagram depicting common and unique DEGs in AM cluster 3 (upregulated [red]
and downregulated [blue]) in 1 ppmy @rsus FA and 1.5 ppms®ersus FA(I) Volcano plots
depicting DEGs (upregulated [red] and downregulated [blue]) in AM cluster 4 (JaverageLog2FC |
>0.1; adjustedPv al ue O 0. 05) g)ivensusIFA fefi)rand d.5 ppmsDersusoFA
(right). (J) Venn diagram depicting common and unique DEGs in AM clustepregulated [red]

and downregulated [blue]) in 1 ppm@rsusFA and 1.5 ppm eversus FA.
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Figure 3.7
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