
 

 

 

ABSTRACT 

VO, THAO TRINH PHUONG. Ontogeny Shapes Alveolar Macrophage Response to Ozone-

induced Pulmonary Inflammation. (Under the direction of Dr. Yogesh Saini). 

 

Ozone (O3) is a major component of urban air pollution, which poses a significant threat 

to human health and the ecological environment worldwide. Alveolar macrophages (AMs), a 

highly heterogenous immune cell type in the lung alveoli, originated from fetal liver precursors at 

birth and are gradually replaced by bone marrow-derived monocytes during aging and 

inflammatory processes. AMs are the first responders to inhaled toxicants and pathogens, 

including O3. Previous studies have shown that O3 has a negative impact on macrophage functions. 

However, how O3 alters the transcriptomes and cell-cell communication networks in AMs derived 

from different origins remain elusive. To bridge this knowledge gap, we first explored the role of 

ontogeny in shaping the transcriptomic landscape of AMs by comparing the transcriptomic profiles 

of AMs collected from bone marrow (BM) and fetal liver (FL) chimera mice. Our data suggested 

the association of bone marrow origin to antigen presentation and metabolic-related functions. 

Meanwhile, the fetal liver origin was associated with cell cycle, morphogenesis, endocytosis and 

lipid metabolism functions. Next, we exposed C57BL/6J mice to either filtered air (FA), 1 ppm 

O3, and 1.5 ppm O3 for 3 hours and performed single cell RNA sequencing (scRNA-seq) to address 

the transcriptomic disturbance of AMs in response to varying O3 concentrations. Our data revealed 

the unique differentially-expressed genes (DEGs) that enriched in DNA damage and repair, 

cholesterol biosynthesis, and mitochondria dysfunction pathways in 1.5 ppm O3 group. 

Additionally, we assessed the gene expression on AM subclusters and identified cluster-specific 

DEGs associated with macrophage activation and cell proliferation. Finally, to explore the role of 

ontogeny in altering AM transcriptome under the influence of O3 exposure, we exposed C57BL/6J 

and BM chimera to 1 ppm O3 for 4 hours and performed scRNA-seq on whole lung digest. Our 

data demonstrated the altered transcriptome and cell-cell communication network between O3-

exposed C57BL/6J and O3-exposed BM chimera in relation to FA-exposed C57BL/6J, suggesting 

that ontogeny played a critical role in regulating AM transcriptomes and subsequent interactions 

with other cell types in response to O3 exposure. Taken together, our data show that AM 

heterogeneous response is influenced by ontogeny and O3 exposure in a concentration-dependent 

manner.
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Abstract 

Alveolar macrophage (AM) precursors originate from the fetal liver and seed the lung 

during the late embryogenesis phase, where they continue to differentiate during early postnatal 

life (Hashimoto et al., 2013; Yona et al., 2013). They are self-renewing and require minimal 

contribution from the circulating monocytes (Hashimoto et al., 2013). However, with aging, these 

fetal liver-derived AMs are gradually replaced with bone marrow-derived AMs (Z. Liu et al., 

2019). Additionally, severe acute and/or chronic inflammation triggers the rapid mobilization of 

bone marrow-derived monocytes to the lung, where they quickly differentiate into AMs, 

highlighting the critical role of the local microenvironment in shaping AM attributes (van de Laar 

et al., 2016). However, other studies have shown that cell ontogeny also plays an important role, 

as bone marrow-derived AMs exhibit distinct functions as compared to their fetal liver-derived 

counterparts, particularly in the context of viral infections (Aegerter et al., 2020) and bleomycin-

induced lung fibrosis (Misharin et al., 2017). Thus, the relative contributions of the local 

microenvironment and ontogeny to the transcriptional and functional differences in AMs require 

further investigation. 

In this chapter, I will begin by providing an overview of various tissue resident 

macrophages, their general functions, and unique characteristics. Next, I will shift the focus to 

AMs, the primary immune cells in the pulmonary alveolar space. I will discuss the critical factors 

involved in AM development and explore the origins of the heterogenous AM pool within the lung 

airspace. Next, I will discuss the distinct functions of AMs, both in homeostasis and under 

inflammatory conditions. I 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 AMs and finally the therapeutic potential of AMs in various diseases and 

conditions. I will also give a brief introduction to ozone (O3), including its prevalence in recent 

years, its atmospheric precursors, and its impact on population health. Lastly, I will discuss current 

literature on the interaction between O3 and the lung epithelium, as well as its impact on 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 focus on lung injury caused by 

O3.  
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1.1. Introduction to macrophages 

The study of macrophages started over a hundred years ago since its discovery by Elie 

Metchnikoff in the late nineteenth century (Gordon, 2008). Macrophages are the 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 receptors, that allow them to sense both biotic and abiotic aberrant entities, 

and initiate and amplify immunological responses (Canton et al., 2013; Kawai & Akira, 2010). 

Macrophages were termed phagocytes from the Greek word ñphagesò, meaning ñto eatò, and 

ñciteò, meaning ñcellò, which accurately described the most common feature of macrophage, i.e., 

phagocytosis. Macrophages can also perform advanced functions that can be location-specific in 

mice and humans (Davies et al., 2013; Hoeffel & Ginhoux, 2015). They go by different names in 

different organs: Kupffer cells in the liver, microglia in the brain, Langerhans cells in the skin, 

splenic macrophages in the red and white pulps of the spleen, and pulmonary macrophages in the 

lung. 

 

1.2. Types 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 tissue-specific roles. The heterogeneity of 

macrophages across different tissues and within distinct niches of the same tissue have been 

revealed using recent technologies (Lavin et al., 2014; Mulder et al., 2021). The heterogeneity of 

tissue resident macrophages is reflected in their tissue-specific gene expression profiles, which are 

likely shaped by environmental cues during distinct developmental processes (Lavin et 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 various tissue-resident macrophages:  
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1.2.1. Langerhans cells 

Langerhans cells (LCs) are a specialized subset of mononucleated phagocytes that elicit 

immune activation/tolerance in the epidermal layer of the skin. They account for 3%-5% of 

epidermal nucleated cells (Merad et al., 2008). LCs are derived from embryonic precursors and 

gain their full identity as antigen-presenting cells (APCs) shortly after birth, when they start 

expressing MHC class II markers (Chorro et al., 2009). Under homeostasis, LCs are long-lived, 

and self-maintained locally within the skin (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 TGF-ɓ1, IL-34, CSF-1, and BMP7 (Bobr et al., 2012; Borkowski et al., 

1996; Kel et al., 2010; Y. Wang et al., 2012, 2016; Yasmin et al., 2013). However, 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 marrow-derived cells to the epidermis. These cells are guided into the 

skin through CCL2-CCR2 and CCL20-CCR6 axes (Nagao et al., 2012). Interestingly, these 

recruited monocytes have been reported to either partially or fully acquire the phenotype of 

homeostatic LCs (Ginhoux et al., 2006; Nagao et al., 2012; Seré et al., 2012). While some reports 

suggest that the recruited monocytes differentiate into short-lived inflammatory LCs, other reports 

indicate that they can differentiate into long-lived LCs that persist in the epidermis (Chopin 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 and ability to stimulate T cells, that leads 

to the assumption that LCs are a DC subset (Banchereau & Steinman, 1998). LCs 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, TNF-a, and IL-18, were reported to play a role in LC migration (Cumberbatch, 

2002; Cumberbatch et al., 1997, 2001). Moreover, epidermal LCs induce tolerance at homeostasis, 

where the barrier is intact. A minor barrier disruption will induce MHCIIhigh activated LCs, but not 

the non-activated LCs, to extend their dendrites through the tight junctions to acquire foreign 

antigens (Kubo et al., 2009; Ouchi et al., 2011) and induce T cell-mediated immunity. (Igyártó et 

al., 2011; Kashem et al., 2015) 
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1.2.2. Kupffer 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 the initiation or 

suppression of the immune responses (Davies et al., 2013). Liver macrophages are heterogenous, 

that comprise Kupffer cells and monocyte-derived macrophages. Kupffer cells are hepatic resident 

cells that reside at the luminal side of the sinusoidal endothelium. They are self-sustaining, locally 

proliferating, and are immunosuppressive at homeostasis. They constantly clear gut-derived 

pathogens from the blood and maintain the functional iron and bilirubin metabolism, including 

removing damaged erythrocytes and other erythrocyte-derived complexes from the blood 

(Willekens et al., 2005). Kupffer cells originate from the fetal liver progenitors (K.-W. Kim et al., 

2016). However, emerging evidence suggests yolk sac origin for Kupffer cells (Mass et al., 2016). 

Mouse Kupffer cells are characterized by the expression of F4/80, CD11blow, CD68, and CLEC4F 

surface markers. Additionally, they also express Toll-like receptors, i.e., TLR4 and TLR9 (Lavin 

et al., 2014). Human Kupffer cells are less well characterized as most studies in humans do not 

thoroughly distinguish Kupffer cells and monocyte-derived cells. Common markers for human 

Kupffer cells include CD14 and CD68. Kupffer cells can sense hepatic injury through the 

recognition of danger-associated molecular patterns (DAMPs) or pathogen-associated molecular 

patterns (PAMPs) that bind to the pattern recognition receptors (PRRs) (Zannetti 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 subsets (Dambach et 

al., 2002; Heymann et al., 2012; Heymann & Tacke, 2016; Karlmark et al., 2010; Marra & Tacke, 

2014; Nakamoto et al., 2012). On the other hand, monocyte-derived macrophages are recruited 

following liver injury or inflammation and acquire Kupffer cell-like phenotype (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 cell types (Barron 

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

 

 



   

6 

 

1.2.3. Microglial cells 

Microglial cells are the most abundant mononuclear phagocytes in the central nervous 

system (CNS). Microglial cells originate from the embryonic yolk sac. They are self-renewable 

and locally-proliferating throughout life with no additional contribution from the bone marrow-

derived monocytes (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, microglial cells assume an 

amoeboid shape and direct their processes towards the site of injury in order to phagocytose the 

damaged tissue. Notably, bipolar rod-shaped microglia were observed to colocalize with neurons 

and exons, but not with other glial cell types, following brain injury (Tam & Ma, 2014). These 

findings suggest that microglia phenotypes reflect their adaptive responses to a broad array of 

stimuli, ranging from normal neuronal activity to physical, chemical and microbial insults. 

Microglia express many PRRs, including TLRs (TLR4, TLR1/2) (Heneka et al., 2015; 

Saijo et al., 2013), NLRs (NLPR3 inflammasome) (Heneka et al., 2015), receptors for nucleic 

acids (J. Wu & Chen, 2014), and CLRs (CLEC7A) (Sancho & Reis e Sousa, 2012), allowing them 

to detect PAMPs and DAMPs. During homeostasis, microglia transcriptome reflects a surveilling 

activity (Wes et al., 2016). In activated states, microglia are often categorized as either classically 

(M1) or alternatively (M2) activated (Appel et al., 2011). M1 microglia are typically induced by 

simultaneous triggering of TLR and IFN-ɔ signaling pathways, resulting in the production of pro-

inflammatory cytokines and mediators, including TNF-Ŭ, IL-6, IL-1ɓ, IL-12, CCL2, and MMP12. 

Additionally, M1 microglia exhibit high expression of MHCII, costimulatory molecules, Fc 

receptors, and integrins, ultimately inducing inflammation and neurotoxicity. On the other hand, 

M2 microglia are induced by multiple factors, including IL-4, IL-13, IL-10, ligation of Fc receptors 

by immunocomplexes, detection of apoptotic cells, and activation of transcription factors including 

peroxisome proliferator-activated receptor gamma (PPARg), liver X receptor (LXR), and retinoic 

acid receptor (RXR) (Saijo et al., 2013). M2 microglia regulates the production of anti-

inflammatory cytokines, such as IL-10 and TGF-ɓ and other growth factors. Interestingly, in 

models of neurodegeneration, microglia exhibit a mixed M1/M2 activation state (Chiu et al., 2013; 

Wes et al., 2016). 
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1.2.4. Pulmonary macrophages 

A detailed lineage tracing study revealed that pulmonary macrophage progenitors emerge 

from three different sources: Yolk sac, fetal liver, and bone marrow; enter the lung prior to birth, 

and localize to different niches in the lung (Tan & Krasnow, 2016). Yolk sac-derived macrophages 

enter the lung during embryonic development, are termed ñprimitive macrophagesò, and localize 

at the lung periphery (Tan & Krasnow, 2016). Bone marrow progenitors localize to the lung 

interstitium and are thus termed ñinterstitial macrophagesò. Finally, the majority of progenitors 

originate from the fetal liver, which migrate into the airways during alveolarization within the first 

days of life and are termed ñalveolar macrophagesò or AMs. AMs derive from fetal liver origin 

and develop within the first few days after birth (Alenghat & Esterly, 1984; Bharat et al., 2016; 

Guilliams, De Kleer, et al., 2013). Additionally, previous studies have shown that human alveolar 

macrophages are self-renewal (Eguíluz-Gracia et al., 2016; Nayak et al., 2016). Moreover, while 

it has been clear for decades that pulmonary macrophages exist in both airways and lung alveoli, 

only until recently pulmonary macrophage heterogeneity can be assessed through the advent of 

single cell technology (Lavin et al., 2017; Leach et al., 2020; M. Liao et al., 2020; Raredon et al., 

2019; Sajti et al., 2020; Travaglini et al., 2020; Zilionis et al., 2019). Depending on the niches that 

they occupy, pulmonary macrophages are categorized into two subtypes: interstitial macrophages 

and alveolar macrophages. Interstitial macrophages reside in interstitial spaces. Alveolar 

macrophages, the main immune cell population in the lung at homeostasis, mostly occupy the 

alveolar airspaces. 

 

1.3. Types of Pulmonary macrophages 

1.3.1. Interstitial macrophages 

Interstitial macrophages (IMs), reside in the interstitial spaces between the alveolar 

epithelium and the endothelium of septal blood vessels. As compared to AMs, less is known about 

the interstitial macrophage compartment. AMs and IMs are distinguished by the expression of 

surface markers, including CD11b, CD11c, and sialic acid-binding immunoglobulin-like lectin F 

(SIGLEC-F) (Misharin et al., 2013; Zaynagetdinov et al., 2013). The developmental origin of 

interstitial macrophages has begun to be unraveled in the past few years. Genetic fate mapping 

indicated that interstitial macrophage pool includes the initial contribution of yolk sac progenitors 
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(Gomez Perdiguero et al., 2015; Tan & Krasnow, 2016), which are largely replaced by the fetal 

liver-derived macrophages and then by hematopoietic stem cell-derived macrophages during the 

early postnatal period (Chakarov et al., 2019; Gomez Perdiguero et al., 2015). CCR2-dependent 

bone marrow-derived 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 kinetics. However, despite the clear evidence of progressive 

replenishment by monocytes, Ccr2-/- mice have normal numbers of interstitial macrophages, 

suggesting that Ccr2-/- mice cannot be used to determine the contribution of monocytes to tissue 

macrophage pools, at least in health.  

Recently, studies employing ScRNA sequencing technology revealed interesting findings 

on murine interstitial macrophage heterogeneity (Chakarov et al., 2019; Gibbings et al., 2017; 

Schyns et al., 2019). Many groups have shown that interstitial macrophage compartment contains 

at least two distinct subsets defined by CD206 (mannose receptors) (Chakarov et al., 2019; Schyns 

et al., 2019) or CD169 (Ural et al., 2020) expression. Interestingly, interstitial macrophages were 

reported to act as AM progenitors in situations such as injury or deletion (Libório-Ramos et al., 

2023) 

 

1.3.2. Alveolar 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 monocytes (Guilliams, 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 expand the AMs compartment with 

little to no contribution from the bone marrow derived macrophages (Guilliams, De Kleer, et al., 

2013; Hashimoto et al., 2013). Bronchoalveolar lavage retrieval technique confirms AMs are the 

sole immune cell population in the healthy mouse airspace (Svedberg et al., 2019). The vast 

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

them, do not distinguish between óalveolarô macrophages from the alveoli and óairwayô 

macrophages found in the larger airspaces. It is also not clear whether these macrophages are, in 

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

will be referred to as ñalveolar macrophagesò, or AMs.  
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Due to their highly specialized niche, AMs are the ñfirst-respondersò that are equipped with 

a plethora of cytosolic and membrane receptors, thus manifesting a hyper-responsive state to any 

incoming pathogens (Ley et al., 2016; Taylor et al., 2005). In 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 approaches (Malainou et 

al., 2023; Na et al., 2023) 

Recent ñomicsò approaches have extended our knowledge on AM heterogeneity and 

plasticity at homeostasis and under inflammatory conditions (Machiels et al., 2017a; Misharin et 

al., 2017; Mould et al., 2019; van de Laar et al., 2016; Y. Wu et al., 2023). Below, we will provide 

an overview of the development of AMs, the immunological roles of AMs, and AM heterogeneity 

and its contributing factors. Furthermore, we will address the roles of AMs at homeostasis and 

under acute and chronic O3-induced lung injury models, highlighting the relative contributions of 

ontogeny and microenvironment in shaping AM transcriptomic landscapes and functions, as well 

as current models in translational AM research. 

 

1.4. Key Factors contributing to the development of alveolar macrophages 

1.4.1. GM-CSF-PPAR-g axis 

Several studies have demonstrated the critical role of granulocyte-macrophage colony 

stimulating factor (GM-CSF), an epithelial-derived cytokine encoded by the gene Csf2, in the AM 

development (Guilliams, De Kleer, et al., 2013; Schneider et al., 2014). Deletion or mutation of 

Csf2, Csf2ra, or Csf2rb genes in mice and patients results in a lack of functional AMs (Guilliams, 

De Kleer, et al., 2013; Schneider et al., 2014; Suzuki et al., 2008). GM-CSF-deficient mice exhibit 

pathological alterations that resemble human pulmonary alveolar proteinosis (PAP), a rare disorder 

in which the excessive accumulation of surfactant lipids and proteins hinders the gas exchange. In 

this study, the AM function was restored after intranasal installation of exogenous GM-CSF 

(Guilliams, De Kleer, et al., 2013). This study also demonstrated the importance of GM-CSF in 

the early development of AMs by linking the sharp increase in GM-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 proliferator-activated receptor gamma (PPAR-g) regulates AM developmental 

processes as a master transcription factor. GM-CSF increases the expression and functional 
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activity of PPAR-g (Schneider et al., 2014). The AMs of PPAR-g-deficient mice are relatively low 

in number and exhibit multiple abnormalities; this phenotype is also observed in GM-CSF-

deficient and GM-CSFR-deficient mice (Schneider et al., 2014; Y. D. Woo et al., 2021). 

Collectively, these findings indicate that the GM-CSF- PPAR-g axis plays a critical role in the 

development of AMs.  

1.4.2. TGF-b 

In addition to GM-CSF, transforming growth factor (TGF-b) plays a critical role in AM 

development (Yu et al, 2017). Monocytes from fetal liver continuously produce TGF-b to drive 

the differentiation of AMs via autocrine and paracrine processes. Selective deletion of TGF-b 

receptor in AMs from adult mice dysregulates AM homeostasis and reduces PPAR-g expression; 

suggesting that AMs are required to continuously produce TGF-b to maintain homeostasis, which 

might be associated with PPAR-g. However, the exact mechanisms of how TGF-b regulates 

PPAR-g and the development of AMs remains unclear. 

1.4.3. EGR2 

The transcription factor EGR2, associated with the effective clearance of bacteria from the 

respiratory tract and tissue repair, and is triggered by TGF-b and GM-CSF through a PPAR-g -

dependent pathway, indicating that it functions downstream of other critical signals, i.e., GM-CSF, 

TGF-b, PPAR-g in regulating AM functional program (McCowan et al., 2021). 

1.4.4. PU.1 

Transcription factor PU.1 activated by GM-CSF is responsible for the innate immune 

response and surfactant metabolism functions of AMs (Shibata et al., 2001; Staitieh et al., 2015). 

PU.1 levels were significantly reduced in AMs from GM-CSF-/- mice, which were restored after 

the selective expression of GM-CSF in the lungs of SPC-GM/GM-CSF-/- transgenic mice (Shibata 

et al., 2001). 

1.4.5. BACH1 

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 oxygenase-1 (HO-1), an antioxidant protein, and has been associated 

with the decreased expression of antioxidant proteins in emphysema (L. Li et al., 2021). BACH1 
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has also been shown to repress inflammatory response genes in AMs, suggesting their roles in 

maintaining lung homeostasis (Ebina-Shibuya et al., 2016). These findings indicate that the levels 

of BACH1 are critical in the functions of AMs.  

1.4.6. HDAC3 

The role of Histone deacetylase 3 (HDAC3) in AM development and homeostasis has been 

revealed by epigenetic analysis. A deficiency of HDAC3 during early embryonic development 

adversely affects the development of AMs (Yao et al., 2020). Meanwhile, loss of HDAC3 

postnatally affects the maturation of AMs (Yao et al., 2020). Single cell RNA sequencing showed 

that loss of HDAC3 causes mitochondrial oxidative dysfunction via the disruption of HDAC3-

PPAR-g axis (Yao et al., 2020). 

 

1.5. Origins of Alveolar macrophages 

1.5.1. Fetal liver-derived alveolar macrophages 

Recent studies using genetically modified transgenic mouse models and fate-mapping 

approaches demonstrated that AMs originate from fetal liver macrophages during the second wave 

of embryonic hematopoiesis. The second wave, termed definitive hematopoiesis, occurs 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 granulocyte-macrophage colony-

stimulating factors (GM-CSF) and dominate the AM pool (Guilliams, De Kleer, et al., 2013; Tan 

& Krasnow, 2016).   

1.5.2. Bone marrow-derived alveolar macrophages 

Fetal liver-derived resident AMs are self-renewed under homeostatic conditions. However, 

under inflammatory conditions or aging process, bone marrow-derived monocytes are recruited to 

the lung, where they differentiate into AMs and assume their roles. Recent advancements revealed 

the gradual replacement of fetal liver derived AMs with bone marrow-derived AMs that bear 

distinct transcriptomic signatures in response to infection and aging 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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1.6. Dynamic regulation of the alveolar macrophage pool across age and diseased states 

1.6.1. Age-related processes 

While it is known that the AMs are self-renewing throughout life and typically do not need 

replenishment from the circulating monocytes under homeostatic conditions, the possibility that 

monocyte-derived cells contribute to the AM pool in response to various intrinsic and extrinsic 

factors cannot be excluded. Age-related 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 mice (Z. Li et al., 2017). Other age-related 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 proliferation (C. K. Wong et al., 2017). On the other hand, a longitudinal 

analysis of Flt3cre-Rosa26LSL-YFP reporter mice showed an increase in labeled AMs over-time, 

indicating an age-dependent contribution of hematopoietic stem cell-derived monocytes to the lung 

macrophage population (Gomez Perdiguero et al., 2015). Consistently, the idea that AMs require 

replenishment from bone marrow-derived monocytes over the life span was supported by a 

longitudinal study using Ms4a3cre mice, which allowed tracing of all cells derived from the bone 

marrow granulocyte-monocyte progenitors (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 marrow-derived AMs to maintain the sufficient number of AMs in the lung during the 

aging process.  

 

1.6.2. Inflammation/injury 

The pulmonary macrophage pool is altered in diseased or injured lungs, with changes 

varying according to the nature of the insult. Acute inflammation or severe infection often leads 

to loss of tissue resident macrophages, a phenomenon described as the ñmacrophage disappearance 

reactionò (Aegerter et al., 2022). Inflammation induced by instillation of LPS in mice leads to a 

transient loss of AMs and expansion of interstitial macrophages in the tissue (P. K. Moore et al., 

2023). Upon loss of tissue resident AMs, the alveolar niches replenish either through local 

proliferation or recruitment of bone marrow-derived AMs. For instance, AM repopulation during 
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inflammation resolution appears to rely exclusively on local proliferation (Z. Liu 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 resident AMs with monocyte-derived 

cells (Aegerter et al., 2020; Machiels et al., 2017a; Misharin et al., 2017). Similarly, in humans, 

monocyte-derived cells replace and dominate the AM compartment in individuals with severe 

Sars-CoV-2 infection (M. Liao et al., 2020). 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 inflammation. Current literature suggests that these newly recruited 

macrophages exhibit transcriptional differences from their tissue resident counterparts (Aegerter 

et al., 2020; Machiels et al., 2017a; Misharin et al., 2017). For example, tissue resident AMs exhibit 

high expression of genes involved in cell cycle and DNA replication, while bone marrow-derived 

AMs display a more pro-inflammatory transcriptional profile (Aegerter et al., 2020; Misharin et 

al., 2017; Mould et al., 2017). While secretion of proinflammatory molecules such as TNF-a and 

IL -6 upon infection (Mould et al., 2017) is beneficial to clear pathogens, prolonged inflammatory 

response can drive tissue damage, including epithelial injury, degradation of lung tissue, loss of 

lung function, and worsened disease outcomes (Misharin et al., 2017). 

 

1.7. Immunological functions of alveolar macrophages 

1.7.1. In homeostasis 

1.7.1.1. Efferocytosis 

Due to their specific location in the alveolar spaces, AMs are continuously exposed to a 

plethora of biotic and abiotic entities from the environment, even under homeostatic conditions. 

As a result, AMs exhibit anti-inflammatory activities in response to innocuous inhalants by means 

of efferocytosis (Ortega G·mez et al., 2013). Previous in vitro and in vivo studies have 

demonstrated that by clearing dead and dying cells, AMs prevent them from inducing pro-

inflammatory and immunological responses in the airspaces (Grabiec & Hussell, 2016; K. K. Kim 

et al., 2018; Krysko et al., 2006; Mohning et al., 2018). Moreover, efferocytosis promotes AMs to 

secrete anti-inflammatory factors, including TGF-b, prostaglandin E2 (PGE2), and platelet-

activating factor (PAF), which further suppresses inflammatory responses (Fadok et al., 1998; 

Huynh et al., 2005).  
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1.7.1.2. Interaction 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 insults without causing too much 

damage to the lung. AMs 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 epithelium (Jiang Shieh et al., 2010; Snelgrove et al., 2008). 

CD200-CD200R axis negatively regulates AM activity (Mayer et al., 2008). Mice lacking CD200 

has higher macrophage activity and were more vulnerable to influenza infection, which delayed 

resolution of inflammation and enhanced mortality (Snelgrove et al., 2008). AMs release growth 

factor TGF-b aiming at the epithelium to regulate the fluid transport and induce epithelial cell 

proliferation (Peters et al., 2014). 

Induced soluble factors and cell-to-cell contact of bronchial epithelial cells and AMs 

reduces the AM inflammatory responses in an in vitro co-culture model (Mayer et al., 2008). 

Alveolar epithelial type 2 cells (AEC2) produce interleukin 10 (IL-10) and TGF-b-activating 

integrin avb6 to promote anti-inflammatory activity in AMs (Mayer et al., 2008). Moreover, 

CD200-CD200R axis between AEC2 and AMs suppresses the c-Jun N-terminal kinases (JNK), 

P38 mitogen-activated protein kinases (P38), and extracellular signal-regulated kinases (ERK) 

signaling pathways in AMs, which in turn suppresses the expression of pro-inflammatory 

cytokines (Koning et al., 2010). In addition, several mannose receptor ligands expressed on AEC2 

bind to AM mannose receptor, which blocks the recognition of toll-like receptor 4 (TLR-4) ligands 

(Steele et al., 2003; J. Zhang et al., 2005).  

 

1.7.1.3. Interaction with T lymphocytes 

The tolerogenic programing of AMs is very critical as it prevents aberrant immune 

responses (Mayer et al., 2008; Snelgrove et al., 2008; X. Yu et al., 2017). AMs promote the 

generation of regulatory T cells (Tregs) by producing TGF-b and retinal dehydrogenases 1 & 2 

(RALDH1 and RALDG2) (Bazewicz et al., 2019). On the other hand, Tregs promote the 

differentiation of monocytes into AM-like macrophages in laryngeal squamous cell carcinoma, 

suggesting that there is a positive feedback loop between Tregs and AMs generation (Sun et al., 
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2017). AMs suppress the antigen presentation-induced activation of resident T lymphocytes by 

dendritic cells (Blumenthal et al., 2001; Chelen et al., 1995; Coleman, 2007).   

 

1.7.1.4. Surfactant metabolism 

Pulmonary surfactant (SP) is a mixture of proteins and lipids produced by alveolar type II 

cells, including SP-A, SP-B, SP-C and SP-D (Weaver & Whitsett, 1991; Wright, 1990). While SP-

B and SP-C are critical in surface functions and metabolism, SP-A and SP-D are critical in 

modulating innate host defense of the lung against diverse pulmonary pathogens (Weaver & 

Whitsett, 1991). Specifically, SP-A binds to lipopolysaccharides (LPS) and various microbial 

pathogens, aiding alveolar macrophages in clearing them from the lung (Pison et al., 1992; 

Wintergerst et al., 1989; Wright & Youmans, 1993). SP-D is important in suppressing 

inflammation and in host defense against viral, fungal, and bacterial pathogens (Crouch, 2000). At 

homeostasis, SP-A and SP-D bind to the signal-regulatory protein a (SIRPa) expressed on the 

surface of AMs and thus suppressing their phagocytic capacity (Janssen et al., 2008). 

Approximately half of the pulmonary surfactant pool is catabolized by alveolar macrophages 

through the GM-CSF-dependent pathway to maintain the precise levels of surfactant throughout 

life (Trapnell & Whitsett, 2002). 

 

1.7.2. Under Inflammatory conditions 

Tissue homeostasis is dependent on properly functioning macrophages as dysfunctional 

macrophages contribute to, or even cause, disease onset or progression (Britt et al., 2023; Misharin 

et al., 2017; Siouti & Andreakos, 2019)  The 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 modulate 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., 2016). In inflammatory 

conditions, AMs can switch to perform various pro-inflammatory functions (M. Duan et al., 2017; 

L. Huang et al., 2018; Soni et al., 2016). The destruction of airway epithelia and the associated 

loss of immunosuppressive ligands induces the switching of immunosuppressive AMs to their pro-
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inflammatory states (Bissonnette et al., 2020; Fujii et al., 2002; Kaur et al., 2015; Moon et al., 

2015). 

 

1.7.2.1. Response 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 immunity. AMs regulate tissue homeostasis by maintaining the perfect 

balance between a well-orchestrated inflammatory response and immunotolerance (M. Duan 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 of AMs makes them highly versatile in responding to inhaled insults using 

various pathogen-specific mechanisms, while preventing excessive inflammatory response and 

tissue damage (Neupane et al., 2020). 

 

1.7.2.2. Phagocytosis 

After shifting to pro-inflammatory state, AMs exhibit greater phagocytic activity (Hodge 

et al., 2019; Nagre et al., 2019). The phagocytic process 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 the Fc-gamma (Fcg) receptors, which 

triggers the formation of pseudopodia extended from the membrane to surround and engulf the 

bacteria (Allen & Aderem, 1996). The receptors that have been identified to participate in the 

opsonin-dependent phagocytosis include GcyRI (CD64), FcyRIIa (CD32), FcyRIIIa (CD16), 

FcaR1 (CD89), FceR1, CR1 (CD35), CR2 (CD21), CR3 (CD11b/CD18 complex), CD4 

(CD11c/CD18 complex), C5a (CD88), and surfactant protein A (SPA) (Rosales & Uribe-Querol, 

2017). On the other hand, abiotic entities such as environmental toxicants and pollutants are 

scavenged through scavenger receptors (Palecanda & Kobzik, 2001). 

 

1.7.2.3. Apoptosis 

While AMs are the key effectors of antibacterial host defense via phagolysosomal killing, 

when bacterial load exceeds their clearance capacity, AMs undergo apoptosis to prevent bacterial 

dissemination (Aberdein et al., 2013). For instance, Dockrell et al., reported that prolonged 
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intracellular killing of pneumococci is associated with macrophage apoptosis in human 

macrophages and in murine models (Dockrell et al., 2001, 2003).  Specifically, the protein Myeloid 

cell leukemia 1 (Mcl-1), an anti-apoptotic member of the Bcl-2 family, was reported as a key 

regulator of macrophage apoptosis during bacterial killing, as it was upregulated in AMs from 

COPD and HIV-patients, where it was associated with reduced AM apoptosis and bacterial killing 

ex vivo (Bewley et al., 2017; Collini et al., 2018). 

 

1.7.2.4. Cytokine/chemokine production 

Upon infection, AMs increase secretion of oxygen metabolites and pro-inflammatory 

cytokines such as IL-1, IL-6, and tumor necrosis factor alpha (TNF-a), chemokines, lysozyme, 

antimicrobial peptides, and proteases to counter the pathogenic invasion and restore homeostasis. 

(Bissonnette et al., 2020). Alternatively, AMs orchestrate immune response against pathogens by 

secreting proinflammatory cytokines/chemokines, such as interleukin-6 (IL-6), IL-8, and 

interferon (IFN) signaling to recruit other leukocytes (Didierlaurent et al., 2008; Schabbauer et al., 

2010). For example, AMs activate the interleukin-1b (IL-1b) pathway to recruit circulating 

monocytes during Legionella pneumophila infection (X. Liu et al., 2020), or releasing IFN-I to 

recruit neutrophils and bone marrow-derived macrophages upon Francisella tularensis infection 

(Furuya et al., 2014).  

 

1.7.2.5. Trained immunity 

Previous research has shown that AMs display trained immunity in response to repeated 

exposures or subsequent infections (Aegerter et al., 2020; Chakraborty et al., 2023; Machiels et 

al., 2017a). For instance, murid herpesvirus-4 (MuHV-4) leads to the replacement of resident AMs 

with monocyte-derived AMs, which can inhibit the dendritic cells from triggering the subsequent 

house dust mite-specific response by T helper 2 (TH2) cells (Machiels et al., 2017b). Another 

study suggests that specific monocyte-derived AMs recruited after influenza infection secrete 

increased amounts of IL-6, thus improving the host defense against subsequent Streptococcus 

pneumoniae (Aegerter et al., 2020). Additionally, these monocyte-derived AMs displayed unique 

functional, transcriptional, and epigenetic characteristics as compared with the resident AMs. 

(Aegerter et al., 2020). Finally, monocyte-derived AMs from mice pre-exposed to bacterial 
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endotoxin or Pseudomonas aeruginosa were shown to become more resistant towards cell death 

and display enhanced capacity for efferocytosis via MERTK (Chakraborty et al., 2023). These 

findings highlight the trained immunological capacity of monocyte-derived AMs in pathogenic 

infections. However, whether these functions were developed from the dysregulated 

microenvironment or were innate to the bone marrow origins remained unclear.  

 

1.7.2.6. Tissue repair 

Macrophages are tasked 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, AMs ensure the 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 

putrescine, which enhances the continuous process of efferocytosis (Yurdagul et al., 2020). 

Secondly, tissue repair process is triggered by the activation of prostaglandin-endoperoxide 

synthase 2/cyclooxygenase 2 (Ptgs2/COX2), leading to PGE2 production and the stimulation of 

TGF-b1. However, the induction of Ptgs2 depends on the phosphorylation of ERK1/2 by the 

phosphatase Dusp4. Finally, it has been noticed that methionine from apoptotic cells suppresses 

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 immunomodulatory cytokines such 

as IL-10, CCL22, TNF-a, and growth factors, including VEGF, TGF-b, trefoil factor 2, and PDGF 

(Cakarova et al., 2009; Malainou et al., 2023). Of 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, IL-4 and IL-13, along with apoptotic cells are needed to induce the 

transcription of anti-inflammatory and tissue repair genes within AMs (Bosurgi et al., 2017). On 

the other hand, AM-induced placenta-expressed transcript 1 (Plet1) is important in promoting 

alveolar epithelial cell growth and epithelial barrier repair in viral infection (Pervizaj-Oruqaj et al., 

2024). 

Taken together, AMs can exhibit both pro-inflammatory and anti-inflammatory functions, 

depending on the nature of the alveolar microenvironment. While homeostatic microenvironment 
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promotes anti-inflammatory functions, inflammatory alveolar microenvironment induces AMs to 

perform pro-inflammatory functions.  

 

1.8. Alveolar macrophage heterogeneity  

Organ-specific functions and challenges customize functional specialization of 

macrophages, resulting in highly diverse phenotypes of tissue-resident macrophage populations 

(Davies et al., 2013; Lavin et al., 2014; Mulder et al., 2021). Tissue macrophage diversity has led 

researchers to question the factors that might promote their maintenance. Several studies have 

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 

environment (Aegerter et al., 2020; Machiels et al., 2017a; Misharin et al., 2017; van de Laar et 

al., 2016). 

 

1.9. Factors that contribute to heterogeneity 

1.9.1. Ontogeny 

Recent single cell RNA sequencing studies have revealed 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 GM-CSF integrate better into empty alveolar lung 

niche, and perform improved host defense against viral respiratory infections as compared to those 

from bone marrow origins (F. Li et al., 2022). Additionally, a study by Misharin et al., reported 

that in contrast to fetal liver-derived AMs, the bone marrow-derived AMs express higher levels of 

pro-inflammatory and profibrotic genes during fibrotic phase in bleomycin-induced pulmonary 

fibrosis model (Misharin et al., 2017). Finally, another study by Aegeter et al., reported that in 

contrast to fetal liver-derived AMs, influenza-induced bone marrow-derived 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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1.9.2. Microenvironment 

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 different functions (Lavin et al., 

2014; Roquilly et al., 2020; van de Laar et al., 2016). Macrophages undergo activation within the 

lungs in accordance with environmental cues. In this 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 influence macrophage activation, recruitment, and 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; 

McCowan et al., 2021; Okabe & Medzhitov, 2014; TôJonck et al., 2018). Specifically, a study by 

van de Laar et al., reported that all precursors from yolk sac, fetal liver, and bone marrow origins 

were able to occupy the empty AM niche and differentiated into AMs with comparable 

transcriptomic profiles (van de Laar et al., 2016), suggesting the critical role of the tissue niche in 

modulating the transcriptomes of AMs. Therefore, understanding AM functional heterogeneity 

and plasticity shaped by both ontogeny and the lung microenvironment is important to develop 

future macrophage-based therapies for important human lung diseases. 

 

1.10. Therapeutic potential of alveolar macrophages 

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 the therapeutic potential of alveolar macrophages has been explored:  

 

1.10.1. Pulmonary fibrosis 

Increased monocyte counts are linked to increased risk of idiopathic pulmonary fibrosis 

(IPF) progression, hospitalization, and mortality (Karampitsakos et al., 2021, 2023; M. K. D. Scott 

et al., 2019). Consistently, murine pulmonary fibrosis (PF) studies have demonstrated that the 

deletion or inhibition of monocyte-derived AMs recruitment markedly attenuated the severity of 

fibrosis (Gibbons et al., 2011; Misharin et al., 2017; Satoh et al., 2017). Profibrotic monocyte-

derived AMs in IPF patients were reported to express high SPP1 (Adams et al., 2020; Morse et al., 
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2019) and CX3CR1 (Aran et al., 2019). Due to the correlation between monocytes and IPF 

mortality and poor disease outcomes, novel strategies targeting monocyte-specific genes has been 

proposed to improve the survival of patients with IPF and other forms of PF (Karampitsakos et al., 

2023; M. K. D. Scott et al., 2019; Unterman et al., 2024). Moreover, previous studies have shown 

that targeting proteins, i.e., cellular FLICE-inhibitory protein (c-FLIP), CSF1R, and SYK 

expressed in macrophages ameliorates PF in murine models (Q. 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 miR-33 via anti-miR-33 peptide 

nucleic acids (PNA-33) improves mitochondrial homeostasis and increases autophagy while 

decreasing inflammatory response, thus attenuating fibrosis in vivo and ex vivo in mice and 

humans (Ahangari et al., 2023). A recent study demonstrated that nanoparticles can efficiently 

deliver small-interfering RNA against TGF-b1, targeting the pro-fibrotic monocyte-derived AMs, 

thus resulting in decreased lung fibrosis (Singh et al., 2022). Moreover, folate-targeted TLR7 

agonist (FA-TLR7-54) accumulated in pro-fibrotic macrophages can reprogram them into fibrosis-

suppressing macrophages, thus halting the pro-fibrotic cytokine production in murine PF (F. Zhang 

et al., 2020). With regard to clinical trials, Galectin 3 inhibition, which might affect monocytesô 

profile has shown promising data, and further results from clinical trials are awaited (Hirani et al., 

2021; Humphries et al., 2022). 

Taken together, these studies showed that monocyte-derived AMs are mechanistically 

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

to determine the clinical capabilities of targeting AMs in PF. 

 

1.10.2. Viral infections 

The depletion of AMs is reported to have a detrimental effect on multiple viral infection 

models, including Newcastle disease virus (NDV) (Y. Kumagai et al., 2007), Influenza virus 

(Coleman, 2007; Ghoneim et al., 2013), and Middle east respiratory syndrome coronavirus 

(MERS-CoV) (Channappanavar et al., 2022). However, AMs can be a liability in selected models 

of viral infections. For instance, in SARS-CoV-2 infection, classical M1 AM activation promotes 

virus propagation, while alternative M2 limits the viral spread (J. Lv et al., 2021). Other studies 



   

22 

 

have revealed that AMs infected by SARS-CoV-2 virus contribute to chronic cytokine storm-

induced damage to the pulmonary tissues (Grant et al., 2021; C. Wang et al., 2020). Similarly, 

AMs infected by human Immunodeficiency virus (HIV-1) exhibit decreased expression of GM-

CSFRb (Joshi et al., 2008) and impair TLR-4-mediated TNF-a production, thereby reducing the 

hostôs ability to mount an effective immune response (Tachado et al., 2008, 2010). While TNF-a 

aids in host defense, autocrine TNF triggers RSV-induced AM necroptosis, hindering the removal 

of RSV from AMs and worsening lung damage. A previous study has reported that Tnfr1 KO mice 

displays significant reduction in the number of necrotic AMs in the lung, suggesting that targeting 

TNF-mediated necroptotic pathway in AMs is an effective therapeutic approach (Santos et al., 

2021). After rhinovirus and influenza A infection, AMs undergo tolerogenic training and display 

SIRP-a -mediated phagocytosis impairment (Roquilly et al., 2020). Inhibiting SIRP-a using 

antibodies improved the AMs ability to phagocytose pathogens in critically ill patients, rendering 

it a possible therapeutic target (Roquilly et al., 2020). 

Type I IFNs produced mainly by AMs are responsible for mediating pulmonary viral 

infections (Peiró et al., 2018), which are suppressed by TGF-b1, causing exacerbated 

mitochondrial dysfunction (Grunwell et al., 2018). Thus, disrupting TGF-b1 signaling could be 

considered a new treatment approach. Furthermore, previous studies underscore the role of PPAR-

g in regulating antiviral and inflammatory reactions. PPAR-g is decreased in AMs during influenza 

infection as a result of type I IFN-dependent signaling. In addition, PPAR-g deletion in myeloid 

cells leads to a heightened host morbidity and lung inflammation, reduced ability to control the 

inflammation, and inadequate tissue repair (S. Huang et al., 2019; H. Zhang et al., 2022). 

Toglitazone, a PPAR-g agonist, has been shown to reduce virus-induced secretion of 

proinflammatory cytokines, suggesting its potential as a therapeutic option (H. Zhang et al., 2022).  

 

1.11. Introduction to ozone 

Ozone (O3), a major gaseous component of the urban air pollution, is generated through 

photochemical reactions involving nitrogen oxides (NOx), volatile organic compounds (VOCs), 

and ultraviolet (UV) sunlight. Numerous studies have reported that O3 exposure-induces airway 

inflammation and bronchial hyperactivity in both humans and animal models (Bromberg, 2016; 

Triantaphyllopoulos et al., 2011). Over the years, epidemiological studies have consistently 
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demonstrated the detrimental effects of ambient O3 on respiratory health and mortality (Bell et al., 

2004, 2007; Gao et al., 2020; Halonen et al., 2008). Although O3 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 the worldôs population continues to be regularly exposed to unhealthy levels of O3 

(World Health Organization, 2021).  

 

1.12. Prevalence of ozone  

Stratospheric ozone (O3) makes up approximately 90% of Earthôs total O3, and is formed 

naturally through the interaction of solar ultraviolet (UV) radiation, electrical discharges, and heat, 

with molecular oxygen (O2) (Aucamp, 2007). This O3 layer absorbs a portion of the harmful 

ultraviolet radiation (UV-B), preventing it from reaching the planetôs surface (Riddle, 2018). In 

contrast, ground level (tropospheric) O3 is a secondary air pollutant and is formed by the 

photochemical reaction between nitrogen oxides (NOx), volatile organic compounds (VOCs), and 

sunlight (Finlayson-Pitts & Pitts Jr, 1999; Fowler et al., 2008; Möller, 2004). First identified in 

1950s in Los Angeles, tropospheric O3 has since been detected in major urban and industrial 

regions throughout the world (Vazquez Santiago et al., 2024).  

Ambient O3 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., 2018). Exposure 

to ambient O3 has been associated with increases in premature deaths and hospital admissions 

related to cardiovascular and respiratory diseases (Cakaj et al., 2023). Therefore, several countries, 

including the United States (US), China, Italy, and Japan, have established regulatory standards to 

limit ambient O3 concentrations (K. Li et al., 2019). The WHO updated its air quality guideline 

(AQG) in 2021 recommending that the maximum daily 8-hour average (MDA8) of ambient O3 

concentration should not exceed 100 mg/m3 (~50 ppb) for short-term exposure and 60 mg/m3 (~30 

ppb) as a 6-month long-term exposure (World Health Organization, 2021). In 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 O3, that are considered harmful to humans and the environment. The safe O3 levels were 

set at 80 ppb in 1997, then reduced to 75 ppb in 2008, and finally 70 ppb in 2015 (US EPA, 2016). 

Numerous studies have been conducted on the epidemiology of O3 (Bell et al., 2004, 2007; T. Li 
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et al., 2015; C. Yang et al., 2012). Alarmingly, multiple epidemiological studies have shown an  

increased risk of severe asthma and cardiopulmonary mortality at O3 levels of less than 70 ppb (De 

Souza et al., 2014; Silverman & Ito, 2010). Moreover, studies done in Chinese urban cities have 

reported that increases of 10 mg/m3 (~5 ppb) of O3 concentrations over the prior 2 days were 

associated with 0.81% increase in the mortality rates (Tao et al., 2012).  

From 1990 to 2020, the average O3 levels have increased significantly (Sicard, 2021), 

especially in industrialized countries, and often time exceed the ambient air quality standards 

(Kobayashi, 2015). We will next discuss the critical precursors for O3 formation and the recent 

emission trends of these precursors.  

 

1.13. Major ozone precursors 

1.13.1. NOx 

NOx, i.e., nitric oxide (NO) and nitrogen dioxide (NO2), can be emitted from either natural 

or anthropogenic sources. For instance, natural sources like lightning generates around 10% of the 

global NOx emission in the upper troposphere (Nault et al., 2017; Pusede et al., 2015). Soil 

microbes can also produce NOx during denitrification (Almaraz et al., 2018). However, the most 

significant NOx emission sources are fossil fuel combustion processes (Ferrero et al., 2016; 

Henschel et al., 2015), which are classified as stationary, i.e., fossil fuel-fired power plants, 

generators, petrochemical plants, industrial boilers, and mobile sources, i.e., on-road and off-road 

vehicles trains, watercraft, and aircraft (Dallmann & Harley, 2010; Dass et al., 2021; Nguyen et 

al., 2021; H.-H. Yang et al., 2021). 

As a result of adopting advanced technologies, i.e., three-way catalysts, fuel nozzle 

modification, exhaust gas recirculation, selective catalytic reduction, fuel quality improvement, 

and good management policies, i.e., phasing out of vehicles that fail to meet exhaust emission 

standards, developed countries has greatly reduced NOx emissions (Chang 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 have only increased in developing 

countries as they are still undergoing rapid economic expansion without strict regulations on air 

pollution (Kurokawa & Ohara, 2020). Regardless, developed countries still emit more NOx per 

capita than developing countries due to higher energy consumption (T. Huang et al., 2017). In 
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short, the global NOx emissions are not likely to be reduced in the near future; thus, the O3 levels 

will keep increasing and threaten human and ecosystems worldwide.  

Tropospheric O3 is formed during the atmospheric NOx cycle when the photolysis of NO2 

generates atomic oxygen atoms, which react with oxygen to form O3. Further, oxidants in ambient 

air, i.e., peroxyl radicals, efficiently oxidize NO to generate NO2, which is utilized to generate 

more O3 in a positive feedback loop (Monks et al., 2015; T. Wang et al., 2017).  

 

1.13.2. Volatile organic compounds 

Volatile organic compounds (VOCs), the crucial precursors for the sustained formation of 

O3 (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 management (K. Li et al., 2019). In particular, nine reactive 

species, i.e., isoprene, cis-2-butene, trans-2-butene, propylene, ethylene, 1-butene, m/p-xylene, 

cis-2-pentene, and styrene, were identified as important precursors that showed significant 

correlation with O3 formation (Z. Wang et al., 2022). VOCs are directly emitted by anthropogenic 

(AVOCs) and biogenic/natural (NVOCs) sources (Atkinson & Arey, 2003; Benedict et al., 2020; 

Guenther et al., 1995; Mohd Hanif et al., 2021; T. Wang et al., 2017). Six sources of VOCs have 

been identified, (NVOCs), i.e., biogenic emissions (BE, 43%), and (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 policies related to VOCs have been implemented in many 

regions (J. Li et al., 2016; M. Yu et al., 2019). However, while there was reduction of VOCs 

emissions from anthropogenic sources, O3 concentrations has remained high (K. Li et al., 2019). 

For instance, despite the significant reduction in global emissions of AVOCs during the COVID-

19 lockdown, the levels of ambient O3 were not reduced (Gualtieri et al., 2020; Kerimray et al., 

2020; Z. Lv et al., 2020; Parker et al., 2020). It was suggested that the high emissions and reactivity 

of NVOCs played a compensatory role in this scenario (Guenther et al., 1995; Sindelarova et al., 

2014). Of note, the formation and emission of NVOCs are affected by climate change (W. H. Chen 

et al., 2018; Saunier et al., 2020). Specifically, elevated temperature and light are associated with 

the increase in NVOCs, i.e., isoprene emission (Pusede et al., 2015; Romer et al., 2018; Tang et 

al., 2016). 
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1.13.3. Temperature 

Temperature directly impacts O3 formation by enhancing O3 formation rates and the 

emission rates of O3 precursors such as soil NOx, biogenic VOCs, and evaporative VOCs from 

anthropogenic sources (Pusede et al., 2015; Romer et al., 2018; Tang et al., 2016). High 

temperature is usually associated with air stagnation, sunshine duration, high solar irradiation, and 

low relative humidity that further enhances ground-level O3 formation (Kazem et al., 2020; 

Mujabar & Chintaginjala Venkateswara, 2021; A. K. Shrestha et al., 2019). Hence, the 

photochemical O3 production occurs during the day peaking at noon, then decreases gradually with 

decreasing solar irradiation (Akimoto & Tanimoto, 2022). 

A study by Santiago et al., monitored O3 precursors, temperature, and ground-level O3 

concentrations across 41 megacities worldwide between 2005-2019. The findings revealed that, as 

climate change progresses, ambient O3 concentrations are likely to continue increasing, posing an 

ongoing threat to urban air quality and public health (Vazquez Santiago et al., 2024).  

 

1.14. Epidemiological evidence of ozoneôs impact on human health 

O3 is a noxious pollutant that primarily targets the lung (Mudway, 2000). Since the mid-

1980s, O3 exposure has been demonstrated to induce airway inflammation and reduce lung 

function (Bromberg, 2016; Mustafa, 1990). Moreover, O3 exposure has a heightened impact on 

the elderly and patients with ongoing chronic obstructive pulmonary diseases (COPD) (Simoni et 

al., 2015; T. W. Wong, 2006).  

A study has shown that healthy control subjects exposed to O3 exhibit decreased lung 

function, increased lung neutrophilia, and increased levels of pro-inflammatory cytokines (Yan et 

al., 2016). Another study showed that acute O3 exposure enhanced plasma CC16 levels and sputum 

neutrophils, monocytes, and macrophages with a significant upregulation of innate immune 

(mCD14, CD11b, CD16) and antigen presenting (CD86, HLA-DR) markers (Lay et al., 2007). 

Gene array analyses of bronchoalveolar lavage (BAL) cells following O3 exposure highlighted that 

inflammatory pathways associated with chemokine/cytokine secretion, cell adhesion and 

migration, and cell growth and tumorigenesis were 1.7-3.8-fold upregulated compared to healthy 

subjects (Leroy et al., 2015). In addition, time-series analyses across 17 States in the USA revealed 

a significant increase in the emergency room visits associated with every 20 ppb rise in O3 levels 
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(Strosnider et al., 2019). Moreover, it is concerning that O3 concentration 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 adults (C. S. Kim et al., 2011a).  

The risk is particularly increased in susceptible populations particularly children, pregnant 

women, and individuals with existing cardiopulmonary conditions (Gong et al., 1997; Simoni et 

al., 2015; T. W. Wong, 2006). Evidently, an early observational study done in 38 asthmatic patients 

and 13 healthy control subjects in metropolitan Atlanta showed that O3 exposure 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) levels (Khatri 

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 O3 

exposure and emergency room visits in asthmatic patients (Mendy et al., 2019). Finally, a study 

conducted in Hubei province of China demonstrated an increase in asthma mortality as asthmatic 

patients were acutely exposed to increasing levels of O3 (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 affected by O3 exposure. 

For instance, increases of 1 ppb in annual average O3 levels were associated with increases in 

annual hospital admission rates for ARDS of 0.15% (Reilly et al., 2019). Additionally, correlation 

between the increasing O3 levels and acute exacerbation and hospital admission were observed in 

a French IPF cohort (COhorte Fibrose, COFI) (Sesé et al., 2018).  

 

1.15. Mechanisms underlying ozone-mediated damage to the respiratory epithelium 

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 entities. O3, due to its 

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 oxidative stress, inflammation, and 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., 1995). For instance, O3 interacts with unsaturated fatty acids to form 

aldehydes, i.e., hexanal, nonanal, heptanal, and reactive species, i.e., carbonyl oxide (Frampton et 

al., 1999a, 1999a; Pryor et al., 1996). Furthermore, carbonyl oxide combines with aldehydes to 
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form ozonide or with water to form hydroxy hydroperoxide (Santrock et al., 1992). Additionally, 

O3 causes protein misfolding, thus altering their biological functions. For instance, O3 was 

suggested to indirectly contribute to the neutrophil elastase-induced emphysema as O3 reduced the 

activity of enzyme a1-proteinase, an endogenous inhibitor of neutrophil elastase (Johnson, 1980, 

1987; Nadziejko et al., 1995). It 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 respond to O3 and ozonation products 

(Patial & Saini, 2020). In addition, acute and chronic O3 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 O3. 

 

1.16. Impact of ozone exposure on alveolar macrophage function 

Previous studies in rats indicate that O3 has a negative impact on macrophage functions, 

including reduced motility (McAllen et al., 1981) and reduced bacterial clearance (Goldstein et al., 

1974), which could be the result of reduced lysozyme contents (Sherwood et al., 1986) and reduced 

production of superoxide radicals (Amoruso et al., 1981). Several mouse-based studies have also 

indicated O3 -exposed AMs reduced ability to phagocytose bacteria, including Klebsiella 

pneumonia (Mikerov, Gan, et al., 2008; Mikerov, Haque, et al., 2008), Streptococcus 

zooepidemicus (Gilmour et al., 1993), and environmental insults such as carbon black (Jakab & 

Hemenway, 1994a). A possible explanation for the reduced phagocytotic ability of O3-exposed 

AMs is that O3 impairs the structure and function of SPA, an opsonin that is important for the 

phagocytosis function of AMs (Benne et al., 1997; Schagat et al., 2001; Stringer & Kobzik, 1996; 

Tenner, 1998; Schagat et al., 2001), thus compromising the phagocytosis process (Oosting et al., 

1991; Su & Gordon, 1996). However, the contribution of other opsonins and receptors to the 

phagocytosis process remain incompletely understood. 

In addition to the reduced phagocytotic ability, acute O3-exposed AMs (0.8 ppm for 3 

hours) exhibit reduced production of superoxide anions, substrates required for the production of 

bactericidal hydrogen peroxide (H2O2) (Ryer-Powder et al., 1988). The decreased production of 

superoxide, nitric oxide (NO) and their products, and peroxynitrite (ONOO-), may contribute to 

impaired bacterial clearance in O3-exposed AMs. Although these reactive oxygen and nitrogen 
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species play a critical role in anti-bacterial defense, they have also been implicated in tissue injury 

(Bedard & Krause, 2007). However, the role of these superoxides in O3 -exposed lungs has been 

controversial (Kenyon et al., 2002; Laskin et al., 2001). Acute exposure to O3 (0.8 ppm. 3 h) caused 

higher expression of oxide synthase (iNOS/NOS2) and elevated production of NO and ONOO- in 

AMs, resulting in increased epithelial injury (Laskin et al., 2001), confirming the detrimental roles 

of superoxides in tissue injury. However, chronic exposure to O3 (1 ppm, 8 hour, 3 nights) resulted 

in more epithelial injury in iNOS-deficient mice as compared with wild type (WT) mice (Kenyon 

et al., 2002), indicating that the ablation of superoxides worsens O3 -induced lung injury. These 

controversial results might be explained by the different O3 exposure 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 further investigation. 

AMs were reported to be classically activated upon exposure to O3, most likely by 

responding to the products released from the injured epithelial cells and subsequently produce 

proinflammatory mediators and reactive oxygen species, including TNFa and 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., 1995). However, some studies have also 

shown that AMs are alternatively activated and produce anti-inflammatory mediators, such as IL-

10 to promote inflammation resolution, tissue repair (Backus et al., 2010; Reinhart et al., 1999), 

and efferocytosis of dead or dying cells (Dahl 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 of AMs in 

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 biological functions of AMs remains incompletely 

understood. Through transcriptome profiling, we aimed to analyze gene expression patterns and 

associated enrichment of biological pathways that are unique to AM ontogeny. RNA-Seq was 

performed on AMs from age-matched C57BL/6J controls, bone marrow (BM) chimera, and fetal 

liver (FL) chimera. Comparative analysis of AM transcriptomes from C57BL/6J controls, BM 

chimera, and FL chimera identified common and unique differentially-expressed genes (DEGs) 

between BM chimera and FL chimera. Pathway enrichment analysis revealed that common DEGs 

between BM chimera and FL chimera were associated with host defense pathways, i.e., cell-cell 

signaling, leukocyte trafficking, macrophage activation, and adaptive immunity. Interestingly, 

bone marrow-specific gene signatures were associated with metabolic-related pathways, while 

fetal liver-specific gene signatures were associated with cell death-related pathways. Finally, 

common DEGs between FL chimera and C57BL/6J controls were associated with homeostatic 

functions, i.e., cell cycle, cell morphogenesis, endocytosis, apoptosis, and lipid metabolism. Taken 

together, these findings revealed the distinct transcriptome and biological functions of AMs 

derived from different origins, highlighting the critical roles of ontogeny in shaping AM 

transcriptomic landscape and associated functions. 
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2.1. Introduction  

Alveolar macrophages (AMs) reside in the alveolar spaces of the lung and play diverse 

roles in tissue homeostasis, response to infection and lung injury, and tissue repair (Lambrecht, 

2006). AMs are the most abundant innate immune cells in healthy lung airspaces, where they play 

critical roles in surfactant homeostasis and immune surveillance (Bain & MacDonald, 2022; 

Guilliams et al., 2013; Hashimoto et al., 2013; Hou et al., 2021; Scott & Guilliams, 2018). During 

active infection or lung injury, AMs initiate immunomodulatory responses through polarization, 

antigen presentation, and cytokine production to control the inflammation (Herold et al., 2011; X. 

Liu et al., 2020; Westphalen et al., 2014). Additionally, AMs contribute to the resolution of 

inflammation through efferocytosis of apoptotic cells and the release of anti-inflammatory 

mediators to facilitate tissue repair (Morris et al., 2003; Peters et al., 2014) . These critical features 

make AMs as promising targets for therapeutic intervention (Anderson et al., 2021; Lim et al., 

2021; C. Liu et al., 2022; Malainou et al., 2023).  

Contrary to the long-held view that AMs are derived from and continuously replenished 

by bone marrow-derived circulating monocytes (van Furth and Cohn, 1968), recent studies have 

revealed that AMs come from the fetal liver-derived monocytes that populate the lung during early 

embryogenesis (Guilliams et al., 2013). Fetal liver-derived AMs are long-lived and self-renewed 

in homeostatic conditions with little contribution from the circulating monocytes (Hashimoto et 

al., 2013; Yona et al., 2013). However, upon aging, fetal liver-derived AMs are gradually replaced 

by bone marrow-derived AMs (Z. Liu et al., 2019; McQuattie-Pimentel et al., 2021; Schneider et 

al., 2021). Additionally, exposure to pathogens, pollutants, and toxic chemicals induces a rapid 

recruitment and differentiation of bone marrow-derived AMs (Aegerter et al., 2020; Machiels et 

al., 2017; Misharin et al., 2017), which contributes to the heterogeneity of the AM pool. 

Furthermore, studies using various lung inflammation models have shown that the transcriptomic 

and functional differences between bone marrow-derived AMs and fetal liver-derived AMs are 

governed by their ontogeny (Aegerter et al., 2020; Machiels et al., 2017a, 2017b; Misharin et al., 

2017; Mould et al., 2017) and microenvironment (Lavin et al., 2014; Subramanian et al., 2022; 

Svedberg et al., 2019; van de Laar et al., 2016). While recent ñomicsò approaches have revealed 

significant AM heterogeneity (Gibbings et al., 2015; Mould et al., 2019; Woods et al., 2020), the 

extent to which key determinants such as ontogeny and microenvironmental signals, shape AM 
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functions during homeostasis and influence their functional plasticity during active inflammation 

remains incompletely understood. 

In this study, we aimed to 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 homeostasis could 

be identified by comparing the transcriptomic signatures of AMs of fetal liver and bone marrow 

origins in chimeric mice. To test our hypothesis, we generated bone marrow (BM) and fetal liver 

(FL) chimeras by intravenously injecting lethally-irradiated C57BL/6J mice with bone marrow or 

fetal liver precursors from ROSAmT/mG 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 analyses on AMs from age-matched 16-week-old C57BL/6J control, BM chimera, and 

FL chimera. 

 

2.2. Materials and Methods 

Transgenic mice and animal husbandry 

Eight-week-old C57BL/6J male mice were procured from the Jackson Laboratory (Bar 

Harbor, ME). Mice were maintained in individually ventilated, hot-washed cages on a 12:12-h 

dark-light cycle and were fed a regular diet and water ad libitum. All animal use procedures were 

performed after approval from the Louisiana State University Animal Care and Use Committee. 

 

Generation of Bone Marrow and Fetal Liver chimeras  

Bone marrow irradiation and reconstitution experiments were conducted as previously 

described (Vo & Saini, 2022). Briefly, C57BL/6J recipient mice were lethally-irradiated with 6 

Megavolt X-rays (Clinac 21EX Linear Accelerator; Varian, Palo Alto, CA) with a total dose of 

1000 cGy (500 cGy dorsal and 500 cGy ventral). Eight-week-old B6.129(Cg)-

Gt26Sortm4(ACTB-tdTomato,-EGFP)Luo/J (Jax ID: 007676) (ROSAmT/mG ) mice that express 

membrane-targeted mTomato red fluorescent protein, that allows the lineage tracing of progenitor 

cells (Muzumdar et al., 2007), were used as donors. The bone marrows were collected from the 

femur bones after flushing with RPMI 1640 media (Thermo Fisher Scientific, Waltham, MA), and 

single cell suspensions were prepared. Fetal livers were collected from ROSAmT/mG E15.5 embryos 



   

34 

 

and single cell suspensions were prepared by passing the fetal livers repeatedly through a 20G 

syringe.  A total of 7 million (7M) progenitor cells from the bone marrow or fetal liver single cell 

suspensions were injected into the tail veins of designated lethally-irradiated recipient mouse.  The 

recipient mice were maintained on 0.2% neomycin sulfate (VetOne, Boise, Idaho) dissolved in 

acidified water (pH=2.52) for two weeks post-transplantation. Chimera mice were necropsied 

eight weeks post-bone marrow and fetal liver transplantation, which has been previously shown to 

be an optimal duration for the repopulation of resident alveolar macrophages with donor bone 

marrow cells following total body irradiation (Matute-Bello et al., 2004).  

 

Bronchoalveolar lavage fluid collection and analyses 

Mice were anesthetized via intraperitoneal injection of 2,2,2-tribromoethanol (Millipore 

Sigma, Burlington, MA). After exsanguination by midline laparotomy, lung and trachea were 

exposed via thoracotomy, and bronchoalveolar lavage (BAL) was performed using a calculated 

volume of ice-cold phosphate buffered saline (PBS), as previously described (Choudhary et al., 

2021). The first two lavages were pooled and centrifuged at 500 g for 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 a hemocytometer (Bright-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 (BALF). Two sets of cytospins were 

prepared with 100 ɛL from the 5 mL of additional BALF.  The first set of cytospins were 

differentially-stained (Modified Giemsa Kit; Newcomer Supply, Middleton, WI) and analyzed to 

determine the composition of various immune cells. The second set of cytospins were fixed with 

10% neutral buffered formalin (NBF) and coverslipped with Prolong Diamond Antifade mountant 

containing DAPI  (4¡,6-diamidino-2-phenylindole) (Thermo Fisher Scientific, Waltham, MA) for 

fluorescent microscopy analysis (ZOE Fluorescent Cell Imager; Bio-Rad, Hercules, CA). The 

remaining portion of the first cell suspension and the additional 5 mL lavages were pooled and 

processed for total RNA isolation. Lung tissues and cell-free BALF from the first two lavages 

were stored at -80°C for further analyses. 
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RNA isolation and quality assessment 

Total RNA was isolated from the AMs of C57B/6J control, BM chimera, and FL chimera, 

using the RNeasy Plus Micro Kit (Qiagen, Germantown, MD), according to the manufacturerôs 

recommendations. RNA quantity and integrity were analyzed with the 5400 Fragment Analyzer 

System (Agilent Technologies, Santa Clara, CA).  

 

Construction of sequencing library and RNA sequencing 

200 ng of total RNA was used for the construction of cDNA sequencing libraries using the 

NEBNext Ultra II RNA Library prep kit from Illumina (NEB, Ipswich, MA), following the 

manufacturerôs protocol. RNA sequencing on qualified libraries was performed using the Illumina 

NovaSeq 6000 Platform (Illumina, San Diego, CA) to generate paired-end, 150-base pair reads. 

Averages of 52.7, 55.9, and 51 million raw reads were obtained from the C57BL/6J control, BM 

chimera, and FL chimera, respectively. Bioinformatics pipelines were used to remove adapters and 

low-quality reads. Averages of 51.1, 54.5, and 49.2 mill ion clean reads were recovered from the 

C57BL/6J control, BM chimera, and FL chimera, respectively. 

 

Gene expression analyses 

Paired-end clean reads were aligned to the mouse reference genome (mm10) using 

HISAT2 (v2.2.1). Differential expression analysis between the two groups was performed using 

the DESeq2 R package (v1.40.2). DESeq2 provides statistical methods for analyzing differential 

expression in high-dimensional gene expression data that model negative binomial distribution. 

DESeq2 uses Benjamini-Hochberg method to control the False Discovery Rate (FDR) by adjusting 

the P-values for multiple testing. Genes with an adjusted P value <0.05 and absolute fold change 

|(FC)|>1 (|Log2 FC|Ó0) were considered differentially-expressed. The 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 groups. The heatmaps were prepared using the ComplexHeatmap package 

in R based on the customized function-specific 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 cytokine contents 

using Bio-Plex Pro Mouse Cytokine 23-plex and customized 10-plex assays (Bio-Rad, Hercules, 

CA) according to the manufacturerôs recommendations. Total protein contents in the lung 

homogenates were determined by Bradford assay (Protein Assay Dye; Bio-Rad, Hercules, CA). 

Cytokine data was normalized to the total protein concentration. 

 

Pathway analyses 

To determine the biological and functional relevance of differentially expressed genes 

(DEGs), we employed two different approaches for pathway analyses, i.e., ingenuity pathway 

analysis (IPA; https://www.qiagen.com/us/products/discovery-and-translational-research/next-

generation-sequencing/informatics-and-data/interpretation-content-databases/ingenuity-pathway-

analysis) (Krämer et al., 2014), and gene ontology (GO) enrichment analysis (Ashburner et al., 

2000; Carbon et al., 2019). DEGs (adjusted P value <0.05, (|Log2 FC|Ó0) were uploaded to IPA 

software to identify the enriched canonical pathways. IPA identified molecular and functional 

pathways in which DEGs are significantly enriched. GO analysis was performed by analyzing the 

DEGs (adjusted P value <0.05, (|Log2 FC|Ó0) with the ToppGene Suite (J. Chen et al., 2009) to 

identify the enriched biological processes.  

 

Statistical analyses 

One-way analysis of variance (ANOVA) followed by the Tukeyôs post hoc test for multiple 

comparisons was used to determine significant differences among groups. All data were expressed 

as means ± Standard error of the mean (SEM). P-value Ò 0.05 was considered statistically 

significant. Statistical analyses were performed using GraphPad Prism 8.0.1 (GraphPad Software, 

La Jolla, CA). 

 

 

 

 

https://www.qiagen.com/us/products/discovery-and-translational-research/next-generation-sequencing/informatics-and-data/interpretation-content-databases/ingenuity-pathway-analysis
https://www.qiagen.com/us/products/discovery-and-translational-research/next-generation-sequencing/informatics-and-data/interpretation-content-databases/ingenuity-pathway-analysis
https://www.qiagen.com/us/products/discovery-and-translational-research/next-generation-sequencing/informatics-and-data/interpretation-content-databases/ingenuity-pathway-analysis
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2.3. Results 

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

To generate bone marrow (BM) and fetal liver (FL) chimera mice, lethally-irradiated 

C57BL/6J mice received intravenous injection of bone marrow or fetal liver cells from ROSAmT/mG 

mice, which ubiquitously express membrane-targeted Tomato (mTomato) fluorescent protein 

(Supplemental Figure S2.1). As indicated by the consistent body weight gain for 6 weeks post-

transplantation (Figure 2.1A), the BM and FL chimera mice showed comparable growth patterns, 

with no obvious signs of irradiation toxicity.  

Next, to assess the reconstitution of airspaces with the cells of donor origin, the 

bronchoalveolar lavage (BAL) cells from BM and FL chimera were analyzed at eight weeks post-

transplantation. ~97.6 % and ~96.0 % of the BAL cells from the BM and FL chimera, respectively, 

were positive for red fluorescence, suggesting their derivation from the donor cells (Figure 2.1B-

C). Of note, the red fluorescence in the donor cells and their derivatives is assured by Rosa26 

locus-controlled ubiquitous expression of mTomato fluorescent protein. As expected, the BAL 

cells from the non-irradiated control C57BL/6J mice were devoid of any fluorescence (Figure 

2.1C). 

To determine the effect of irradiation-reconstitution experiment on the cell composition in 

the airspaces, immune cell analyses were performed on BALF from C57BL/6J control and the two 

types of chimera mice. The total number of BAL immune cells trended higher in FL chimera (90 

± 15.9 x 103) as compared to naïve C57BL/6J control (58.8 ± 8.3 x 103) and BM chimera (67 ± 7 

x 103), but the increase was not statistically significant (Figure 2.1D). Consistent with alveolar 

macrophages (AMs) being a prominent cell type in BAL cells (Svedberg et al., 2019), AMs 

accounted for 98.5%, 96.4%, and 98.3% of BAL immune cells in C57BL/6J control, BM chimera, 

and FL chimera mice, respectively (Figure 2.1E-F). 

 

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

Next, to determine whether the presence of AMs derived from different sources affect the 

cytokine profile in the lung tissues, we compared the levels of 28 cytokines in the lung 

homogenates from C57BL/6J control, BM chimera, and FL chimera mice. As compared to 

C57BL/6J control, the levels of KC, TNF-a, IL-10, and IL-17 were non-significantly elevated in 

the BM chimera mice (Figure 2.2A-D). As compared to the BM chimera mice, the levels of KC, 
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TNF-a, IL-10, and IL-17 were significantly lower in the FL chimera mice (Figure 2.2A-D). As 

compared to C57BL/6J control and FL chimera, the levels of IL-3, GM-CSF, IL-4, and IL-13 were 

significantly elevated in BM chimera mice (Figure 2.2E-H). The data for all the assayed cytokines 

is included in Table 2.1. These data highlight the impact of varied origin of AMs in defining 

differential cytokine profiles in the lungs. 

 

Comparative RNA-sequencing identifies common and unique signatures of AMs from different 

origins 

To determine the gene expression changes between the morphologically similar AMs 

derived from different precursors, we performed RNA-Seq transcriptomic profiling of BAL cells 

from C57BL/6J control, BM chimera, and FL chimera (n=4/group). Of note, these BAL cells were 

morphologically identical to alveolar macrophages. All RNA samples selected for RNA-Seq 

analyses had RQN values in the range of 7.2-8.8. On average, ~ 48.9 and ~46.9 million total 

mapped reads and uniquely mapped reads, respectively, were obtained per sample with ~91% 

uniquely mapping rate. 

The principal component (PC) analysis was performed to confirm the clustering of 

biological replicates within the same group and to identify distinct separations between the three 

experimental groups. PC1, which accounts for 32.59% of the variance, separated C57BL/6J 

control from chimera mice, and PC3, which accounts for 11.24% variance, separated BM chimera 

and FL chimera (Figure 2.3A). Taken together, PC1 and PC3, which contributed to ~44% 

variance, completely separated C57BL/6J control, BM chimera, and FL chimera groups (Figure 

2.3A). These data suggest that irradiation-transplantation 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 control, BM chimera, and 

FL chimera. First, we analyzed the gene expression data from C57BL/6J control and BM chimera.  

Using the relaxed cutoff criteria (|Log2 Fold change| >0; adjusted P value <0.05)], a total of 2739 

DEGs (upregulated, 1457; downregulated, 1282) were identified in BM chimera as compared to 

C57BL/6J control (Figure 2.3B). Upon using the stringent cutoff criteria (|Log2 Fold change| Ó1; 

adjusted P value <0.05)], 735 DEGs (upregulated, 308; downregulated, 427) were identified 

(Supplemental Figure S2.2A).  
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Next, we compared the gene expression data of C57BL/6J control and FL chimera. Using 

the relaxed cutoff criteria 1831 DEGs (upregulated, 878; downregulated, 953) were identified in 

FL chimera as compared to C57BL/6J control (Figure 2.3C). However, upon using the stringent 

cutoff criteria, 633 DEGs (upregulated, 220; downregulated, 413) were identified (Supplemental 

Figure S2.2B).  

To identify the gene signatures that are common between BM chimera and FL chimera, we 

compared the list of DEGs (|Log2 Fold change| Ó0; adjusted P value <0.05) from the BM chimera 

and the FL chimera with respect to C57BL/6J control. We identified 1246 DEGs (upregulated, 

622; downregulated, 624) that were commonly expressed in BM chimera and FL chimera but not 

in C57BL/6J control (Figure 2.3D).  

A question that we wanted to answer in this study was what 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) that were specific to fetal liver origin.  The top 25 unique 

and common DEGs identified between the BM chimera and the FL chimera with respect to 

C57BL/6J controls are included in Table 2.2. 

 

Common gene signatures between bone marrow chimera and fetal liver chimera dictate host 

defense-related pathways 

Pathway enrichment analysis was performed using two different approaches: ingenuity 

pathway analysis (IPA) and gene ontology (GO). To assess the biological functions of AMs that 

are common between BM chimera and FL chimera, we performed pathway enrichment analyses 

using IPA on common DEGs (1246 genes (upregulated, 622; downregulated, 624); |Log2 Fold 

change| Ó0; adjusted P value <0.05) from BM chimera and FL chimera with respect to C57BL/6J 

controls. IPA results revealed that the common gene signatures in BM chimera and FL chimera, 

but not in C57BL/6J controls, were upregulated in pathways involved in host defense and 

macrophage activation, including interferon type 1 and type 2 signaling, TREM1 signaling, OAS 

antiviral response, macrophage classical activation pathway, and interleukin-4 and interleukin-13 

signaling pathways (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. Consistent with IPA results, our GO results revealed that common gene 

signatures in BM chimera and FL chimera, but not C57BL/6J controls, were involved in the 

enrichment of biological processes associated with various host defense processes, including 

response to external stimulus, adaptive immunity, cell-cell signaling, immune cell trafficking, and 

cytokine production (Figure 2.4B).  

Finally, we compared the gene expression profiles of key markers involved in the enriched 

pathways identified through pathway analysis. BM chimera and FL chimera share similar 

expression patterns for genes involved in host defense, cell signaling, cell trafficking, M1 

activation, and M2 activation compared to C57BL/6J controls (Figure 2.4C).  

 

Bone marrow-specific gene signatures dictate antigen presentation and metabolic-related 

pathways 

To assess the biological functions of AMs that are unique to bone marrow origin, we 

performed pathway enrichment analyses using IPA on bone marrow-specific DEGs (1493 genes 

(upregulated, 835; downregulated, 658); |Log2 Fold change| Ó0; adjusted P value <0.05). IPA 

pathway analysis results revealed that unique gene signatures in BM chimera, but not FL chimera, 

were upregulated in antigen presentation and metabolic-related pathways, including sphingolipid 

metabolism and sucrose degradation pathway (Figure 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 signatures in BM chimera, but not FL chimera, were involved in the enrichment 

of various biological processes associated with post-translational protein modification and 

metabolic-related pathways, including, lipid metabolic process, ATP metabolic process, and 

carbohydrate metabolic process (Figure 2.5B).   

 

Fetal liver-specific gene signatures dictate cell death-related 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 liver-specific DEGs (585 genes 

(upregulated, 256; downregulated, 329); |Log2 Fold change| Ó0; adjusted P value <0.05). IPA 

pathway analysis results revealed that unique gene signatures in FL chimera, but not BM chimera, 
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were upregulated in pathways involved in cell death, MYC mediated apoptosis signaling, and 

necroptosis signaling pathway (Figure 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 chimera, were involved in the enrichment 

of biological processes associated with various processes, including 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 profiles of key markers involved in the enriched 

pathways identified 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 chimera (Figure 2.6C). These data suggest that the fetal 

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

 

2.4. Discussion 

Alveolar macrophage (AM) are lung resident cells that reside within the alveoli/alveolar spaces. 

Their specialized location combined with their highly plastic nature allows them to handle tissue 

homeostatic functions, i.e., clearing surfactants and debris, immune surveillance, regulating lung 

inflammation, and assisting in tissue resolution and repair (Lambrecht, 2006). Due to their key 

roles in the lung at both homeostasis and during active lung inflammation (Bain & 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., 2014), many novel macrophage-based 

therapeutic approaches are currently under development (Lim et al., 2021; Malainou et al., 2023). 

However, AMs are also highly heterogenous, and this could significantly impact the efficacy of 

macrophage-based therapies (Wu et al., 2023; F. Zhang et al., 2020). AM heterogeneity depends 

on multiple determinants, including ontogeny and lung microenvironment (Aegerter 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., 2016). However, the precise mechanisms by 

which these determinants shape AM functions at homeostasis and alter their functional plasticity 

during active inflammation remains incompletely understood. In this study, we performed a 

comparative transcriptomic analysis of AMs isolated from age-matched C57BL/6J controls, BM 
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chimeras, and FL chimeras to elucidate the relative contribution of ontogeny to AM gene 

expression and function.  

AM pool is a heterogenous population consisting of AMs that originated either from fetal 

liver or bone marrow (Mould et al., 2017, 2019, 2021). The pertinence of transcriptome profiling 

using bulk-RNA-Seq relies heavily on the homogeneity of the cell population being analyzed  

(Gyanchandani et al., 2016). Therefore, to obtain homogenous populations of origin-specific AMs, 

we generated BM chimera and FL chimera by lethally irradiating 8-week-old C57BL/6J recipients, 

followed by intravenous injections with bone marrow and fetal liver precursors from ROSAmT/mG 

mice, which ubiquitously express mTomato fluorescent protein. Bone marrow chimera is a widely 

used experimental approach in biomedical research for studying immune cell origin, function, and 

tissue-specific dynamics (Hollingsworth et al., 2010; Kreymborg et al., 2015; Patial et al., 2021). 

In contrast, the use of fetal liver chimeras, particularly in lung research, remains limited and 

underexplored. The effectiveness of these two approaches was demonstrated by fluorescence 

microscopy, which confirmed complete donor-derived reconstitution in both BM and FL chimeras 

(Figure 2.1B-C). Furthermore, similar to C57BL/6J controls, BM chimera and FL chimera 

predominantly harbored alveolar macrophages in the lung airspaces, indicating the absence of 

irradiation-induced lung injury (Figure 2.1F). In summary, these data suggest that, 1) 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 

post-irradiation. These findings propose the viability of procuring origin-specific AMs from BM 

chimera and FL chimera for future research needs. Interestingly, a previous study has demonstrated 

that fetal liver-derived AMs outcompete bone marrow-derived AMs and yolk sac-derived AMs in 

colonizing the lung airspaces (van de Laar et al., 2016). Consistently, we observed an increased 

number of total BAL cells in FL chimeras compared to BM chimeras, confirming the higher 

intrinsic proliferative potential of fetal liver-derived 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 analyzed, BM 

chimeras exhibited elevated expression levels of 8 cytokines when compared to FL chimeras. 

These include KC, TNF-a, IL-10, IL-17, IL-3, GM-CSF, IL-4, and IL-13 (Figure 2.2). AMs are 

known to produce KC, TNF-a, IL-10, and IL-17 (Boehringer et al., 1999; De Filippo et al., 2013; 

Flynn et al., 5616; Song et al., 2008). However, these cytokines are also produced by other cell 
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types, i.e., epithelial cells and lymphocytes (Inui et al. 2018; Mehta et al. 2018; Fiorentino et al. 

1989; Langrish et al. 2005). Similarly, IL-4 and IL-13, two cytokines that mediate alternative 

activation of AMs (Doherty et al., 1993; Doyle et al., 1994; Stein et al., 1992), are produced by T-

helper type 2 (Th2) cells (Seder and Paul, 1994; Chomarat and Banchereau, 1998). Interestingly, 

IL -3 and GM-CSF, two important cytokines in AM development and function (Ben D-M Chen et 

al., 1988; Willinger et al., 2011), exhibited elevated expression in BM chimeras compared to FL 

chimeras, which suggests that bone marrow-derived AMs are potentially less responsive to these 

cytokines, and therefore require higher concentrations to elicit responses similar to their fetal liver-

derived counterparts. This finding is consistent with a previous report which showed that fetal liver 

monocytes exhibit higher responsiveness to GM-CSF compared to yolk-sac macrophages and bone 

marrow monocytes (van de Laar et al., 2016). 

In the current study, while chimeric 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 controls. Irradiation alters lung 

microenvironment and impacts AMs phenotypically (Groves et al., 2023; Shiao et al., 2015). Shiao 

et al., have reported that, following irradiation, AMs exhibit upregulation of genes associated with 

both pro-inflammatory and immunosuppressive pathways (Shiao 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 both pro-inflammatory and anti-

inflammatory pathways, such as macrophages classical activation signaling pathway, interferon 

signaling pathway, and interleukin-4 and interleukin-13 signaling. Hence, the common differential 

expressed genes (DEGs) between BM chimera and FL chimera, with respect to C57BL/6J controls 

could have been influenced by the irradiation-transplantation procedure itself. Alternatively, these 

common DEGs could reflect inherent transcriptional similarities between precursor cells of bone 

marrow and fetal liver origin. Therefore, additional experiments are needed to further delineate the 

contribution of irradiation to AM activation.  

Previous studies have demonstrated that monocyte-derived macrophages can process and 

present antigen in a manner similar to classical dendritic cells (cDCs) (Cheong et al., 2010; Langlet 

et al., 2012; León et al., 2007). Consistently, IPA and GO results from our data demonstrated that 

the bone marrow-specific DEGs were associated with the antigen presentation pathway. These 

findings suggest that antigen presentation capacity might be specifically-linked to the bone marrow 
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origin. These data further indicate that the bone marrow-derived AMs might have a higher 

potential in activating the adaptive immunity as compared to FL-derived AMs. However, further 

experiments using inflammatory models are needed to confirm the high adaptive immunity 

potential of BM chimera compared to FL chimera.  

Single cell RNA sequencing study by Mould et al., has demonstrated that fetal liver-derived 

AMs are associated with pathways important for resident AM programming, including PPAR 

signaling, cell proliferation, cell cycle, and lipid metabolism pathways (Mould et al., 2019). 

Consistently, our findings suggest that at homeostasis, fetal liver origin regulates cell death 

pathways and the homeostatic function pathways, i.e., cell cycle, cell morphogenesis, endocytosis, 

apoptosis, and lipid metabolism.  

The role of ontogeny in shaping AM transcriptomic landscapes and functions were 

previously reported in different disease models, including viral infection (Aegerter et al., 2020; 

Machiels et al., 2017b), LPS-induced lung injury (Mould et al., 2017), and pulmonary fibrosis 

(Misharin et al., 2017). However, a previous study by van de Laar et al. reported the role of 

microenvironment in synchronizing the 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 niche of Csf2rb-/- murine neonates. The precursors from all origins were able to 

assume the role of AMs and displayed almost identical transcriptomic profiles to the naïve tissue 

resident AMs after 6 weeks. In our study, BM chimera and FL chimera underwent the irradiation-

transplantation procedure, which was reported to mediate bystander effects on immune cells (X. 

Han et al., 2022). Therefore, the host defense-related pathways, e.g., cell signaling, cell trafficking, 

M1 activation, and M2 activation pathways that were common between BM chimera and FL 

chimera in relation with C57BL/6J control mice suggested that these pathways might be regulated 

by the irradiation-induced lung microenvironment. However, we cannot rule out the possibility 

that these host defense-related pathways were enriched by the DEGs that were inherently common 

between the precursors from bone marrow and fetal liver origins. Therefore, further investigation 

is needed to delineate the transcriptomic changes regulated by the lung microenvironment. 

One caveat of this 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 sex-linked gene signatures from our analysis. Consequently, we 

might have missed important sex-linked 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 experiments. Moreover, the common DEGs between BM chimera and FL chimera in 

relation with C57BL/6J control mice can be regulated by either the irradiation-induced lung 

microenvironment or the inherent similarities between the bone marrow and fetal liver precursors, 

or the combination of both factors. Therefore, we were not able to identify the DEGs and associated 

biological pathways that were exclusively regulated by the lung microenvironment, which is 

another limitation of this study. 

In summary, this study revealed interesting findings: 1) common DEGs between BM 

chimera and FL chimera were associated with host defense pathways, i.e., cell-cell signaling, 

leukocyte trafficking, macrophage activation, and adaptive immunity, 2) bone marrow-specific 

gene signatures were associated with metabolic-related pathways, 3) fetal liver-specific gene 

signatures were associated with cell death-related pathways, and 4) common DEGs between FL 

chimera and C57BL/6J controls were associated with homeostatic functions, i.e., cell cycle, cell 

morphogenesis, endocytosis, apoptosis, and lipid metabolism. 

Collectively, our data highlights the dynamics of 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 investigation. 
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2.5. Figures and Figure Legends 

Figure 2.1 
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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 donor- versus host-derived BAL cells in BM and FL 

chimera mice. Statistical differences were examined using unpaired Studentôs t test. Error bars 

represent SEM. (C) Representative fluorescent photomicrographs of BAL cells from C57BL/6J 

control (left), BM chimera (middle), and FL chimera (right). White arrows depict red fluorescence-

expressing cells. (D) Total BAL immune cells recovered per lung in the BALF from C57BL/6J 

control (white bar), BM chimera (green bar), and FL chimera (red bar). (E) Percentages of BAL 

cell types are shown in a stacked bar graph (macrophages [red], neutrophils [blue], eosinophils 

[green], and lymphocytes [purple]. Error bars represent SEM. *p <0.05, **p <0.01 using one-way 

ANOVA followed by Tukeyôs post hoc test for multiple comparisons. (F) Representative 

photomicrographs of Wright-Giemsa-stained BAL cells from C57BL/6J control (left), BM 

chimera (middle), and FL chimera (right). 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 KC (A), TNF-a (B), IL-10 (C), IL-17 (D), IL-3 (E), GM-CSF (F), IL-

4 (G) and IL-13 (H) in the lung homogenates from C57BL/6J (white bar), BM chimera (green 

bar), and FL chimera (red bar) mice. Error bars represent SEM. *p <0.05, **p <0.01, ***p <0.001, 

using one-way ANOVA followed by Tukeyôs post hoc test for multiple comparisons. 
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Figure 2.3 
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Figure 2.3: Comparative RNA-sequencing identifies common and unique DEGs in 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 control, bone marrow (BM) chimera, 

and fetal liver (FL) chimera. (B-C) Volcano plots depicting differentially-expressed genes (DEGs; 

upregulated [red] and downregulated [blue]) in two different comparisons that were identified 

using relaxed cutoff criteria (|Log2 Fold change| >0; adjusted P value <0.05). B: BM chimera vs. 

C57BL/6J (DEGs = 2739; upregulated, 1457; downregulated, 1282). C: FL chimera vs. C57BL/6J 

(DEGs = 1831; upregulated, 878; downregulated, 953). (n = 4 per group). (D) Venn diagram 

depicting common and unique DEGs (upregulated [red] and downregulated [blue]) using relaxed 

cutoff criteria (|Log2 Fold change| >0; adjusted P value <0.05) in BM chimera vs. FL chimera with 

respect to C57BL/6J control. 
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Figure 2.4
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Figure 2.4: Common gene signatures between BM chimera and FL chimera dictate host 

defense-related pathways. (A) Stacked 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) approach. (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 Differentiation 1. Rich factor: the ratio 

of DEGs annotated in the pathways/ all genes annotated in the pathway. (C) Heat maps for 

normalized gene expression values (Z-scores) 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 with respect to C57BL/6J control in AMs. 
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Figure 2.5 
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Figure 2.5: Bone marrow-specific gene signatures dictate antigen presentation and 

metabolic-related pathways. (A) Stacked bar graph depicting most enriched biological pathways 

unique to BM chimera, but not FL chimera, compared with C57BL/6J control identified using 

ingenuity pathway analysis (IPA) approach. (C) 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/ all genes annotated in the 

pathway. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

56 

 

Figure 2.6 
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Figure 2.6: Fetal liver-specific gene signatures dictate cell death-related pathways. (A) 

Stacked 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 processes pathways 

unique to FL chimera, but not BM chimera, compared with C57BL/6J control. Rich factor: the 

ratio of DEGs annotated in the pathways/ all genes annotated in the pathway. (C) Heat maps for 

normalized gene expression values (Z-scores) of cell cycle, cell morphogenesis, endocytosis, 

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. 

 

Cytokine C57BL/6J BM chimera FL chimera 
Lower Limits of 

Detection 

IL1-b 0.33 Ñ 0.14 0.49 Ñ 0.11 0.67 Ñ 0.12 0.03 

IL-2 56.78 Ñ 14.33 52.32 Ñ 7.52 32.96 Ñ 4.99 24.15 

IL-3 2.75 Ñ 0.55* 5.26 Ñ 0.37*Ä 2.87 Ñ 0.21Ä 0.45 

IL-4 60 Ñ 0.90* 71.68 Ñ 5.57Ä 42.91 Ñ 2.86*Ä 14.12 

IL-5 2.59 Ñ 1.76 6.16 Ñ 2.87 0.08 Ñ 0.004 0.13 

IL-6 2.64 Ñ 0.77 2.95 Ñ 0.75 1.62 Ñ 0.08 3.3 

IL-9 5.46 Ñ 0.95 2.79 Ñ 1.23 4.04 Ñ 0.21 3.03 

IL-10 200.96 Ñ15.88 252.40 Ñ 15.93* 165.25 Ñ 2.62* 22.68 

IL-12 189.97 Ñ 37.60 168.55 Ñ 9.38 155.22 Ñ 16.91 61.73 

IL-13 104.38 Ñ 4.99 135.42 Ñ 13.94* 89.88 Ñ 6.89* 50.31 

IL-17 5 Ñ 0.27 6.86 Ñ 0.85* 4.36 Ñ 0.25* 1.65 

Eotaxin 933.85 Ñ 198.65 786.10 Ñ 35.31 883.15 Ñ 53.47 2 

G-CSF 33.39 Ñ 6.68 47.91 Ñ 8.25 28.66 Ñ 6.02 13.69 

GM-CSF 42.22 Ñ 2.09* 52.33 Ñ 2.50*Ä 36.33 Ñ 2.64Ä 20.7 

IFN-g 10.96 Ñ 0.90 11 Ñ 0.61 9.86 Ñ 0.18 1.55 

KC 45.67 Ñ 2.09* 50.63 Ñ 2.43Ä 31.18 Ñ 1.30*Ä 33.48 

MCP-1 110.23 Ñ 14.50 129.54 Ñ 9.11 120.54 Ñ 7.86 20.07 

MIP-1a 28.93 Ñ 9.97 26.64 Ñ 1.82 42.15 Ñ 7.78 0.59 

MIP-1b 208.20 Ñ 65.92 158.36 Ñ 12.50 234.87 Ñ 49.38 3.63 

RANTES 50.68 Ñ 9.22 56.63 Ñ 2.02 63.48 Ñ 13.78 14.22 

TNF-a 115.45 Ñ 19.21 166.62 Ñ 14.65* 70.94 Ñ 12.08* 35.77 

ENA-78 23.95 Ñ 2.31 25.80 Ñ 1.96 21.34 Ñ 1.50 16.28 

Eotaxin 2 1676.68 Ñ 278.07 1354.09 Ñ 48.47 1102.64 Ñ 13.98 3.36 

IP-10 259.97 Ñ 43.05 276.11 Ñ 15.10 221.54 Ñ 14.21 21.29 

MCP-3 15.74 Ñ 2.79 16.90 Ñ 0.42 18.27 Ñ 3.13 1.85 

MCP-5 95.44 Ñ 22.63 73.06 Ñ 5.12 93.03 Ñ 16.03 0.82 

MDC 403.89 Ñ 92.33 374.40 Ñ 14.87 354.19 Ñ 20.96 0.52 

TARC 46.21 Ñ 14.07 34.18 Ñ 0.60 52.20 Ñ 3.47 6.02 

Cytokine levels (pg/mL) in lung homogenate. (n=4 per group; P <0.05) 

*,§ Two values carrying identical designations (for example, *  or §) in same row represent 

significant differences. Mention 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 chimera and FL chimera Unique to BM chimera Unique to FL chimera 

BM chimera vs C57BL/6J vs FL chimera vs  

C57BL/6J 
BM chimera vs C57BL/6J FL chimera vs C57BL/6J 

Gene 

Log2

FC 

(BM) 

P-adjust               

(BM) 

Log2

FC          

(FL) 

P-adjust               

(FL) 
Gene 

Log2

FC 
P-adjust Gene 

Log2

FC 

P-

adjust 

Top 25 most upregulated genes 
Klra3 6.60 7.4E-07 5.62 7.3E-05 Gpr153 4.23 2.5E-02 Gm43272 4.40 6.7E-03 

S100a9 6.41 1.2E-03 5.37 1.4E-02 Nrgn 4.20 4.7E-02 Erp27 4.11 4.9E-02 

Cd177 6.28 1.2E-07 5.35 2.3E-05 P2rx6 4.08 5.2E-03 Triqk 3.81 2.2E-02 

Sox7 6.20 3.3E-07 5.59 9.0E-06 Cd79b 4.07 1.1E-02 Igf2bp3 3.70 1.8E-31 

Pknox2 5.85 1.6E-06 4.48 1.1E-03 4933423P22Rik 3.96 4.5E-02 Pla2g4c 3.69 4.4E-02 

Dach1 5.21 2.6E-05 5.63 5.3E-06 Cdh5 3.94 3.2E-02 Gm42793 3.27 4.0E-02 

Iigp1 5.09 1.9E-03 5.09 2.9E-03 Hotairm1 3.83 7.4E-03 6330403L08Rik 2.75 3.8E-04 

Gm42655 4.96 2.5E-03 3.86 3.5E-02 Gm5470 3.74 4.4E-02 Gm38346 2.52 4.3E-02 

Zbtb7c 4.70 1.7E-05 3.00 2.2E-02 Gm17815 3.72 4.3E-02 Spink2 2.47 1.5E-02 

Hoxb4 4.50 8.3E-16 4.69 4.8E-17 Gm8369 3.39 1.0E-03 Gm19951 2.45 3.4E-10 

Esr1 3.95 2.8E-22 2.98 3.8E-12 Lncppara 3.25 7.6E-03 Gm21370 2.44 4.0E-02 

Sash1 3.92 1.9E-56 3.98 2.0E-58 Ak1 3.18 1.2E-03 Cd8a 2.25 2.6E-02 

Bank1 3.83 6.4E-03 4.49 9.8E-04 Cst7 3.11 2.1E-02 Cobll1 2.17 5.9E-03 

C4b 3.78 1.3E-32 4.11 1.0E-38 3110006O06Rik 3.08 3.2E-02 Plac8 2.01 3.4E-02 

Nnmt 3.73 7.9E-03 3.47 2.5E-02 Sell 2.62 6.5E-03 Cd200r3 2.00 3.8E-02 

Sod3 3.63 4.9E-18 2.77 2.5E-10 Gm4813 2.58 1.8E-03 Prss27 1.87 4.9E-02 

Lrg1 3.56 5.2E-18 3.19 2.2E-14 Gzmb 2.55 3.6E-02 Gm44652 1.82 3.8E-02 

Apbb2 3.55 1.8E-23 2.61 1.6E-12 Fam169b 2.37 2.4E-02 Gm6277 1.74 3.1E-02 

Cspg4 3.48 5.0E-19 2.77 6.0E-12 Ifi213 2.34 2.3E-02 Klk13 1.71 8.3E-03 

Npas2 3.42 8.7E-07 3.63 1.7E-07 Ifi44 2.34 8.8E-03 Hpse 1.53 3.2E-05 

S100a6 3.26 1.1E-46 2.46 1.8E-26 Trat1 2.29 4.9E-02 Gm13710 1.47 1.7E-02 

Prss16 3.25 3.2E-02 4.04 5.9E-03 Mmp9 2.22 4.5E-02 Ch25h 1.25 4.2E-02 

Olfr56 3.23 3.8E-02 3.70 1.8E-02 Ccr4 2.18 1.2E-02 Dhdh 1.22 1.1E-02 

Sprr1a 3.14 4.8E-10 2.14 1.7E-04 Cc2d2a 2.11 3.7E-04 Csf1 1.19 2.6E-06 

Syngr1 3.06 4.8E-78 2.78 5.3E-63 Gm28187 2.10 1.6E-02 Gm9821 1.17 5.0E-03 

Top 25 most downregulated genes 

Gm40881 -6.75 4.1E-05 -6.63 4.8E-05 Sfmbt2 -5.33 8.9E-05 Capn11 -5.88 7.3E-05 

Acvr1c -6.71 4.0E-08 -6.59 9.5E-08 Rbfox1 -4.85 4.6E-02 Adamdec1 -5.06 2.8E-03 

Apoc1 -6.28 2.7E-36 -4.33 5.0E-42 Fzd2 -4.60 1.7E-02 Ces2b -5.04 3.5E-03 

Robo2 -6.12 1.1E-04 -3.59 1.4E-02 Gm12264 -4.44 8.2E-03 Itih2 -4.90 2.9E-02 

Wfdc10 -5.90 2.8E-33 -5.05 2.9E-32 Gm44891 -4.41 4.7E-02 Gm48667 -4.86 5.0E-03 

Gm16054 -5.83 1.4E-04 -5.71 3.0E-04 2010005H15Rik -4.17 3.6E-03 Gm47136 -4.81 4.9E-03 

Hmcn1 -5.70 7.0E-05 -8.57 9.4E-07 Tagln3 -3.97 2.2E-02 Gm5712 -4.78 3.0E-02 

2900064F
13Rik 

-5.36 4.8E-04 -4.52 4.5E-03 Trim34b -3.92 2.9E-02 Sox30 -4.78 2.5E-02 

Gm49328 -5.14 5.1E-04 -3.40 1.9E-03 Cyp2a4 -3.87 3.2E-02 Olfr115 -4.62 4.6E-02 

Tcim -5.13 2.4E-05 -2.80 3.6E-03 Mfsd2a -3.84 1.3E-03 Chrnb4 -4.46 3.7E-02 

Pappa -5.07 2.0E-03 -4.95 2.3E-03 Clec3a -3.84 4.1E-02 A930006K02Rik -4.16 1.5E-02 

Marco -4.97 2.0E-12 -2.51 2.1E-03 Gm14139 -3.82 3.8E-02 Rpp25 -3.71 2.1E-02 

Adgrl3 -4.86 3.8E-98 -5.92 8.7E-94 Gm36028 -3.80 3.3E-02 H1fx -3.59 2.7E-02 

Igf2bp2 -4.84 2.2E-137 -4.55 5.0E-128 Gm4961 -3.76 2.6E-02 Six5 -3.57 2.8E-02 

Mkx -4.74 6.2E-47 -4.67 2.0E-44 Gapdh -3.74 3.1E-02 Ube2e2 -3.52 1.2E-02 

Scnn1b -4.69 3.0E-04 -3.79 3.8E-03 AC163633.2 -3.69 2.6E-02 Sdsl -3.52 2.7E-04 

Ica1 -4.57 3.0E-06 -2.87 2.1E-06 Fam181b -3.68 7.3E-03 Apobec2 -2.92 4.0E-02 

Gm17110 -4.43 2.6E-02 -4.31 2.7E-02 Gm27326 -3.59 4.7E-02 Acot6 -2.69 1.7E-02 

Prickle2 -4.29 8.3E-28 -4.34 5.1E-28 Smoc1 -3.52 3.3E-05 Aldh1a7 -2.68 3.6E-02 

Myrip -4.23 2.9E-09 -4.31 1.1E-08 Adcy2 -3.48 3.2E-02 Cyp4a12b -2.66 5.2E-03 

Dtna -4.21 8.2E-09 -5.15 4.2E-12 Smo -3.43 1.8E-02 Ankmy1 -2.62 1.7E-02 

Gm49330 -4.13 1.3E-04 -3.49 8.7E-04 Fbxo27 -3.35 1.2E-02 Mpz -2.61 4.5E-02 

Sync -4.11 3.3E-02 -4.71 1.3E-02 Pon1 -3.00 2.7E-02 Gm34084 -2.50 4.3E-03 

Topaz1 -4.11 2.5E-03 -3.96 3.2E-03 4-Mar -2.87 2.4E-03 Foxq1 -2.48 7.6E-04 

Rbms3 -4.04 1.2E-05 -3.91 3.4E-05 Btnl7-ps -2.73 5.4E-03 Ces1d -2.47 2.6E-03 
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2.7. Supplemental Information 

Supplemental Figure 2.1 

 

 

Supplemental Figure S2.1: Experimental design depicting the workflow used in this study. To 

generate bone marrow (BM) and fetal liver (FL) chimera mice, lethally-irradiated C57BL/6J mice 

received intravenous injection of bone marrow or fetal liver precursors from ROSAmT/mG mice, 

which ubiquitously express mTomato fluorescent protein. After reconstitution phase, total RNA 

isolated from the AMs of age-matched C57BL/6J control, BM chimera, and FL chimera were 

sequenced using Illumina 6000 system. Bioinformatics pipelines 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 Figure S2.2 

 

 

Supplemental Figure S2.2: Gene expression analyses reveal similarities and differences 

between AMs derived from varied sources. (A-B) Volcano plots depicting differentially-

expressed genes (DEGs; upregulated [red] and downregulated [blue]) in two different comparisons 

that were identified using stringent cutoff criteria (|Log2 Fold change| >1; adjusted P value <0.05). 

A: BM chimera vs. C57BL/6J (DEGs = 735; upregulated, 308; downregulated, 427). B: FL 

chimera vs. C57BL/6J (DEGs = 633; upregulated, 220; downregulated, 413). (n = 4 per group).  
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CHAPTER 3 

Single-cell Transcriptomics Reveals Alveolar Macrophage-specific Responses in Single-

hit Ozone Exposure Model in Mice 
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Abstract 

Alveolar macrophages (AMs), a highly plastic immune cell population, are among the first 

responders to the inhaled ozone (O3) and ozonized products in the lung airspaces. However, the 

complete understanding of how AMs respond to O3, particularly to different concentrations, 

remains elusive. Accordingly, we exposed C57BL/6J male adult mice to filtered air (FA), 1 ppm 

O3, or 1.5 ppm O3 for 3 hours. As compared to FA-exposed mice, O3-exposed mice exhibited 

increased recruitment of alveolar macrophages and neutrophils in the lung airspaces, which was 

consistent with the elevated levels of macrophage- and neutrophil-specific chemokines, i.e., MIP-

2, MCP-3, and MCP-5. Next, to profile AM transcriptome from O3-exposed mice and understand 

the relevance of these transcriptomic changes in relation to their population heterogeneity and 

functionality, we performed single-cell RNA sequencing (scRNA-seq) analyses. The differentially 

expressed genes (DEGs) analyses on AM population identified significant changes in 1 ppm-

exposed and 1.5 ppm O3-exposed mice. As compared to AMs from FA-exposed group, AMs from 

1 ppm O3- and 1.5 ppm O3-exposed groups displayed enrichment of pathways including oxidative 

phosphorylation, EIF2 signaling, and non-canonical NF-kB signaling. Furthermore, AMs from 1 

ppm O3-exposed mice showed enrichment of IL -10 signaling pathway. On the other hand, AMs 

from 1.5 ppm O3-exposed mice were uniquely enriched in DNA damage bypass and repair 

pathways. Interestingly, UMAP analyses on annotated AMs resulted in five distinct subclusters. 

DEGs and ingenuity pathways (IP) analyses on each subcluster revealed O3 concentration-

dependent enrichment of pathways relevant to protein translation, cholesterol biosynthesis and 

mitochondrial biogenesis. Further analyses revealed that O3 exposure results in cluster-specific 

alterations to the expression of gene signatures associated with macrophage activation. Finally, 

AMs from 1.5 ppm O3-exposed mice displayed elevated expression of proliferation-associated 

gene signatures. Taken together, this study identifies O3 concentration-dependent alterations in 

AMs transcriptome and associated functional modulations at a single-cell resolution.   
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3.1. Introduction 

Ground-level ozone (O3) 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). O3 interacts with the constituents of the epithelial lining fluid (ELF) to 

generate harmful ozonated products (Frampton et al., 1999b, 1999a; Kelly & Mudway, 2003; 

Kotiaho et al., 2000; Mudd et al., 1969; Pryor et al., 1996; Pryor & Uppu, 1993). O3 causes adverse 

effects on respiratory health, including altering airway epithelial homeostasis, increasing airway 

inflammation, and altering lung function (Bell et al., 2004; Jang et al., 2002; Kehrl et al., 1987; C. 

S. Kim et al., 2011b; Mar & Koenig, 2009). Elevated levels of ground-level O3 contribute to a 

significant increase in hospitalization, resulting in substantial health and economic burden (S. Lin 

et al., 2008; Medina-Ramón et al., 2006a; K. Moore et al., 2008; Schwartz, 1994).  

Alveolar macrophages (AMs) represent a highly plastic and heterogeneous population of 

sentinel cells that patrol the lung airspaces (Dick et al., 2022; Hussell & Bell, 2014; Y. Wu et al., 

2023; Xu-Vanpala et al., 2020). Due to the presence of multiple surface receptors, including Toll-

like receptors, scavenger receptors, C-type lectin receptors, and cytokine receptors, AMs are 

specialized in sensing the presence of both biotic and abiotic entities in the lung airspaces and 

mount a wide array of functional responses, including antigen presentation, pathogen killing, tissue 

destruction, tissue repair, and scavenging (Ley et al., 2016; Taylor et al., 2005; Wynn & Vannella, 

2016). AMs are likely the first cell type to interact with O3 and ozonated products (Patial & Saini, 

2020) and subsequently to respond in a variety of ways, including functional activation, release of 

inflammatory mediators, and communication with neighboring cells (Mosser & Edwards, 2008; 

Choudhary, Vo, Paudel, Patial, et al., 2021; Choudhary, Vo, Paudel, Wen, et al., 2021). However, 

the effect of single exposure of O3 on resident AMs, at a single-cell resolution, remains unclear. 

In this study, we hypothesized that the concentration-dependent effects of O3 on AM functional 

heterogeneity can be identified by evaluating their transcriptomic signatures a single-cell 

resolution. To test our hypothesis, we performed single-cell RNA sequencing (scRNA-seq) on 

bronchoalveolar lavage (BAL) cells from C57BL/6J mice that were exposed to either filtered air 

(FA), 1 ppm O3, or 1.5 ppm O3. Specifically, we performed gene expression profiling and 

biological pathways enrichment analyses on AM clusters observed in mice exposed to FA, 1 ppm 

O3, or 1.5 ppm O3. The results from this study highlight the heterogeneity of AMs and the 
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concentration-dependent effects of O3 exposure on cluster-specific AMs proliferation, functional 

activation, and associated enriched biological pathways. 

 

3.2. Materials and Methods 

Animal husbandry  

12-week-old male C57BL/6J mice were procured from 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 (NCSU-LAR). Mice were maintained in individually 

ventilated, hot-washed cages on a 12h:12h dark-light cycle and 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 (O3), or 1.5 ppm O3. Mice were transferred into steel wire mesh cages and 

were placed inside the light-protected chambers without food and water before the start of LAR 

night cycle. Mice were exposed to FA, 1 ppm O3, or 1.5 ppm O3 in the designated chambers for 3 

hours. O3 was generated from the Ozone Generator (TSE, Chesterfield, MO) and the real-time O3 

concentration in the chamber was monitored using a UV photometric O3 analyzer (EnviaAltech 

Environment, Geneva, IL). Data, including the O3 concentration, along with chamber temperature 

and pressure, were recorded using DACO monitoring and control software (TSE Systems, 

Chesterfield, MO) throughout the exposure. 

 

Bronchoalveolar lavage fluid collection 

Mice exposed to FA or O3 were euthanized 22-24 h after the end of the exposure. Briefly, 

mice were anesthetized via intraperitoneal injection of 2,2,2-tribromoethanol (Millipore Sigma, 

Burlington, MA). Midline laparotomy was performed to expose and severe inferior vena cava for 

exsanguination. Thereafter, thoracotomy was performed to expose the lung and trachea. The left 

main stem bronchus was ligated, and the right lung lobes were lavaged with a calculated volume 

of ice-cold Dulbeccoôs Phosphate Buffered Saline (DPBS) (Corning, Manassas, VA). The 

retrieved bronchoalveolar lavage fluid (BALF) was centrifuged at 500 x g for 5 min at 4°C. Cell-
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free supernatant was stored at -80°C for cytokine analyses. After resuspending the cell pellet in 

500 ml of DPBS, 90 ml of cell suspension was diluted in 110 ml of DPBS and was used to prepare 

cytospins. Prepared cytospins were differentially-stained (Wright Giemsa Stain Kit; Newcomer 

Supply, Middleton, WI) and analyzed to determine the composition of various immune cells. The 

photographs were captured under the 40X objective of the ECLIPSE Ci-L microscope 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 of BALF. The remaining portion 

of the immune cells from the first lavage and the additional 5 ml lavage of 3-4 mice per group 

were pooled and centrifuged at 500 x g for 5 min at 4°C. The supernatant was removed, and the 

cell pellet was resuspended in 500 ml of fresh DPBS. The washing process was repeated one more 

time. After the last wash, the BALF was centrifuged at 500 x g for 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 2000 cells/ml. Samples 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 BALF samples were assayed for various cytokine and chemokine contents using 

Mouse Cytokine kit (Bio-Rad, Hercules, CA), according to the manufacturerôs recommendations.  

 

Single-cell suspension preparation and library construction  

BALF immune cells were stained with acridine orange and propidium iodide and assessed 

for viability and concentration using the LUNA-FX7 dual fluorescence cell counter (Logos 

Biosystems, Annandale, VA) and loaded into a Chromium Next GEM Chip G (10X genomics, 

Pleasanton, CA) to generate gel-beads in emulsions. Barcoded sequencing libraries were 

constructed using Chromium Single-cell 3ô Reagent Kit v3.1 (10X genomics, Pleasanton, CA). 

Single-cell libraries were sequenced using NovaSeq X Plus (Admera Health, South Plainfield, NJ).  

 

Single-cell RNA sequencing data analyses 

Raw FASTQ files were demultiplexed and the unique transcripts with unique molecular 

identifiers (UMI) were counted using the Cell Ranger pipeline (v8.0.0), and individual reads were 
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aligned to GRCm39 mouse reference genome (10X genomics, Pleasanton, CA). Initial cell-by-

gene count matrix was imported into Seurat (v5.1.0) (Hao et al., 2024) using R (v4.4.0; 

https://www.R-project.org/). Cells with fewer than 800 UMIs, fewer than 500 detected genes, and 

more than 10% mitochondrial gene content were 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 clustered with Louvain-Jaccard clustering (resolution = 0.2) using FindNeighbors 

and FindClusters functions. Uniform manifold approximation and projection (UMAP) analysis 

was performed using the RunUMAP function (Hao et al., 2024). Cell annotation was performed 

using a list of predefined markers (Supplemental Table S3.2). Differential gene expression 

analyses among different exposure conditions were performed using FindMarkers function (Hao 

et al., 2024).  

 

Pathway and function analyses 

To determine the biological and functional relevance of differentially-expressed genes 

(DEGs), we employed ingenuity pathway analysis (IPA; 

https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis) (Krämer et al., 

2014). IPA identifies molecular and functional pathways that are influenced by DEGs. DEGs 

(|average log2FC|= 0.1, adjusted P value Ò 0.05, min.pct = 0.1) were uploaded into IPA software, 

and their contribution towards the enrichment of canonical pathways was analyzed.  

 

Construction of the cellular trajectory analysis 

R package Monocle3 (v1.3.7; https://cole-trapnell-lab.github.io/monocle3/) (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 clusters of cells were ordered based 

on their gene expression along the pseudotime using the order_cells function. Finally, UMAP with 

the developmental trajectory line was plotted using the plot_cells function.  

 

 

 

https://www.r-project.org/
https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis
https://cole-trapnell-lab.github.io/monocle3/
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Statistical analyses 

One-way analysis of variance (ANOVA) followed by the Tukeyôs post hoc test for multiple 

comparisons was used to determine significant differences among groups. All data were expressed 

as means ± Standard error of the mean (SEM). P-value Ò 0.05 was considered statistically 

significant. Statistical analyses were performed using GraphPad Prism 8.0.1 (GraphPad Software, 

La Jolla, CA). 

 

3.3. Results 

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

airspaces  

To determine the concentration-dependent effect of single exposure of ozone (O3) on 

immune cell composition in the lung airspaces, immune cells were quantified in the 

bronchoalveolar lavage fluid (BALF) from filtered air (FA)- or O3-exposed mice (Figure 3.1A-

C). While the BALF from FA-exposed mice did not contain neutrophils, the 1 ppm and 1.5 ppm 

O3-exposed mice exhibited significantly increased neutrophil recruitment (Figure 3.1A-C). 

Although non-significantly, the neutrophil and lymphocyte percentages were higher in 1.5 ppm 

O3-exposed mice versus 1 ppm O3-exposed mice (Figure 3.1A-C). 

To assess the effect of O3 exposure on the release of inflammatory mediators within the 

lung airspaces, we assessed the levels of selected cytokines and chemokines in the BALF of FA- 

or O3-exposed mice (Figure 3.2). The BALF levels of neutrophil-specific chemokines, i.e., 

macrophage inflammatory protein 2 (MIP-2/CXCL2), keratinocyte chemoattractant 

(KC/CXCL1), and LPS-induced CXC chemokine (LIX/CXCL5) trended higher in 1 ppm O3-

exposed mice versus FA-exposed mice, but the increase was not statistically significant (Figure 

3.2A-C). Among the three neutrophil-specific chemokines analyzed, the BALF levels for MIP-2 

levels were significantly higher in 1.5 ppm O3-exposed mice versus FA- as well as 1 ppm O3-

exposed mice (Figure 3.2A). The increase in the BALF levels of these neutrophil-specific 

chemokines was consistent with the increase in neutrophil counts in O3-exposed mice as compared 

with FA-exposed mice. 

Next, we assessed the BALF levels of monocytes-/macrophages-specific cytokines, i.e., 

monocyte chemotactic protein 3 (MCP-3/CCL7), monocyte chemotactic protein 5 (MCP-

5/CCL12), and macrophage colony-stimulating factor (M-CSF/CSF1). MCP-3 and MCP-5 levels 
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were significantly increased in both O3-exposed groups as compared with FA-exposed group 

(Figure 3.2D-E). M-CSF levels were comparable between 1 ppm O3-exposed and FA-exposed 

groups but were significantly increased in 1.5 ppm O3-exposed group as compared to 1 ppm O3-

exposed and FA-exposed groups (Figure 3.2F). 

Macrophage-derived chemokine (MDC/CCL22) is responsible for the recruitment of T 

helper cells type 2 (Th2) and regulatory T cells during lung inflammation (Iellem et al., 2001; Imai 

et al., 1999). The BALF levels of MDC were significantly elevated in both O3-exposed groups as 

compared with FA-exposed group (Figure 3.2G). MDC levels trended higher in 1.5 ppm O3-

exposed mice as compared with 1 ppm O3-exposed mice, but the increase was not statistically 

significant (Figure 3.2G). 

The levels of various pro-inflammatory cytokines, including interleukin 6 (IL-6), 

interleukin 1 beta (IL-1b), interleukin 1 alpha (IL-1a), and tumor necrosis factor alpha (TNF-a) 

were also assessed. The BALF levels of IL-6 in 1.5 ppm O3-exposed mice were significantly 

elevated as compared with FA-exposed mice and trended higher as compared with 1 ppm O3-

exposed mice (Figure 3.2H). In contrast, the BALF levels of IL-1a, IL-1b, and TNF-a trended 

higher in both O3-exposed groups as compared with FA-exposed group (Figure 3.2I-K ). 

Matrix metallopeptidase 12 (MMP-12) is a macrophage-specific protease that is responsible 

for the alveolar space enlargement in various disease models, including O3-induced 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 O3-exposed mice as compared with FA-exposed 

mice, but the increase was not statistically significant (Figure 3.2L). The BALF levels of MMP-

12 were significantly increased in 1.5 ppm O3-exposed mice as compared with FA-exposed mice 

(Figure 3.2L). 

 

Ozone exposure results in concentration-dependent transcriptional changes in BALF cells. 

The BALF cells were collected from FA, 1 ppm, and 1.5 ppm O3-exposed groups to 

generate the single-cell RNA sequencing (scRNA-seq) profiles. An equal number of cells (n = 

2213/exposure group) that passed quality control filtering, were randomly selected for further 

integration steps (Supplemental Figure S3.1). Using a conservative clustering resolution (res = 

0.2), the integrated UMAP identified 8 cellular clusters (Cluster 0, 1, 2, 3, 4, 5, 6, 7) (Figure 3.3A). 

The individual UMAP of BALF cells from three exposure groups showed almost similar pattern 
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of clustering, while differing in the cellular density within the different clusters (Figure 3.3B-C, 

Supplemental Table S3.1). 

Cell-specific genes (Supplemental Table S3.2) were used to annotate various cell clusters 

identified in the UMAP (Figure 3.3D-E). Alveolar macrophages (AMs: Mertk, Chil3, Lyz2, Mrc1, 

Itgax) accounted for the largest proportion of the BALF immune cells from each group [FA = 1997 

cells (90.2%); 1 ppm O3 = 2018 cells (91.2%); 1.5 ppm O3 = 1855 cells (83.8%)] (Figure 3.3F-

G). Other predominant cell types in the lung airspaces of FA- and O3-exposed mice were 

plasmacytoid dendritic cells (pDCs; Traf1, Cd74, H2-Ab1, H2-Aa) and myeloid dendritic cells 

(mDCs: H2-Ab1, H2-Aa, Cd74, Apoe, C1qa, Fn1). pDCs accounted for the second largest 

proportion of the BALF immune cells from each group [FA = 156 cells (7%); 1 ppm O3 = 146 

cells (6.6%); 1.5 ppm O3 = 155 cells (7%)] (Figure 3.3F-G). mDCs accounted for the third largest 

proportion of the BALF immune cells from each group [FA = 24 cells (1.1%); 1 ppm O3 = 24 cells 

(1.1%); 1.5 ppm O3 = 40 cells (1.8%)] (Figure 3.3F-G). Additionally, neutrophils (S100a8, 

S100a9, Retnlg, Itgam) and lymphocytes, i.e., CD4+ T cells (Tcf7, Il7r, Igfbp4, Ms4a6b, Lef1), 

CD4+/CD8+ T cells (Cd3g, Cd3d, Mier1), type 2 innate lymphoid cells (ILC2s: Il1rl1, Hilpda,  

Gadd45b), were increased in 1.5 ppm O3-exposed mice as compared with FA- and 1 ppm O3-

exposed mice (Figure 3.3F-G). 

Alveolar macrophages (AMs) are among the first cellular responders to the inhaled 

toxicants including O3 (Patial & Saini, 2020) and display altered transcriptional and functional 

responses during O3-induced lung injury (Choudhary, Vo, Paudel, Patial, et al., 2021; Choudhary, 

Vo, Paudel, Wen, et al., 2021; K. Kumagai et al., 2016, 2017). However, how the transcriptional 

profile of AMs changes in response to varying concentrations of O3 at the single-cell 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 ppm O3 = 2018 cells (91.2%); 1.5 ppm O3 = 1855 cells (83.8%)] 

(Figure 3.3F). Using the cut-off criteria (|average log2FC| Ó 0.1, adjusted P value Ò 0.05, min.pct 

Ó 0.1), the differential gene expression analyses between 1 ppm O3 versus FA group identified 

1356 differentially-expressed genes (DEGs) (upregulated, 750; downregulated, 606) (Figure 

3.4A). Using the cut-off criteria (|average log2FC| Ó 0.1, adjusted P value Ò 0.05, min.pct Ó 0.1), 

the differential gene expression analyses between 1.5 ppm O3 versus FA group revealed a 

relatively higher number of 2980 DEGs (upregulated, 1287; downregulated, 1693) (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 to O3 exposure, regardless of O3 

concentration, e.g., S100a4, Ffar2, Cfb, Car4, S100a6, Gstp1, Fdps, Sqle, Cd14, Tmem223, Fn1, 

Mt2, and Il17d (Figure 3.4B, Table 3.1). Additionally, we identified 494 DEGs (upregulated, 326; 

downregulated, 168) that were differentially expressed exclusively in 1 ppm O3 group versus FA 

group, e.g., Apoc1, Ace, Scd2, P2ry13, and S100a8 (Figure 3.4B, Table 3.1). On the other hand, 

we identified 2118 DEGs (upregulated, 880; downregulated, 1238) that were differentially 

expressed exclusively in 1.5 ppm O3 group versus FA group, e.g., Il1b, Osm, Ccr5, Mki67, Bpifa1, 

Scgb1a1, Ctsf, Ccl9, Slc27a1, Csf3r, and Cd69 (Figure 3.4B, Table 3.1). The top 25 upregulated 

and downregulated DEGs of all AMs was included in Table 3.1. 

Ingenuity pathway analysis (IPA) revealed that common DEGs identified in 1 ppm O3 

versus FA group and 1.5 ppm O3 versus FA group comparisons suggested the enrichment of 

pathways, including oxidative phosphorylation, non-canonical NF-kB signaling, regulation of 

apoptosis, cellular response to hypoxia, regulation of mRNA stability by proteins that bind AU-

rich elements, TRIM21 intracellular antibody signaling, neutrophil extracellular trap signaling, 

interleukin-1 family signaling, NOTCH4 signaling, and the suppression of pathways including 

mTOR signaling, chemokine signaling, and Fc epsilon receptor (FCERI) signaling (Figure 3.4C).  

The unique DEGs from 1 ppm O3 versus FA comparison were associated with the 

enrichment of pathways, including selenoamino acid metabolism, IL-10 signaling, and 

macrophage alternative activation signaling (Figure 3.4D). Meanwhile, unique DEGs from 1.5 

ppm O3 versus 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 II antigen presentation, and the suppression of pathways 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 ppm O3 group versus FA group and 1.5 ppm O3 group versus FA group. 

We identified 15 DEGs that were upregulated in 1.5 ppm O3 versus FA but were downregulated 

in 1 ppm O3 versus FA, e.g., Filip1l, Pdia6, Cdkn1a, Stmn1, Cbx5(Figure 3.4F). On the other 

hand, we identified 32 DEGs that were downregulated in 1.5 ppm O3 versus FA but were 
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upregulated in 1 ppm O3 versus FA, e.g., Klf10, Tnfsf13, Ctsa, Fgr, Capns1, Cd300lf, and Sgk1 

(Figure 3.4F). IPA revealed that as compared to 1 ppm O3 concentration, exposure to 1.5 ppm O3 

suppressed neutrophil degranulation. Other pathways that were enriched in 1.5 ppm O3 mice versus 

1 ppm O3 mice include Fc gamma receptor (FCGR) dependent phagocytosis, chaperone mediated 

autophagy, telomerase signaling, and notch signaling (Figure 3.4G). 

 

AM heterogeneity post-ozone exposure 

Next, we generated UMAP subclusters based on the positive expression for all the selected 

AM-specific signatures, i.e., Mertk, Chil3, Lyz2, Mrc1, Itgax, which resulted in the 5 subclusters, 

i.e., AM clusters 0, 1, 2, 3, and 4 (Figure 3.5A). AM cluster 0 [FA = 818 cells (35.8%); 1 ppm O3 

= 866 cells (37.9%); 1.5 ppm O3 = 601 cells (26.3%)] (Figure 3.5B-C, Supplemental Table S3.3) 

was defined by the expression of markers, including Cd44, Ahnak, Afdn, Mmp19, and Rasa2 

(Figure 3.5D). AM cluster 1 [FA = 457 cells (34%); 1 ppm O3 = 476 cells (35.3%); 1.5 ppm O3 = 

414 cells (30.7%)] was defined by the expression of markers, including Rpl35a, Rps27a, Rps14, 

Rps13, and Ear2 (Figure 3.5D). AM cluster 2 [FA = 344 cells (36.7%); 1 ppm O3 = 305 cells 

(32.6%); 1.5 ppm O3 = 288 cells (30.7%)] was defined by the expression of markers, including 

Sqstm1, Cat, Afp, Acod1, and Efr3b (Figure 3.5D). AM cluster 3 [FA = 240 cells (27.3%); 1 ppm 

O3 = 240 cells (27.3%); 1.5 ppm O3 = 399 cells (45.4%)] was defined by the expression of markers, 

including Tmpo, H2az2, Pclaf, Cep55, and Cdca3 (Figure 3.5D). Finally, AM cluster 4 [FA = 138 

cells (32.7%); 1 ppm O3 = 131 cells (31%); 1.5 ppm O3 = 153 cells (36.3%)] was defined by the 

expression of markers, including Malat1, Gab2, Macf1, Ssh2, and Gm27008 (Figure 3.5D). 

AM is a heterogenous population (Dick et al., 2022; Y. Wu et al., 2023; Xu-Vanpala et al., 

2020). First, to determine whether the different AM clusters represent cell populations at different 

stages of development, we performed Trajectory analyses (Qiu et al., 2017), which assess gene 

expression changes to determine the cellular differentiation stage of each cluster. Trajectory 

analysis revealed that the differentiation of AMs 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 groups remained unaltered (Figure 

3.5E-F). 
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Ozone exposure alters transcriptome of AMs in a concentration- and cluster- dependent manner  

Comparison of AM gene expression between different treatment groups revealed several 

differences in a cluster-specific manner. AM cluster 0, which accounts for ~39% (2285 out of 

5870; Supplemental Table S3.3) of total annotated AMs, was analyzed to identify DEGs between 

1 ppm O3 versus FA group and 1.5 ppm O3 versus FA group. Using the cut-off criteria (|average 

log2FC| Ó 0.1, adjusted P value Ò 0.05, min.pct Ó 0.1), the analyses identified 712 DEGs 

(upregulated, 343; downregulated, 369) in 1 ppm O3 versus FA, and 1357 DEGs (upregulated, 551; 

downregulated, 806) in 1.5 ppm O3 versus FA group (Figure 3.6A).  The comparison of 2069 

(712+1357) identified DEGs revealed a total of 401 DEGs (upregulated, 185; downregulated, 216) 

that were common to 1 ppm O3 and 1.5 ppm O3 groups with respect to FA group (Figure 3.6B, 

Table 3.2). The IP analyses on these 401 DEGs suggested that O3 exposure to either concentration 

caused enrichment of pathways involved in active translation responses (Figure 3.7A). We 

identified 293 DEGs (upregulated, 149; downregulated, 144) that were uniquely expressed in 1 

ppm O3 versus FA group (Figure 3.6B, Table 3.2). The IP analyses on these 293 DEGs suggested 

enrichment of pathways involved in active translation responses, mitochondrial electron transport 

chain complex assembly and biogenesis, IL-10 signaling, and PPAR signaling (Figure 3.7A). 

Finally, 938 DEGs (upregulated, 357; downregulated, 581) were uniquely expressed in 1.5 ppm 

O3 versus FA group (Figure 3.6B, Table 3.2). The IP analyses on these 938 DEGs suggested 

enrichment of pathways involved in cholesterol biosynthesis (Figure 3.7A). 

AM cluster 1, which accounts for ~23% (1347 out of 5870; Supplemental Table S3.3) of 

total annotated AMs, was analyzed to identify DEGs between 1 ppm O3 versus FA and 1.5 ppm 

O3 versus FA group. Using the cut-off criteria (|average log2FC| Ó 0.1, adjusted P value Ò 0.05, 

min.pct Ó 0.1), our analyses identified 238 DEGs (upregulated, 134; downregulated, 104) in 1 ppm 

O3 versus FA, and 854 DEGs (upregulated, 489; downregulated, 365) in 1.5 ppm O3 versus FA 

(Figure 3.6C).  The comparison of 1092 (238+854) identified DEGs revealed a total of 146 DEGs 

(upregulated, 76; downregulated, 70) that were common to 1 ppm O3 and 1.5 ppm O3 with respect 

to FA-exposed mice (Figure 3.6D, Table 3.3). The IP analyses on these 146 DEGs revealed that 

the O3 exposure to either concentration causes enrichment of pathways involved in active 

translation responses and cholesterol biosynthesis (Figure 3.7B). We identified 88 DEGs 

(upregulated, 58; downregulated, 30) that were uniquely expressed in 1 ppm O3 versus 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 pathways (Figure 3.7B). Finally, 704 DEGs (upregulated, 409; downregulated, 295) 

were uniquely expressed in 1.5 ppm O3 versus FA group (Figure 3.6D, Table 3.3). The IP analyses 

on these 704 DEGs suggested enrichment of active translation responses and suppression of 

alternate activation of macrophages (Figure 3.7B). 

AM cluster 2, which accounts for ~16% (937 out of 5870; Supplemental Table S3.3) of 

total annotated AMs, was analyzed to identify DEGs between 1 ppm O3 versus FA and 1.5 ppm 

O3 versus FA group. Using the cut-off criteria (|average log2FC| Ó 0.1, adjusted P value Ò 0.05, 

min.pct Ó 0.1), the analyses identified 225 DEGs (upregulated, 159; downregulated, 66) in 1 ppm 

O3 versus FA, and 599 DEGs (upregulated, 301; downregulated, 298) in 1.5 ppm O3 versus FA 

groups (Figure 3.6E). Among the DEGs identified by differential expression analyses, a total of 

98 DEGs (upregulated, 67; downregulated, 31) were common to 1 ppm and 1.5 ppm O3 with 

respect to FA (Figure 3.6F, Table 3.4). The IPA revealed that these 98 DEGs were associated 

with the enrichment of pathways involved in protein translation (Figure 3.7C). We identified 124 

DEGs (upregulated, 91; downregulated, 33), and 498 DEGs (upregulated, 232; downregulated, 

266) that were uniquely expressed in 1 ppm O3 versus FA and 1.5 ppm O3 versus FA, respectively 

(Figure 3.6F, Table 3.4). While the unique DEGs in 1 ppm O3 versus FA comparison were 

involved in the enrichment of protein translation pathways, the unique DEGs in 1.5 ppm O3 versus 

FA comparisons were involved in the enrichment of pathways involved in mitochondrial function 

as well as protein translation (Figure 3.7C). The unique DEGs in 1.5 ppm O3 versus FA 

comparison were involved in the suppression of mitochondrial dysfunction pathways (Figure 

3.7C). 

AM cluster 3, which accounts for ~15% (879 out of 5870; Supplemental Table S3.3) of 

total annotated AMs, was analyzed to identify DEGs between 1 ppm O3 versus FA and 1.5 ppm 

O3 versus FA group. Using the cut-off criteria (|average log2FC| Ó 0.1, adjusted P value Ò 0.05, 

min.pct Ó 0.1), the analyses revealed 369 DEGs (upregulated, 206 downregulated, 163) in 1 ppm 

O3 versus FA, and 834 DEGs (upregulated, 447; downregulated, 387) in 1.5 ppm O3 versus FA 

(Figure 3.6G). Among the DEGs identified by differential expression analyses, a total of 217 

DEGs (upregulated, 125; downregulated, 92) were common to 1 ppm and 1.5 ppm O3 with respect 

to FA (Figure 3.6H, Table 3.5). These 217 DEGs were associated with the enrichment of 

pathways involved in protein translation and proteasome-mediated degradation pathways 

involving genes such as Psma3, Psmb1, Psmb2, Psmb8, Rbx1m Rps27a, Sem1, Uba52 (Figure 
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3.7D).  On the other hand, we identified 152 DEGs (upregulated, 81; downregulated, 71), and 617 

DEGs (upregulated, 322; downregulated, 295) that were uniquely expressed in 1 ppm O3 versus 

FA and 1.5 ppm O3 versus FA, respectively  (Figure 3.6H, Table 3.5).While the unique DEGs in 

1 ppm O3 versus FA comparison were involved in the enrichment of protein translation pathways, 

the unique DEGs in 1.5 ppm O3 versus FA comparison were involved in the enrichment of 

pathways, including cell-cycle, mitochondrial biogenesis, and ubiquitination (Figure 3.7D). The 

unique DEGs in 1.5 ppm O3 versus FA comparison were involved in the suppression of 

mitochondrial dysfunction and macrophage alternative activation signaling pathway (Figure 

3.7D). 

AM cluster 4, which accounts for ~7% (422 out of 5870; Supplemental Table S3.3) of total 

annotated AMs, was analyzed to identify DEGs between 1 ppm O3 versus FA and 1.5 ppm O3 

versus FA group. Using the cut-off criteria (|average log2FC| Ó 0.1, adjusted P value Ò 0.05, 

min.pct Ó 0.1), the analyses identified 39 DEGs (upregulated, 28; downregulated, 11) in 1 ppm O3 

versus FA, and 28 DEGs (upregulated, 21; downregulated, 7) in 1.5 ppm O3 versus FA (Figure 

3.6I). Among the DEGs identified by differential expression analyses, a total of 4 DEGs 

(upregulated, 1; downregulated, 3) were common to 1 ppm and 1.5 ppm O3 with respect 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 O3 versus FA and 1.5 ppm O3 versus FA, respectively (Figure 3.6J, Table 3.6). The IP 

analyses revealed that these unique and common DEGs were not influencing biological pathways 

indicating an AM subpopulation that is minimally affected by O3 exposure. 

 

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 FA-exposed, 1 ppm O3-exposed, and 1.5 ppm O3-exposed mice and 

compared the expression of genes relevant to M1 and M2 activation responses. Compared to the 

AMs from FA-exposed mice, AMs from mice exposed to 1 ppm O3 displayed increased expression 

of genes associated with both M1 and M2 activation responses (Figure 3.8A). In contrast, AMs 

from mice exposed to 1.5 ppm O3 exhibited decreased expression of genes related to both M1 and 

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

signatures at a single-cell level revealed increased expression of genes relevant to both M1 and 
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M2 activation. For instance, cells corresponding to asterisks in Figure 3.8A suggested higher copy 

numbers of transcripts relevant to M1, e.g., Il18, Cd68, Aldoa, as well as M2, e.g., Chil3, Clec7a, 

Trem2, activation.  

Next, to assess the activation status of AMs from different treatment groups in a cluster-

specific manner, we randomly selected 25 cells from each AM cluster (Clusters 0-4) from FA-

exposed, 1 ppm O3-exposed, and 1.5 ppm O3-exposed mice and compared the expression of genes 

relevant to M1 and M2 activation.  In AM cluster 0, compared to FA group, the expression of 

genes relevant to both M1 and M2 signatures were downregulated in 1 ppm and 1.5 ppm O3 groups 

(Supplemental Figure S3.2). On the other hand, in AM clusters 1 and 2, the M1 and M2 signatures 

were upregulated in AMs from 1 ppm O3 group as compared to FA and 1.5 ppm O3 groups 

(Supplemental Figure S3.3, S3.4). Next, in AM cluster 3, the M1 and M2 signatures were 

upregulated in AMs from 1.5 ppm O3 group as compared to FA and 1 ppm O3 groups 

(Supplemental Figure S3.5). Lastly, in AM cluster 4, the expression of M1 and M2 signatures 

did not reveal a definite trend in any treatment groups, indicating that the macrophage activation 

status in this cluster was minimally affected by O3 exposure (Supplemental Figure S3.6).  

 

Ozone exposure modulates expression of genes associated with proliferative responses. 

Next, we compared the gene expression of the cell proliferation markers in AMs among 

FA-exposed, 1 ppm O3-exposed, and 1.5 ppm O3-exposed mice. Our analyses revealed that the 

majority of the screened proliferation markers were upregulated in a higher proportion of 

randomly-selected AMs in 1.5 ppm O3 group versus FA and 1 ppm O3 groups (Figure 3.8B). Next, 

we compared the gene expression of the cell proliferation markers in subclusters of AMs among 

FA-exposed, 1 ppm O3-exposed, and 1.5 ppm O3-exposed mice. Our analyses revealed that all the 

proliferation markers, i.e., Pcna, E2f1, Mik67, Top2a, Brca1, Bub1, Ccnb1, Foxm1, and Cdkn2c 

were expressed in at least 30% of the randomly-selected cluster 3 AMs from at least one of the 

treatment groups. However, in AM clusters 0,1,2,4, only Pcna and E2f1 genes were expressed in 

more than 20% of the randomly-selected AMs from at least one of the treatment groups 

(Supplemental Figure S3.7A-C, E). In AM cluster 0, compared to FA group, the expression of 

Pcna and E2f1 were downregulated in 1 ppm and 1.5 ppm O3 groups (Supplemental Figure 

S3.7A). In AM cluster 1, the expression of Pcna was upregulated in AMs from 1.5 ppm O3 group 

as compared to FA and 1 ppm O3 groups, while the expression of E2f1 was upregulated in 1 ppm 
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O3 group as compared to FA and 1.5 ppm O3 groups (Supplemental Figure S3.7B). In AM cluster 

2, as compared to FA group, the expression of Pcna was upregulated in both 1 ppm and 1.5 ppm 

O3 groups, while the expression of E2f1 was upregulated only in 1 ppm O3 group (Supplemental 

Figure S3.7C). Next, in AM cluster 3, except for E2f1, all proliferation markers, i.e., Pcna, Mki67, 

Top2a, Brca1, Bub1, Ccnb1, Foxm1, and Cdkn2c were upregulated in AMs from 1.5 ppm O3-

exposed group as compared with FA- and 1 ppm O3-exposed groups (Supplemental Figure 

S3.7D). Lastly, in AM cluster 4, the average expression of some proliferation markers, i.e., Pcna 

and E2f1, were upregulated in AMs from 1 ppm O3-exposed group versus FA-exposed group and 

some proliferation markers, i.e., Mki67 and Cdkn2c, were upregulated in AMs 1.5 ppm O3-exposed 

group versus FA-exposed group (Supplemental Figure S3.7E).   

 

3.4. Discussion 

Inhalation of ambient ozone (O3) results in lung inflammation and exacerbates existing 

respiratory symptoms in susceptible individuals (H. Liao et al., 2006; Fuller et al., 2022). Previous 

studies have demonstrated that O3 exposure promotes immune cell infiltration, and alters cellular 

survival and function, including cellular proliferation, activation, and apoptosis (Choudhary, 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 airspaces, represent a highly 

heterogenous population (Xu-Vanpala et al., 2020; Dick et al., 2022; Y. Wu et al., 2023). 

Increasing evidence has demonstrated the prevalence of distinct AM subsets in homeostatic (X. Li 

et al., 2022) and inflammatory conditions (Aran et al., 2019; X. Yu et al., 2024).  However, the 

role of AM heterogeneity in response to O3-induced lung inflammation has not been clearly 

defined. In this study, we employed single-cell RNA sequencing (scRNA-seq) approach to 

investigate the transcriptomic profile of immune cells, particularly AM, from mice that were 

exposed to filtered air (FA) or two different concentrations of O3. Our findings provided critical 

insights into the short-term effects of O3 exposure on AMs diversity, transcriptomic alterations, 

and the potential functional modulation 

Immune cell infiltration is a consistent feature of O3-induced lung inflammation (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., 2015). Consistent with these previous reports, we observed the 
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infiltration of neutrophils in the lung airspaces of O3-exposed mice as compared with FA-exposed 

mice. Consistent with the increase recruitment of neutrophils in O3-exposed mice, the BALF levels 

of neutrophil-specific chemokines, i.e., MIP-2, KC, and LIX were found elevated. The annotated 

cellular clustering revealed an increase in other immune cells, e.g., CD4+ T cells, CD4+/CD8+ T 

cells, and type 2 innate lymphoid cells (ILC2s) in 1.5 ppm O3-exposed mice as compared with 1 

ppm O3-exposed mice, highlighting the concentration-dependent response to O3 exposure in 

altering immune cell composition in the lung airspaces. The increase in Th2 inflammation-relevant 

immune cells in 1.5 ppm O3 as compared with 1 ppm O3 was consistent with the significant 

increase in MDC/CCL22 levels in the bronchoalveolar lavage fluid (BALF) of 1.5 ppm O3-

exposed mice versus 1 ppm O3-exposed mice. Despite the enhanced recruitment of other immune 

cells in the O3-exposed mice as compared with the FA-exposed mice, AMs remained the 

predominant cell type in the airspaces of mice in all treatment groups. Therefore, we compared the 

gene expression profiles of AMs between 1 ppm O3-exposed mice versus FA and 1.5 ppm O3-

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 agents (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., 2017). While the recruitment 

of inflammatory macrophages, expressing gene signatures distinct from resident AMs, takes place 

in sustained and prolonged infection or exposure to a stress (Aegerter et al., 2020; Machiels et al., 

2017b; Misharin et al., 2017), the local expansion of resident AMs occurs as a short-term response 

to a lower degree of stress (Hotchkiss et al., 1989; Jenkins et al., 2011; Z. Liu et al., 2019). Our 

analyses revealed concentration-dependent and AM cluster-specific proliferative responses. Our 

findings are consistent with a previous study on O3-exposed rats, where proliferative macrophages 

were the primary cause of increase in AM counts in earlier stages post-exposure (Hotchkiss et al., 

1989; Tredaniel et al., 1994). The increased AM proliferative signatures in 1.5 ppm group were 

also associated with significantly higher M-CSF levels in BALF. Of note, M-CSF is a potent 

proliferation inducer, which is released by various lung cells, including macrophages, neutrophils, 

fibroblasts and endothelial cells (Braza et al., 2018; Clinton et al., 1992; Falkenburg et al., 1990; 

Tang et al., 2018). The exact source of M-CSF and other proliferation triggers and their role in the 

expansion of AM population remain unclear. 
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Previous studies have demonstrated that AMs remain functionally restrained at 

homeostasis (Hussell & Bell, 2014), but become functionally activated upon exposure to O3 

(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 observed a markedly increased number of 

differentially-expressed genes (DEGs) and corresponding enriched biological pathways between 

O3-exposed mice versus FA-exposed mice, suggesting the effect of O3 exposure in modulating 

gene expression and biological functions of AMs. Additionally, the alteration in the transcriptome 

and biological functions of AMs from 1.5 ppm O3-exposed mice versus 1 ppm O3-exposed mice 

further emphasized the concentration-dependent effects of O3 exposure. Acute exposure to O3 

resulted in enhanced production of interleukin-1, apoptosis, and activation of transcription factor 

NF-kB (Pendino et al., 1994; Sunil et al., 2012a). Consistent with the previous reports, the 

ingenuity pathway analyses (IPA) results highlighted the common pathways in both 1 ppm and 1.5 

ppm O3-exposed AMs, including interleukin-1 family signaling, oxidative phosphorylation, non-

canonical NF-kB signaling, and regulation of apoptosis. In addition, we also observed the 

activation of common pathways between 1 ppm and 1.5 ppm O3-exposed AMs, including cellular 

response to hypoxia and KEAP1-NFE2L2 pathways, which were only reported to be elevated in 

chronic O3 exposure (Wiegman et al., 2014). 

Macrophage activation, i.e., enhanced functioning, is a typical response that has been 

widely investigated (Groves et al., 2013; Mathews et al., 2015). On the other hand, several acute 

studies using high O3 concentration exposure (1.5 ppm ï 2 ppm) demonstrated poor phagocytic 

abilities of AMs (Jakab & Hemenway, 1994b; Mikerov, Gan, et al., 2008; Mikerov, Haque, et al., 

2008), suggesting that high O3 concentration compromises AM functions. Moreover, AMs have 

been identified as targets of O3-induced oxidative DNA damage (Sunil et al., 2012a), which has 

been associated with impaired macrophage functions, including defects in proliferation, delayed 

differentiation, and increased senescence. and an enhanced airway inflammatory response (Luo et 

al., 2018; Pereira-Lopes et al., 2015). Consistent with these studies, our IPA data showed that AMs 

from the 1.5 ppm O3-exposed mice were uniquely activated in multiple DNA repair, DNA damage 

bypass, and cell cycle checkpoints pathways. Moreover, it has been reported previously that 

macrophages exhibit dysregulated inflammatory response and altered immune functions in the 

absence of proper lipid metabolic programming (Lee & Bensinger, 2022). In this current study, 
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the regulation of lipid metabolism pathway was suppressed in AMs from cluster 3 of the 1.5 ppm 

O3-exposed mice. We speculated that 1.5 ppm O3 concentration disrupted the tightly controlled 

cell cycle checkpoints by bypassing the DNA damage, thus promoting irregular cell proliferation. 

We further speculated that the newly proliferated AMs were functionally less mature. However, 

further experimentation is needed to test these hypotheses.  

Several reports indicate that macrophages can reprogram their cholesterol biosynthetic 

machinery to aid in host defense responses (Blanc et al., 2013; Hayakawa et al., 2022; Lee & 

Bensinger, 2022; Madenspacher et al., 2020). Previous reports have shown upregulation of genes 

relevant to the cholesterol biosynthesis pathways in the lung following repetitive O3 exposure (H.-

Y. Cho et al., 2021; Choudhary, Vo, Paudel, Patial, et al., 2021; Colonna, 2015; Tovar et al., 2020). 

Consistent with previous studies, in the current study, despite one-time exposure paradigm, we 

found enrichment of pathways driven by cholesterol biosynthesis relevant genes (Cyp51a1, 

Dhcr24, Fdft1, Fdps, Hmgcr, Hmgcs1, Idi1, Msmo1, Pmvk, Sc5d, Sqle). Oxysterols, e.g., SecoA, 

SecoB, and b-epoxycholesterols, are known to be upregulated in O3-exposed airways, and are 

implicated as potential mediators of O3 toxicity (Pryor et al., 1992; Pulfer et al., 2005; Pulfer & 

Murphy, 2004; Speen et al., 2016). Another report by Duffney et al demonstrated that oxysterols 

can form adducts with CD64 and CD206 which can interfere with the phagocytic potential of AMs 

(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 (cholesterol-25-hydroxylase), in LPS-

induced inflammation (Madenspacher et al., 2020). They demonstrated that 25HC prevent lipid 

overload in AMs, in an anti-inflammatory nuclear receptor liver-x-receptor (LXR)-dependent 

manner, which is critical for the Mertk-mediated efferocytotic removal of neutrophils and 

resolution of inflammation in LPS-challenged mice (Madenspacher et al., 2020). It is likely that 

the cholesterol derivatives are playing similar role in the efferocytosis of O3 -induced neutrophils 

and subsequent resolution of inflammation. It is also likely that the upregulated cholesterol 

biosynthesis pathways in macrophages serve as a source of cholesterol derivatives in the O3-

exposed airspaces. However, the exact identity and source of the O3-induced triggers for the 

reprogramming of cholesterol biosynthesis in AMs, and their functional impact on immune and 

epithelial cells remain unknown and require further investigation. 
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Mitochondria are the major source of reactive oxygen species (ROS) and free radicals 

during oxidative phosphorylation (Boveris et al., 1972; Boveris & Chance, 1973), and play a key 

role in lipid metabolism and cholesterol homeostasis (S.-L. Han et al., 2021; L. Li et al., 2022; 

Torres et al., 2021). Variety 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 DNA (Brookes et al., 2004). Increasing 

evidence supports the important role of mitochondrial dysfunction in the development and 

pathogenesis of lung diseases (Aguilera-Aguirre et al., 2009; Jablonski et al., 2017; Sharma et al., 

2021; J. Yu et al., 2016). Moreover, the O3-induced mitochondrial structural damage was 

previously reported in epithelial cells (Lopez et al., 2007), cardiomyocytes (Tian et al., 2021), 

airway smooth muscle cells (Wiegman et al., 2015), and microglia (Valdez et al., 2020). In the 

current study, pathways related to mitochondrial responses, e.g., oxidative phosphorylation, 

respiratory electron transport, mitochondrial protein import, mitochondrial dysfunction, and 

complex I biogenesis, were enriched in the AMs from 1.5 ppm O3-exposed group versus the 1 ppm 

O3-exposed and FA groups. However, the exact mechanism and consequences of O3-induced 

mitochondrial dysfunction in AMs remain unclear and requires further experimentation. 

Translational control is critical for cellular preservation in response to stress (Holcik & 

Sonenberg, 2005). One of the key mechanisms of translational control during stress is the 

phosphorylation of eIF2, which results in the transcriptional activation of stress response genes 

(Harding et al., 2000). In the current study, we found enrichment of protein translation pathways 

driven by eIF2 signaling and other relevant genes, e.g., Eif3f, Eif3h, Rpl21, Rpl23, Rpl26, Rpl27a, 

Rpl28, Rpl34, Rpl36, Rpl36a, Rpl37, Rpl4, Rps11, Rps15a, Rps19, Rps26, Rps27, and Rps8. 

Additionally, previous studies suggested the involvement of eIF2 signaling in antibacterial 

response (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 pathogens, e.g., Yersinia pseudotuberculosis, Listeria 

monocytogenes, and Chlamydia trachomatis, Shrestha et al has demonstrated the direct linkage 

between eIF2 signaling and the antibacterial defense system (N. Shrestha et al., 2012), suggesting 

the roles of eIF2 signaling pathway in the host defense mechanism.  

Free fatty acid receptor 2 (Ffar2/Gpr43) is widely expressed in various inflammatory cells 

such as macrophages and neutrophils (Kamp et al., 2016; McNelis et al., 2015). The reported roles 

of Ffar2 in inflammation were controversial. For instance, Ffar2 gene deletion was reported to 
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increase inflammation in arthritis model and allergic airway model (Maslowski et al., 2009). On 

the other hand, Ffar2 gene deletion was reported to decrease inflammation in ethanol-induced 

inflammation model (M. H. Kim et al., 2013), and dextran sulfate sodium (DSS)-induced colitis 

model (Sina et al., 2009). Further, deletion of Ffar2 was reported to increase perivascular fibrosis 

and increase cancer progression. In the current study, Ffar2 was commonly increased in both 1 

ppm and 1.5 ppm O3-exposed groups, suggesting the inflammatory role of Ffar2 in O3-induced 

lung injury. However, further experimentation is warranted to elucidate whether the elevated Ffar2 

expression was associated with pro-inflammatory or anti-inflammatory responses. 

Gene signatures associated with macrophages could indicate the nature of their immediate 

microenvironment. Macrophages may respond to products released from epithelial cells upon 

injury by O3 resulting in classical macrophage activation (M1) and release products such as 

reactive oxygen species (ROS) and TNF-a, which further promote lung injury (H.-Y. Cho et al., 

2001; Fakhrzadeh, Laskin, & Laskin, 2004; Pendino et al., 1995). On the other hand, another study 

has shown the presence of  alternatively activated AMs (M2) in the O3-exposed lungs (Mathews 

et al., 2015). The M2 macrophages release anti-inflammatory mediators such asinterleukin-10 (IL-

10) and actively participate in wound repair, clearance of apoptotic/necrotic cells (Dahl et al., 

2007; Ishii et al., 1998), and resolution of inflammation (Backus et al., 2010; Reinhart et al., 1999). 

We observed interesting expression readouts of macrophage activation-associated gene signatures. 

The assessment of macrophage-activation relevant gene signatures in the entire AM population 

revealed that exposure to 1 ppm O3 causes an upregulated expression of genes associated with M1 

as well as M2 activation. In contrast, as compared to both FA- and 1ppm O3 -exposure groups, 

AMs from the 1.5 ppm O3-exposed mice exhibited downregulated expression of genes relevant to 

both M1 and M2 activation. We found interesting patterns of gene signatures associated with 

alternative and classical AMs activation responses in a cluster-specific manner. Particularly, 

analyses of gene expression for AM in cluster 3 suggest that the 1.5 ppm O3 exposure results in 

upregulated expression of genes associated with M1 as well as M2 activation. On the other hand, 

analyses of gene expression for AM from clusters 1 and 2 suggest that 1.5 ppm O3 exposure 

downregulates the expression of genes associated with M1 as well as M2 activation. A previous 

report indicated the co-existence of both M1 and M2 gene signatures in AMs retrieved from BALF 

of C57BL/6J mice that were sub-chronically exposed to 0.8 ppm O3 (Choudhary, Vo, Paudel, 

Patial, et al., 2021). However, it remained unclear 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 

signatures in all AM clusters from FA-exposed, 1 ppm O3-exposed and 1.5 ppm O3-exposed mice.  

Interestingly, we found elevated levels of 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. First, O3 exposure results in a concentration-

dependent increase in the levels of inflammatory mediators in the airspaces of mice. Second, 

within 24 h of O3 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 from the 1.5 ppm versus the 1 ppm O3-exposed group. 

Fourth, exposure to higher O3 concentration is associated with the enrichment of pathways 

involved in cell cycle checkpoint, DNA damage and repair, cholesterol biosynthesis, and 

mitochondrial responses. Finally, assessment of macrophage activation status revealed the 

concentration-dependent expression of genes relevant to macrophage activation in a cluster-

specific manner. Taken together, our data highlight the intrinsic transcriptomic disturbances in 

highly heterogenous alveolar macrophage subpopulations in murine airspaces post O3 exposure at 

single-cell resolution level. 
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3.6. Figures and Figure Legends 

Figure 3.1 
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Figure 3.1: Ozone exposure alters the immune cell composition in the airspaces. (A) 

Schematic diagram depicting the filtered air (FA) and ozone (O3) exposure regimen and 

subsequent scRNA-seq analyses pipeline. (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 (SEM), *p <0.05, 

**** p <0.0001 using one-way ANOVA followed by Tukeyôs post hoc test for multiple 

comparisons. (C) Representative photomicrographs of Wright-Giemsa-stained BAL cells 

cytospins from FA- (solid pink border), 1 ppm O3- (solid green border), and 1.5 ppm O3-exposed 

mice (solid blue border). Red arrows depict alveolar macrophages. Blue arrows depict neutrophils. 
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Figure 3.2 
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Figure 3.2: Ozone exposure alters the levels of inflammatory mediators in the airspaces. 

Cytokine levels (pg/ml; picogram per milliliter) of (A) macrophage inflammatory protein 2 (MIP-

2/CXCL2), (B) keratinocyte chemoattractant (KC/ CXCL1), (C) LPS-induced CXC chemokine 

(LIX/CXCL5), (D) monocyte chemotactic protein 3 (MCP-3/CCL7), (E) monocyte chemotactic 

protein 5 (MCP-5/CCL12), (F) macrophage colony stimulating factor (M-CSF/CSF1), (G) 

macrophage-derived chemokine (MDC/CCL22), (H) interleukin 6 (IL-6), (I ) interleukin 1 beta 

(IL-1b), (J) interleukin 1 alpha (IL-1a), (K ) tumor necrosis factor alpha (TNF-a), (L ) matrix 

metallopeptidase 12 (MMP-12) in the BALF from FA-exposed mice (solid pink bar), 1 ppm ozone 

(O3)-exposed mice (solid green bar), and 1.5 ppm O3-exposed mice (solid blue bar). Error bars 

represent standard error of the mean (SEM), *p<0.05, **p<0.01, ***p<0.001 using one-way 

ANOVA followed by Tukeyôs post hoc test for multiple comparisons. 
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Figure 3.3 
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Figure 3.3: Ozone exposure alters cellular density in the UMAP clusters. (A) Uniform 

manifold approximation and projection (UMAP) plot of scRNA-seq data from filtered air (FA) 

(n=4), 1 ppm ozone (O3) (n=4), and 1.5 ppm O3 (n=4) depicting 8 distinct cellular clusters (0-7). 

(B) Bar graph depicting total cell number in each cell cluster from FA (solid pink bar), 1 ppm O3 

(solid green bar), and 1.5 ppm O3 (solid blue bar). (C) Stacked bar graph depicting relative cell 

proportion in each cell cluster from FA (solid pink), 1 ppm O3 (solid green), and 1.5 ppm O3 (solid 

blue). (D) UMAP plot illustrating major cell populations identified by distinct markers, with each 

population represented by a different color. (E) Dot plot depicting the scaled expression level 

(yellow (low) to black (high) colored dots) and percentage of cells (size of dots) expressing the 

designated marker genes for each cell population. (F) Bar graph depicting total cell numbers in 

each cell population from FA (solid pink), 1 ppm O3 (solid green), and 1.5 ppm O3 (solid blue). 

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

pink), 1 ppm O3 (solid green), and 1.5 ppm O3 (solid blue). 
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Figure 3.4 
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Figure 3.4: Ozone exposure results in concentration-dependent transcriptomic changes in 

alveolar macrophages. (A) Volcano plots depicting differentially-expressed genes (DEGs; 

upregulated [red] and downregulated [blue]) (|averageLog2FC | > 0.1; adjusted P value Ò 0.05) in 

1 ppm ozone (O3) versus filtered air (FA) (left panel) and 1.5 ppm O3 versus FA (right panel). (B) 

Venn diagram depicting common and unique DEGs (upregulated [red] and downregulated [blue]) 

in 1 ppm O3 versus FA and 1.5 ppm O3 versus FA. (C) Bar graph depicting commonly enriched 

biological pathways between 1 ppm O3 and 1.5 ppm O3 with respect to FA identified using 

ingenuity pathway analyses (IPA) approach. Pathway activation (orange) and suppression (blue) 

status were determined based on IPA z-score. (D) Bar graph depicting uniquely enriched biological 

pathways in 1 ppm O3 versus FA identified using IPA approach. Pathway activation (orange) and 

suppression (blue) status were determined based on IPA z-score. (E) Bar graph depicting uniquely 

enriched biological pathways in 1.5 ppm O3 versus FA identified using IPA approach. Pathway 

activation (orange) and suppression (blue) status were determined based on IPA z-score. (F) Dot 

plot depicting the scaled expression level (yellow (low) to black (high) colored dots) and 

percentage of cells (size of dots) for genes with expression in opposite direction between 1 ppm 

O3 and 1.5 ppm O3 with respect to FA. (G) Bar graph depicting enriched biological pathways in 

1.5 ppm O3 versus 1 ppm O3 identified using IPA approach. Pathway suppression (blue) status was 

determined based on IPA z-score. White color bar indicates z-score=0.  
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Figure 3.5
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Figure 3.5: AM displays heterogeneity post-ozone exposure. (A) UMAP plot of annotated AMs 

from filtered air (FA), 1 ppm ozone (O3), and 1.5 ppm O3 depicting five distinct AM subclusters 

(0-4). (B) Bar graph depicting total AM counts in each cluster from FA (solid pink bar), 1 ppm O3 

(solid green bar), and 1.5 ppm O3 (solid blue bar). (C) Stacked bar graph depicting relative cell 

proportion in each AM cluster from FA (solid pink color), 1 ppm O3 (solid green color), and 1.5 

ppm O3 (solid blue color). (D) Dot plot depicting the scaled expression level (color) and percent 

expressing (size) for defined marker genes for each AM subcluster. (E) UMAP plot colored by 

pseudotime representing differentiation from dark blue (less differentiated) to yellow (more 

differentiated) in FA (left), 1 ppm O3 (middle), 1.5 ppm O3 (right). (F) Boxplots of the range of 

pseudotime in each subcluster, colored by subcluster annotation.  
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Figure 3.6 
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Figure 3.6: Ozone exposure alters the transcriptome of AMs in a concentration- and cluster- 

dependent manner. (A) Volcano plots depicting differentially-expressed genes (DEGs; 

upregulated [red] and downregulated [blue]) in AM cluster 0 (|averageLog2FC | > 0.1; adjusted P 

value Ò 0.05) in 1 ppm ozone (O3) versus FA (left panel) and 1.5 ppm O3 versus FA (right panel). 

(B) Venn diagram depicting common and unique DEGs in AM cluster 0 (upregulated [red] and 

downregulated [blue]) in 1 ppm O3 versus FA and 1.5 ppm O3 versus FA. (C) Volcano plots 

depicting DEGs (upregulated [red] and downregulated [blue]) in AM cluster 1 (|averageLog2FC | 

> 0.1; adjusted P value Ò 0.05) in 1 ppm ozone (O3) versus FA (left) and 1.5 ppm O3 versus FA 

(right). (D) Venn diagram depicting common and unique DEGs in AM cluster 1 (upregulated [red] 

and downregulated [blue]) in 1 ppm O3 versus FA and 1.5 ppm O3 versus FA. (E) Volcano plots 

depicting DEGs (upregulated [red] and downregulated [blue]) in AM cluster 2 (|averageLog2FC | 

> 0.1; adjusted P value Ò 0.05) in 1 ppm ozone (O3) versus FA (left) and 1.5 ppm O3 versus FA 

(right). (F) Venn diagram depicting common and unique DEGs in AM cluster 2 (upregulated [red] 

and downregulated [blue]) in 1 ppm O3 versus FA and 1.5 ppm O3 versus FA. (G) Volcano plots 

depicting DEGs (upregulated [red] and downregulated [blue]) in AM cluster 3 (|averageLog2FC | 

> 0.1; adjusted P value Ò 0.05) in 1 ppm ozone (O3) versus FA (left) and 1.5 ppm O3 versus FA 

(right). (H) Venn diagram depicting common and unique DEGs in AM cluster 3 (upregulated [red] 

and downregulated [blue]) in 1 ppm O3 versus FA and 1.5 ppm O3 versus FA. (I) Volcano plots 

depicting DEGs (upregulated [red] and downregulated [blue]) in AM cluster 4 (|averageLog2FC | 

> 0.1; adjusted P value Ò 0.05) in 1 ppm ozone (O3) versus FA (left) and 1.5 ppm O3 versus FA 

(right). (J) Venn diagram depicting common and unique DEGs in AM cluster 4 (upregulated [red] 

and downregulated [blue]) in 1 ppm O3 versus FA and 1.5 ppm O3 versus FA.  
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Figure 3.7 

 


