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Abstract 
 
 The adaptive and innate immunity are the two branches of the immune system our body 

uses to defend against invading microbes. After each encounter with a pathogen, the adaptive 

immune system develops a memory to prevent an infection with the same microbe. This ability 

to remember has recently also been shown in the innate immune system and was termed “trained 

immunity”, describing the ability to generate a stronger response towards a broad range of 

pathogens despite infection with just a single pathogen. The lung is an organ directly exposed to 

the microbes in the outside world, making it a likely site for immune cells to develop trained 

immunity. The predominant innate immune cells that reside in the lungs are the alveolar 

macrophages. These cells encounter countless pathogens every day and therefore are a likely cell 

in which to study trained immunity. Our lab recently figured out how to watch the macrophages 

crawl inside the lungs of living animals and this study examined how these macrophages 

behaved under different conditions (Neupane et al, 2020). However, these macrophages only live 

for a few months, so cells from the bone marrow constantly replace the macrophages, meaning 

that there are always two types of macrophages present in the lung. However, without an 

effective labelling tool, it was previously impossible to distinguish between the two macrophage 

populations, making their differences in behavior and function unknown. This study utilized a 

unique model to look at the two different macrophages and visualize these cells inside a living 

mouse to look for behavioural similarities and differences. Our findings determined the 

behavioral and functional similarities of these macrophages at homeostasis, their responses 

against the influenza virus, and provided support for both populations to be trained against 

influenza. 
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Chapter One: Introduction and Literature Review  
 
1.1 Introduction  

 
The lungs are the largest organ in the human respiratory system and perform the vital function 

of gas exchange. Every day, 10,000 L of air enter the upper respiratory tract consisting of the 

nose and throat, and subsequently enter the trachea and alveoli. Oxygen and carbon dioxide 

exchange between the alveoli and blood vessel, serving as the most critical function of the lung.   

 

At the terminal branch, the alveoli are lined with epithelial cells that optimize the structure of 

the alveoli to facilitate efficient gas exchange. There are two types of epithelial cells – type I and 

type II pneumocytes – which span the lining of the alveolar lumen. Type I pneumocytes cover 

95% of the surface area and share a basement membrane with the capillary endothelium forming 

a very narrow interstitial space to perform gas exchange. Type II pneumocytes cover 5% of the 

alveoli and are a source of surfactant, decreasing the surface tension and preventing the alveoli 

from collapsing (Brandt et al, 2022; Ward et al, 1984). Finally, residing in the alveoli are the 

innate immune cells that are primarily responsible for responding to foreign particles and 

patrolling the alveolar spaces to maintain pulmonary homeostasis.  

 

Alveolar macrophages (AMs) constitute over 90% of the immune cells in the alveoli 

(dendritic cells and lymphocytes occupy the remaining 10%) and proliferate in the alveoli 

throughout life. As smoke, dust, and other particulates enter the alveoli, AMs are responsible for 

recognizing and removing unwanted particles from the lung. This ability is the primary 

homeostatic role of AMs upon recognition of foreign particles and pathogens. However, since 

the air is replete with non-sterile particles that can stimulate a robust immune response, AMs also 
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incorporate several mechanisms to avoid unnecessary inflammatory responses that can damage 

the lung (Ginhoux et al, 2016; Epelman et al, 2014). AMs populate the lungs prior to birth and 

reside in the alveoli as tissue-resident alveolar macrophages (TR-AMs). Although TR-AMs were 

believed to maintain their numbers through self-renewal, recent studies suggest that TR-AMs are 

gradually replaced by monocyte-derived alveolar macrophages (MO-AMs) over time (Liu et al, 

2019). However, due to technical limitations, TR-AMs and MO-AMs remain visually 

indistinguishable thus, making it impossible to differentiate their behaviors and functions.  

 

As cells that are directly exposed to the outside world, AMs encounter many pathogens and 

perhaps learn to deal with these invaders. As a result, AMs have become potential candidates for 

the study of trained immunity, which describes memory formed by the innate immune system. 

Different from adaptive immune memory where adaptive immune cells developed increased 

responsiveness towards a specific pathogen, trained immunity suggests that innate immune cells 

can develop increased, but non-specific responsiveness towards many pathogens. Although 

increasing research has studied this concept in a number of cells including monocytes and 

macrophages, whether TR-AMs and MO-AMs can be trained remains unknown. This thesis will 

explore the behaviors and functions of TR-AMs and MO-AMs at homeostasis, compare their 

abilities to phagocytose bacteria, and their respective abilities to be trained.  
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1.2 Alveolar macrophages  
 

1.2.1 Origin 
 
Historically, AMs were classified as part of the mononuclear phagocyte system (MPS), 

and along with other tissue-resident macrophages such as Kupffer cells, microglia, and 

Langerhan cells, was thought to derive from circulating monocytes (van Furth and Cohn, 1968; 

Geissman et al, 2003; Geissman et al, 2010; Godleski and Brain, 1972). This idea was primarily 

supported by evidence of monocytes demonstrating the capability to differentiate into tissue-

resident macrophages. For example, it has been shown that depletion of AMs by intratracheal 

(IT) administration diphtheria toxin in CD11c-DTR mice, followed by adoptive transfer of adult 

monocytes demonstrated that monocytes can differentiate into macrophages (Geissman et al, 

2003; Landsman and Jung, 2007). Further, in a chimera model where mice were lethally 

irradiated, it was shown that transferred bone marrow cells subsequently divided into 

macrophages (Virolainen, 1968; van aud Ablas and van Furth, 1979). However, this theory has 

been challenged by opposing evidence. Using fate-mapping models such as the transgenic 

CX3CR1-Cre mouse model, Yona et al. showed that macrophages self-renew to replenish their 

population independently of monocytes (Yona et al, 2013). Further, it was suggested that tissue-

resident macrophages appear in the embryonic tissues prior to the development of monocytes, 

challenging the concept that monocytes can serve as a precursor to macrophages (Takahashi et 

al, 1989; Ginhoux et al, 2010; Hoeffel et al, 2012; Schulz et al, 2012). Although undeniable that 

monocytes are capable of differentiating into macrophages, they are unlikely the origin of all 

pre-natal macrophages and may not replace macrophages in all tissues.  
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Yolk-sac and fetal liver progenitor cells have been identified as two sources of tissue-

resident macrophages. Using fate-mapping tools, it was suggested that microglia and cardiac 

macrophages are derived from the yolk-sac that seed into the brain and heart respectively and 

proliferate locally at steady state with no input from circulating monocytes (Ginhoux et al, 2010). 

It was proposed that these yolk-sac cells colonized the individual tissues in the embryo and 

matured into self-renewing macrophages (Higashi et al, 1992; Takeya and Takahashi, 1992). 

Subsequently, Kupffer cells, peritoneal macrophages, Langerhans cells, splenic macrophages, 

and kidney macrophages were all proposed to derive independently from monocyte precursors, 

leading to the generalization that tissue-resident macrophages are yolk-sac and fetal liver-derived 

(Schulz et al, 2012, Yona et al, 2013). As for the lungs, Guillams et al. proposed in 2013 that 

AMs were derived from the fetal liver monocytes that seed into the lung prior to birth and 

develop into macrophages (Guillams et al, 2013). In addition, Evren et al. also demonstrated the 

fetal liver origin of human AMs in a humanized mouse model in vivo (Evren et al, 2021). It was 

identified that human AMs originate in the fetal liver that then migrate into the blood and then 

the lung, where they develop into AMs. The development and growth of AMs from fetal liver 

monocytes in the lung is critically regulated by GM-CSF, which is produced by the alveolar 

epithelial type 2 cells (AEC2) (Guillams et al, 2013).  

 

1.2.2 AM behavior 
 

 Motility, described as the ability to displace over time, has been well noted as an 

important mechanism for the function of innate immune cells. For example, the classic 

neutrophil cascade incorporating adhesion, crawling, and transmigration is imperative for 

neutrophils to enter injured tissues from the vasculature (Liew et al, 2019). In the lungs, it was 
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observed using intravital microscopy (IVM), that neutrophils also increase their crawling 

distances in the pulmonary capillaries to capture bacteria adhered to the lung endothelium (Yipp 

et al, 2017). In addition, it has been observed that monocytes display patrolling behavior as a 

surveillance mechanism throughout the circulation. For example, monocytes were recorded to 

displace at 36μm/min in the endothelium of carotid arteries, and 9μm/min in the mesenteric 

venules (Buscher et al, 2017). Contrastingly, motility has not been as well elucidated in AMs. In 

the lungs, Westphalen et al. observed that AMs remained stationary at fixed alveolar locations 

for up to 4 hours, suggesting that AMs were sessile (Westphalen et al, 2014). However, this idea 

contradicted with a finding in 1993 where Peao et al. used calcium tungstate to label AMs and 

observed that some AMs were located at the Pores of Kohn, suggesting that AMs migrated 

through the Pores of Kohn (Peao et al, 1993). Further, the practicality of sessile AMs has also 

been challenged. Due to the higher number of alveoli in comparison to AMs, not all alveoli 

contain AMs at any given time, raising the question of how each alveolus can be equally 

protected from pathogens. Recently, our lab utilized IVM to observe the AMs in their natural 

environment at homeostasis in a living mouse. It was observed that AMs migrated up to 90μm 

within 2 hours (Neupane et al, 2020). This behavior was suggested to be an important 

mechanistic approach for AMs to perform their homeostatic functions of patrolling the alveolar 

spaces (Figure 1.1). In addition, this behavior was also important for chemotaxis toward inhaled 

bacteria as AMs were observed to clear basal levels of bacteria from the lung very rapidly 

without inducing neutrophil recruitment.  
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Figure 1.1. AM migrate across alveoli and engulf foreign particles and clean the alveolar 
space. 

 AMs migrate from alveolus to alveolus during homeostasis through the Pores of Kohn. 

This movement is critical for AMs to perform their role of cleaning the alveolar space of cellular 

debris, foreign particles, and apoptotic cells.  

 

1.2.3 Immune surveillance: Keeping the alveoli in check 
 

 During physiological conditions, AMs maintain pulmonary homeostasis by clearing 

surfactant, debris, and unwanted particles in the alveolar space. To perform these roles, AMs 

possess a high phagocytic capacity and actively limit the secretion of pro-inflammatory 

cytokines to prevent activating the adaptive immune system. Thus, this enables the AMs to patrol 

and clean alveolar spaces in a silent manner that minimizes lung inflammation. The homeostatic 

functions of AMs to clear surfactant, limit lung inflammation, and respond to respiratory 
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pathogens will be highlighted in the sections below.   

 

1.2.3.1 Catabolizing and clearing surfactant from the alveolar space  
 
Surfactant is produced by the AEC2s and reduces the surface tension in the alveolar 

lumen to maintain alveolar compartment stability and prevent alveolar collapse (Knudsen et al, 

2018). It lines the alveolar epithelium as an active thin and continuous film, and its homeostasis 

is crucial for lung function (Goss et al, 2013; Veldhuizen et al, 2000; Schürch et al, 1982). 

However, excessive accumulation of surfactant could decrease the integrity of the alveolar space 

and lead to pulmonary alveolar proteinosis (PAP) and respiratory failure (Carey et al, 2010). 

AMs play a crucial role of regulating the level of surfactant in the alveolar lumen and are 

responsible for up to 40% of surfactant catabolism (Miles et al. 1985; Guilliams et al, 2013). To 

fulfill this function, AMs utilize the GM-CSFR-PPAR-γ axis. Engagement of the GM-CSFR on 

the surface of AMs leads to the expression of the nuclear receptor PPAR-γ, which in turn 

regulates the expression of genes involved in lipid intake and catabolism (Baker et al, 2010; 

Gautier et al, 2012).  

 

1.2.3.2 Dampening the immune response in the alveolar space 
 

 At steady state, AMs maintain an immunosuppressed form and induce negative 

regulatory signals to minimize AM activation against manageable inhaled material. Some of the 

well-known inhibitory surface receptors expressed by AMs include the TGF-ßR, IL-10R, and 

signal regulatory protein alpha (SIRPα), which will be individually discussed below.  
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TGF-ßR is expressed on AMs and responds to TGF-ß, a cytokine produced by a variety 

of lung cells including AMs thereby suggesting both paracrine and autocrine activity. It has been 

suggested that TGF-ß is critical to preventing lung emphysema and widespread lung 

inflammation (Morris et al, 2003). The secretion of TGF-ß by AMs also induces forkhead box P3 

(FOXP3) expression in naïve and activated CD4+ T-cells that then suppresses T-cell activity 

(Hussell and Bell, 2014). IL-10 is an anti-inflammatory cytokine that is involved in 

immunosuppression and homeostasis (Bonfield et al, 1995; Fernandez et al, 2004). This cytokine 

is constitutively expressed by pulmonary epithelial cells. AMs express IL-10R and its activity 

with IL-10 is primarily associated with the STAT3-induced expression of SOCS3 which prevents 

expression of pro-inflammatory genes (Takeda et al, 1999; Yoshimura et al, 2007). SIRPα is 

expressed on the AMs and activated by ligands including CD47, surfactant proteins pulmonary 

surfactant-associated protein A (SPA) and surfactant-associated protein D (SPD). The SIRPα-

CD47 axis creates an inhibitory signal for phagocytosis, acting as a “do-not-eat-me” signal to 

block phagocytosis of healthy cells (Barclay et al, 2014). As well, surfactant protein A (SPA) 

and surfactant protein D (SPD) are also ligands for SIRPα which as an example inhibits LPS-

induced production of pro-inflammatory cytokines (Haczku et al, 2008; Gardai et al, 2003).  

 

1.2.3.3 AM response against Staphylococcus aureus 
 

 Staphylococcus aureus (S. aureus) is gram-positive commensal bacteria and S. aureus 

infection accounts for approximately 20,000 deaths in the U.S each year (Wertheim et al, 2005; 

Kourtis et al, 2019). Although S. aureus colonize the skin and mucosa, the anterior nares are the 

most frequent site for S. aureus invasion. Through airborne transmission, S. aureus commonly 

disperse into the nose and spreads to the lower respiratory tract. To ensure the sterility of the 
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lower airways, the innate immune cells in the alveoli immediately respond to eliminate the 

bacteria and prevent its entrance into the bloodstream.  

 

 Neutrophils and AMs have been suggested to be crucial for S. aureus clearance. In the 

case of neutrophils, it has been shown that these cells clear S. aureus bacteria through a NADH-

oxidase-dependent manner, and via neutrophil extracellular traps (Ellson et al, 2006; Brinkmann 

et al, 2004). It has been suggested previously that innate clearance of the bacteria only requires 

neutrophils, but not macrophages. However, others have challenged this notion showing that 

although neutrophils are important for bacterial clearance, the absence or depletion of AMs 

resulted in reduced killing of the bacteria and enhanced bacteria-induced mortality (Sun and 

Metzger, 2008; Yajjala et al, 2016; Martin et al, 2011; Kitur et al, 2016). Moreover, neutrophils 

are not readily available in the alveoli and are recruited from the vasculature into the lungs via 

the two CXC chemokines: MIP-2 and KC. In contrast, the AMs conveniently reside in the 

alveoli tissue and are readily available to respond to the bacteria. It has been shown that 

macrophages are in fact the first responders to clear bacteria through an NADH-oxidase-

dependent and -independent manner. In our lab, we have used IVM and observed that AMs 

crawl toward S. aureus to engulf the bacteria. Interestingly, it was observed that when the 

bacteria dosage was under 4 million CFUs, AMs cleared the bacteria within the first 2 hours of 

infection without the need for neutrophils. When AMs were depleted, massive neutrophil 

recruitment occurred during this time frame and induced unnecessary lung inflammation. This 

result demonstrates the importance of AMs to clear basal levels of pathogen while mitigating 

tissue damage (Neupane et al, 2020).  
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AMs have key molecules to deal with S. aureus. One mechanism of S. aureus clearance 

by AMs is the interaction between the macrophage and surfactant protein A (SPA). As a member 

of the C-type leptin family, SPA acts like an opsonin and binds to S. aureus and CD11b of AMs 

to facilitate S. aureus phagocytosis (Kurannuma et al, 2004; Sever-Chroneos et al, 2011). 

Macrophage receptor with collagenous structure (MARCO) is another component of AM-

mediated phagocytosis of S. aureus (Arredouani et al, 2005). It has been shown that SPA or 

MARCO-deficient mice exhibited reduced clearance and phagocytosis of S. aureus (Palecanda et 

al, 1999; Zhou et al, 2008). 

 

1.2.3.4 Influenza A Virus (IAV) pathogenesis and AM response  
 

 Influenza A virus (IAV) is a single-stranded negative-sense RNA and is one of the 

leading causes of mortality worldwide (WHO, 2012). Different from bacterial infection, IAV 

infects by inserting its genome into host cells, leading to replication of the viral genome and 

dissemination inside the host cell. As the virus travels down the respiratory tract, it primarily 

targets the epithelial cells lining the bronchi. This is because the hemagglutinin (HA) protein 

expressed on the IAV targets sialic acid receptors which are predominantly expressed on the 

surface of epithelial cells. Once the virus replicates inside the epithelial cells, virions are released 

back into the airspaces to travel further down the respiratory tract. In the alveoli, IAV targets the 

alveolar epithelial cells and can induce direct destruction of the epithelium lining. This process 

determines the lethality of IAV infection as epithelium damage impairs gas exchange and 

increases secondary pathogen infection (Cardani et al, 2017). In vivo studies using murine 

models have associated the severity of IAV infection with the degree of alveolar epithelial cell 

destruction (Sanders et al, 2013; Brandes et al, 2013).  
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 In response to IAV, AMs are essential for protection against lethal infection. It has been 

shown on multiple occasions that AMs play a key role in modulating IAV infection. The absence 

of AMs significantly increase morbidity and IAV-induced respiratory failure (Schneider et al, 

2014; Kim et al, 2008; Purnama et al, 2014). Interestingly, the level of adaptive immune 

response is independent of AM presence as observed by an intact IAV-induced T and B cell 

response after AM ablation (Schneider et al, 2014; Purnama et al, 2014). Therefore, how AMs 

affect the severity of IAV infection remains to be elucidated. In 2017, Cardani et al. observed 

that AMs inhibit infection of alveolar epithelial type I cells (AEC1), preventing lethal influenza 

pneumonia (Cardani et al, 2017). However, how this occurs mechanistically also remains to be 

explored.  

 

 Despite viral dissemination inside the respiratory tract, >95% of deaths in the 1918 

influenza pandemic were caused by post-influenza bacterial infections (Russell et al, 2008). 

During the 1957 and 2008 pandemics, it has been recorded that half of the patients admitted to 

the hospital had evidence of bacterial coinfection, specifically with S. aureus or Streptococcus 

pneumoniae (S. pneumoniae) (Louria et al, 1959; Gill et al, 2009). These records suggest that 

IAV can indirectly induce immunosuppression in the host which increases host susceptibility to 

secondary bacterial infections. It is also possible that viral replication in the alveolar epithelial 

cells lead to airway epithelium damage which increases attachment sites for bacteria 

(MacCallum et al, 1921; Opie et al, 1921). Additionally, AMs play a critical role in bacterial 

clearance, and the increase in bacterial susceptibility post-IAV infection also has been suggested 

to be due to 1) decreased AM phagocytic ability, 2) loss of AMs (only in the BALB/C mice 



 12 

strain), or 3) AM paralysis, inhibiting the chemotaxis towards bacteria (Sun and Metzger, 2008; 

Califano et al, 2018; Ghnoeim et al, 2013; Neupane et al, 2020).  

 

1.3 Self-replenishment of tissue-resident macrophages  
 

1.3.1 Self-replenishment of TR-AMs through local proliferation 
 
Tissue-resident macrophages possess a high proliferative capacity and are known to self-

renew with minimal contribution from circulating monocytes. Microglial cells are an excellent 

example of an independent self-renewing population, as are Langerhans cells and Kupffer cells 

(Palucka et al, 2006). Interestingly, it has been shown that Langerhans cells and microglia can 

locally repopulate even after tissue injury (Ajami et al, 2007; Merad et al, 2002). However, this 

self-renewal ability does not apply to all tissue-resident macrophages. For example, it has been 

shown that gut macrophages and dermal macrophages are constantly replaced by circulating 

monocytes (Liu et al, 2019). The reason behind why some tissue-resident macrophages can 

locally repopulate despite ablation, whilst some are replaced by monocyte-derived macrophages 

remains an area to be explored.     

 

AMs have been shown to have high self-renewing ability. This proliferating ability is 

dependent on macrophage colony-stimulating factor (M-CSF) and IL-1α (Davies et al, 2013; 

Francois et al, 2015). Early studies demonstrated using in vivo and in vitro models, the 

replicative capacity of AMs that fill an empty niche in murine models (Tarling et al, 1987; 

Nakata et al, 1999; Lehnert et al, 1992), as well as in humans (Nakata et al, 1999). Using 

depletion models such as diphtheria toxin and clodronate liposomes to eliminate TR-AMs, 

Hashimoto et al. demonstrated that TR-AMs fully repopulate the alveoli independently of 
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monocytes (Hashimoto et al, 2013). Further, it was shown recently that following an adenovirus 

infection, TR-AM numbers were reduced but returned to basal levels a month after infection 

(Yao et al, 2018).  

 

 Although TR-AMs are capable of self-renewal, it has been recently suggested that TR-

AMs are replaced by MO-AMs over time. However, the lack of tools limits our ability to 

distinguish tissue-resident and monocyte-derived macrophages in the lung. Further, although it 

has been shown that circulating monocytes are able to differentiate and adopt an identical 

function and characteristic as AMs, the amount of time that MO-AMs require to adopt the niche 

of TR-AMs is not delineated. Moreover, a systematic comparison of TR-AMs and MO-AMs is 

unavailable, limiting our understanding of why TR-AMs self-renew versus turnover.   

 

1.4 Monocyte-derived Alveolar Macrophages (MO-AMs) 
 

1.4.1 Origin: Monocytes  
 
Monocytes are a heterogenous population of cells that circulate the bloodstream and 

generally recruit to tissues and give rise to tissue macrophages under inflammatory conditions. 

Post-natal monocyte development depends entirely on M-CSF, which has a short half-life of 20 

hours (Cecchini et al, 1994; Dai et al, 2004). Monocytes are generated in the bone marrow from 

hematopoietic stem cells (HSC). HSCs give rise to a diverse range of hematopoietic cells and in 

the development of monocytes, they first develop into the common myeloid progenitor (CMP) 

cells (Zhu et al, 2016). CMPs then differentiate into granulocyte-monocyte progenitors (GMP) 

and monocyte-DC progenitors (MDP) (Fogg et al, 2006; Liu et al, 2019). More recently, a novel 

intermediate was subsequently discovered to differentiate from MDP and give rise to classical 
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and non-classical monocytes but not DCs. This intermediate was termed the common monocyte 

progenitor (cMoP) (Hettinger et al, 2013). Therefore, the monocyte development pathway model 

has been suggested to be CMPàGMPàMDPàcMoPàmonocyte (Figure 1.2). However, this 

developmental pathway has been challenged recently by Yanez et al. who suggested that MDPs 

directly arise from CMPs independently of GMP (Yanez et al, 2017). In addition, through 

lineage-tracing tools, MDPs were shown not to arise from CMPs and can give rise to monocytes 

independently of cMoPs (Liu et al, 2019).  

 

Two main monocytes have been reported in mice and humans (Geissmann et al, 2003; 

Passlick et al, 1989). In mice, the two common monocyte types can be differentiated through the 

variable expression of the lymphocyte antigen 6C (Ly6C). The Ly6Chigh monocyte subtype is 

characterized by the high expression of C-C chemokine receptor 2 (CCR2), and low expression 

of the CX3C chemokine receptor 1 (CX3CR1) (Kratofil et al, 2016; Geissmann et al, 2003). The 

second monocyte subset is characterized by low expression of Ly6C (Ly6Clow), low expression 

of CCR2, and high expression of CX3CR1. It has been suggested the Ly6Chigh monocytes 

represent the classical monocytes that recruit to sites of inflammation, while Ly6Clow monocytes 

serve as patrolling monocytes that circulate the bloodstream and survey the endothelium integrity 

(Auffray et al, 2007; Carlin et al, 2013).  

 

The functions of the Ly6Chigh and Ly6Clow monocytes continue to be studied. IVM 

suggested that Ly6Clow monocytes patrol the vasculature by crawling on the lumen side of the 

endothelium and play a role in early responses to inflammation and tissue and repair (Auffray et 

al, 2007; Carlin et al, 2013). Contrastingly, Ly6Chigh monocytes demonstrate a higher phagocytic 
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capacity and mobilize from the bone marrow to sites of infection or injury. In contrast to the 

patrolling Ly6Clow monocytes, Ly6Chigh monocytes possess pro-inflammatory and antimicrobial 

functions, and are crucial for fortifying the innate immune response against bacterial infections 

(Serbina et al, 2008). Numerous groups however have more recently reported that in many 

instances, the Ly6Chigh monocyte becomes the Ly6Clow monocyte.  
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Figure 1.2. Monocyte development, recruitment, and differentiation into tissue-
resident macrophages. 

Monocytes arise from the bone marrow from HSCs. HSCs differentiate into CMP, followed by 

intermediates GMP, MDP, and cMoP, eventually giving rise to monocytes. Monocytes egress 

from the bone marrow and circulate the bloodstream. Ly6Chigh monocytes infiltrate into sites of 

inflammation in injured or infected tissues or organs. Ly6Clow monocytes are patrolling 

monocytes in the bloodstream. 
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1.4.2 Recruitment of monocytes into tissues during infection 
 
During an infection, monocytes traffic from the bloodstream to the peripheral tissues. 

Recruitment occurs through the CCL2-CCR2 signaling axis. During inflammation, pro-

inflammatory cytokines trigger the release of chemokine CC-chemokine ligand 2 (CCL2) which 

attaches to receptors on monocytes (CCR2), mediating Ly6Chigh monocyte recruitment (Tsou et 

al, 2007; Tsuboi et al, 2002). Interestingly, it has been demonstrated that during an infection, 

Ly6Clow monocytes can be recruited to the site of infection much earlier than Ly6Chigh monocytes 

and participate in initial inflammatory response through the release of tumor necrosis factor α 

(TNFα) and cytokines (Auffray et al, 2007). However, in most cases, the ensuing recruitment of 

Ly6Chigh monocytes provide a more prominent and robust response.  

 

Monocyte recruitment enhances antibacterial protection in the lungs and is beneficial for 

the host. During Mycobacterium tuberculosis (M. tuberculosis) infection, it has been shown that 

although monocyte recruitment is dispensable for bacterial control at a low-inoculum, CCR2-

dependent monocyte recruitment is crucial for protection at a high-inoculum (Peters et al, 2001). 

It was shown that the inhibition of monocyte recruitment resulted in reduced numbers of 

interferon gamma (IFNγ)-producing T-cells in the lungs and led to rapid death from 

overwhelming infection (Peters et al, 2001). This shows that although the lungs can eliminate 

basal levels of pathogens, monocyte recruitment is required to assist the immune response during 

a higher infectious dose (Scott et al, 2002; Peters et al, 2001).  

 

In contrast to bacterial infections, monocyte recruitment during viral infections has been 

shown to be detrimental. For example, during IAV infection, the lack of monocyte recruitment in 
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CCR2-deficient mice led to a milder inflammatory response with reduced lung pathology and 

increased survival rates (Dawson et al, 2000; Aldridge et al, 2009). It has been shown that the 

absence of monocyte recruitment was associated with lower CD8+ T-cell recruitment to the lungs 

at the peak of infection. Lymphocyte recruitment into the lungs increases rapidly at day 5 post-

infection and peaks at day 7. However, the excessive expansion of lymphocytes in the lungs is 

associated with increased lung tissue damage. This implies that unnecessary monocyte 

infiltration could be associated with excessive lymphocyte-induced lung tissue damage. 

However, as lymphocytes play a crucial role in clearing viruses, reduced lymphocyte recruitment 

also reduced viral clearance as the viral load was shown to be 10- to15-folds higher in CCR2 

knock-out (KO) mice than in wild-type (WT) control mice (Dawson et, al 2000). However, the 

reduced mortality of the WT control mice suggests that the pathological manifestation of IAV 

infection relies on more than just the viral load. 

 

1.4.3 Replenishing TR-AMs with MO-AMs during inflammation  
 
Although TR-AMs are regarded as self-renewing cells, forced ablation of these cells has 

led to replacement by MO-AMs. For example, the depletion of TR-AMs by IAV infection was 

shown to induce monocyte recruitment which led to TR-AM and MO-AM heterogeneity (Li et 

al, 2022; Aegerter et al, 2020). This depletion-induced MO-AM replenishment was also 

demonstrated following pneumococcal pneumoniae, bleomycin treatment, and murid herpesvirus 

4 (MuHV-4) infection (Arafa et al, 2022; Misharin et al, 2017; Machiels et al, 2017). MO-AMs 

are noted to persist long-term in the lungs following recruitment. For example, MO-AM numbers 

progressively increased post-IAV infection, overcrowding the lung eventually occupying over 

50% of the total AMs by 81 days post-IAV infection (Li et al, 2022). Similarly, following 
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MuHV-4 infection, the colonization of monocytes in the AM niche persisted for 28 days post-

infection (Machiels et al, 2017). This AM heterogeneity was also observed after bleomycin 

treatment, where MO-AMs constituted 50% of the AM pool 1 year after treatment (Misharin et 

al, 2017).  

 

1.4.4 Turnover of tissue-resident macrophages with age  
 
Tissue-resident macrophages are replaced gradually by monocyte-derived macrophages 

with age. This process has been shown to occur rapidly in the skin and intestinal mucosa as 

monocyte-derived macrophages occupy up to 80% of total macrophage population by 8-weeks of 

age (Ginhoux et al, 2010, Liu et al, 2019). This observation was confirmed through multiple 

experimental approaches such as lineage tracing, parabiosis, and immunophenotyping (Bain et 

al, 2014). It has been postulated that a reason for this continuous turnover in the gut as well as 

skin compartment is due to the constant exposure to environmental pathogens and stimuli. In the 

case of the lungs, it is interesting that despite mirroring the situation of tissues directly exposed 

to the environment, local proliferation rather than monocyte replacement has been proposed for 

AMs. However, using linage-tracing techniques, it has been shown that there is an increasing 

number of MO-AMs in the lungs with age. In 2019, Liu et al. demonstrated that the turnover of 

TR-AMs to MO-AMs gradually increased from approximately 20% to 70% by 36 weeks of age 

(Liu et al, 2019). Similarly, Li et al. used bone marrow transplant to track the origin of AMs over 

47 weeks and indicated a >50% contribution of monocytes to the AM pool (Li et al, 2022). It is 

possible that the increase in MO-AM contribution to the AM pool could be due to the loss of 

proliferative capacity in TR-AMs. Using scRNA-sequencing, McQuattie-Pimentel et al. reported 

the downregulation of cell-cycle genes in AMs with advancing age (McQuattie-Pimentel, 2021). 
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In addition, it has been suggested that turnover of TR-AMs to MO-AMs is associated with 

changes in the alveolar microenvironment with age. For example, there is an age-related hypo-

responsiveness of AMs to GM-CSF (McQuattie Pimentel et al, 2021). Research has also 

suggested that although TR-AMs are capable of self-renewal, repeated exposure to severe lung 

insults result in the loss of proliferative capacity and forced replenishment by monocytes. 

Therefore, it has been speculated that the natural turnover to MO-AMs in the lung is a result of 

cumulative exposure to external environmental insults. However, despite the evidence for 

changes in the alveoli over time, the mechanistic drive behind TR-AM to MO-AM turnover 

remains unclear.  

 

1.4.5 Monocytes can perform the homeostatic roles of resident macrophages  
 
The ability for monocytes to differentiate and perform the homeostatic roles of 

macrophages has been established (Yona et al, 2013; Hashimoto et al, 2013). In humans, it was 

shown that monocytes colonize the alveolar niche following lung transplants and adopt the 

functions of TR-AMs (Byrne et al, 2020). In a humanized mouse model, Evren et al. showed that 

both fetal liver and adult monocytes can develop into TR-AMs in vivo (Evren et al, 2021). It was 

also by Van de Laar et al. that in mice, bone marrow-derived monocytes, yolk-sac macrophages, 

and fetal liver monocytes were all able to colonize the empty alveolar niche and differentiate into 

functional TR-AMs (Van de Laar et al, 2016). In addition, Lavin et al. saw that monocyte 

precursors transplanted into the lung adopted tissue-resident-macrophage-like enhancers, 

indicating that the lung microenvironment dictates macrophage identity (Lavin et al, 2014). As 

well, the ability for monocyte-derived macrophages to adopt the roles of tissue-resident 

macrophages have been demonstrated in various tissue compartments. For example, monocytes 
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recruited during tissue injury can give rise to long-living self-renewing macrophages in the skin 

(Merad et al, 2002). Similarly, monocyte-derived Kupffer cells transcriptionally resembled their 

embryonic counterparts 1 month following diphtheria-toxin-induced Kupffer cell depletion 

(Scott et al, 2016). As well, monocyte-derived Kupffer cells were able to perform the 

homeostatic role of bacteria capture 60 days following clodronate liposome-induced Kupffer cell 

depletion (David et al, 2016). In the lungs, it has been shown that 1 year following bleomycin 

treatment, MO-AMs and TR-AMs were indistinguishable by flow cytometry with very little 

transcriptomic differences (Misharin et al, 2017). 

 

1.5 TR-AMs vs. MO-AMs  
 

1.5.1 AM markers  
 
AMs express the macrophage-specific markers: CD64 and MerTK. They also express 

low levels of CD11b, but high levels of CD11c, which combines with CD18 to form an integrin 

important for phagocytosis of complement-opsonized particles (Hussell and Bell, 2014; 

Zaynagetdinov et al, 2013). These cells also express sialic acid-binding immunoglobulin-like 

lectin F (SiglecF). These markers together allow for the definition and tracking of AMs (Zhang 

et al, 2007, Mao et al, 2013).  

 

1.5.2 The roles of TR-AMs and MO-AMs at homeostasis  
 
At homeostasis, there has been very little difference between TR-AMs and MO-AMs. 

Indeed, MO-AMs can adopt an identical transcriptomic profile to TR-AMs and perform their 

homeostatic roles of clearing surfactant and preventing pulmonary alveolar proteinosis (PAP) 

(van de Laar et al, 2016). In addition, both macrophage populations were highly similar in terms 
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of phagocytic uptake and pro-inflammatory cytokine production in response to Escherichia coli 

(E. coli) (Gibbings et al, 2015). However, current techniques to distinguish TR-AMs and MO-

AMs are non-specific or utilize depletion of all macrophages with chlodronate liposomes and 

then study MO-AMs in isolation. These methods, although effective in achieving a pool of MO-

AMs, are not reflective of the natural turnover of TR-AMs with age nor the rapid infiltration of 

monocytes following a severe infection.  

 

1.5.3 TR-AMs and MO-AMs during respiratory infections 
 
TR-AMs and MO-AMs have shown to differ during inflammation after monocytes are 

recruited following an acute inflammatory response. It was demonstrated that 3 days following 

LPS-induced inflammation, MO-AMs augment acute inflammation through the production of 

inflammatory mediators and metabolic reprogramming associated with cytotoxic and 

antimicrobial functions in comparison to TR-AMs (Mould et al, 2017). In contrast, TR-AMs 

exhibit increased expression of enzymes important in N-glycosylation pathways and the 

production of tricarboxylic acid cycle (TCA)-cycle intermediates, all of which are representative 

of anti-inflammatory and regulatory functions (Mould et al, 2017; Jenkins et al, 2011; Jha et al, 

2015). Further, MO-AMs recruited during IAV infection displayed an enhanced glycolytic 

capacity and proliferation rate, allowing them to overcrowd the lungs and replenish the TR-AMs 

(Li et al, 2022). These IAV-induced MO-AMs were suggested to exacerbate IAV infection 

pathology as these cells expressed a high amount of pro-inflammatory factors (Li et al, 2022; 

Schmit et al, 2022). Interestingly, in comparison to the TR-AM-like transcriptomic profile of 

MO-AMs at homeostasis, the Ly6Chigh signature was enriched in MO-AMs recruited during IAV 

infection, indicating that these MO-AMs retained their monocyte progenitor profile (Aegerter et 
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al, 2020). However, to elucidate the functionality and characteristics of already present TR-AMs 

and MO-AMs at homeostasis and during acute inflammation, a side-by-side comparison is 

required. This would simultaneously place both AMs in the same environment and test their 

abilities to individually respond towards inhaled particulates and pathogens. The lack of tools 

available prevent researchers from studying TR-AMs and MO-AMs at long-term following an 

inflammatory response thus, it is unknown whether these macrophages undergo permanent 

changes after each challenge.  

 

1.6 Trained immunity 
 
Trained immunity is described as memory generated by the innate immune system. For a 

long time, it was assumed that the innate immune system was incapable of generating memory 

and that each subsequent pathogen would be encountered by an identical non-specific response 

(Netea et al, 2016). However, it is unlikely that only advanced vertebrates that consist of an 

adaptive immune system are able to generate memory. In fact, it has been suggested that plants 

and invertebrates, harboring only the innate immune system can also exhibit the ability to 

provide protection against specific re-infections (Kurtz, 2005).  

 

1.6.1 The emergence of innate immune memory  
 
Over the past two decades, increasing evidence has documented memory in the innate 

immune system. In comparison to adaptive immune memory, trained immunity describes a 

primitive form of memory that was first evidenced in invertebrates including mosquitos, the 

insect Bombus territus and tapeworms that lack an adaptive immune system (Netea et al, 2020). 

However, many studies have also suggested innate immune memory in vertebrates. For example, 
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administration of the bacteria Bacillus Calmette Guerin (BCG) vaccine in mouse models was 

shown to protect against secondary bacterial infections including Candida albicans (C. albicans) 

or Schistosoma mansoni (Van’t Wout et al, 1992, Tribouley et al, 1978). To explore the 

independence of trained immunity from the adaptive immune system, it was also demonstrated 

that the BCG vaccine protected against candidiasis in SCID mice (lacking B and T-cells) 

(Kleinnijenhuis et al, 2012). Similarly, treatment with fungal ligand beta (β)-glucan has also 

been shown to non-specifically protect against infection with S. aureus (Kokoshis et al, 1978). 

As well, prior infection with C. albicans has also shown to protect against lethal candidiasis 

infection in RAG-1-deficient mice lacking T-cells (Quintin et al, 2012). Finally, human studies 

have provided supporting evidence such as using the BCG vaccine to provide protection against 

yellow fever (Arts et al, 2018).  

 

1.6.2 Epigenetic modification 
 

Trained immunity is characterized by epigenetic remodeling of innate immune cells upon 

encountering immune stimulating agents. Two key epigenetic marks have been identified to 

associate with trained immunity: 1) the acquisition of histone 3 lysine 27 acetylation (H3K27ac) 

at distal enhancers and the consolidation of histone 3 lysine 4 trimethylation (H3K4me3) at the 

promoters near the transcription start sites of stimulated genes (Netea et al, 2016). Histone 

acetylation removes the positive charge on the histones, decreasing the interaction between the 

positively charged histones with negatively charged DNA thus, uncoiling the condensed 

chromatin into a more relaxed structure to be more easily accessible for transcription (Gregory et 

al, 2001). On the other hand, histone methylation is associated with less transcription activation 

and more transcription silencing. In the epigenetic trademark of trained immunity, trimethylation 
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of histone H3 lysine 4 is associated with upregulation of transcription (Gupta et al, 2010).  Upon 

a primary stimulation, epigenetic modifications open the chromatin, making it accessible for 

transcription of targeted genes. Maintenance of the increased chromatin accessibility allows for 

easier targeted gene expression upon re-stimulation. For example, it has been shown in vitro that 

upon removal of the primary stimulus, the latent enhancers retained their opened chromatin, 

enabling a faster activation of transcription and hence, gene expression (Ostuni et al, 2013).  

 

1.6.3 ß-glucan as a trained immunity tool 
 
ß-glucan is a component of the fungal cell wall and has been established as a trained 

immunity tool. It has been shown that ß-glucan increases H3K4 trimethylation (H3K4me3) at 

promoter sites of important pro-inflammatory cytokines such as TNFα, IL-6, and IL-8 by 

interacting with the receptor Dectin-1 on leukocytes (Noble et al, 1993; Kondo et al, 1992; 

Young et al, 2001). This epigenetic modulation suggests the ability of ß-glucan to train innate 

immune cells against re-infection (Quintin et al, 2012). As briefly mentioned before, several 

studies have suggested the protective effects of ß-glucan against subsequent infections such as 

Leishmania major, Escherchia coli, Plasmodium berghei, Eimeria vermiformis, Candida 

albicans and S. aureus (Al Tuwaijri et al, 1987, Bistoni et al, 1986, Bousquet et al, 1988, Luzio 

et al, 1978, Rasmussen et al, 1991, Yun et al, 1997). ß-glucan interacts with receptor Dectin-1, 

which is expressed especially high on macrophages and dendritic cells (DC) (Brown et al, 2002, 

Gantner et al, 2003). Recent research has provided evidence for ß-glucan as a training tool. For 

example, it has been shown that ß-glucan results in an increase in neutrophil phagocytic capacity 

and reactive oxygen species (ROS) production (Rubin-Bejerano et al, 2007). As well, it has also 

been shown that ß-glucan modulates the chromatin status of monocytes to enhance their 
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antibacterial activity against M. tuberculosis infection through IL-1 signaling (Moorlag et al, 

2020). This study not only suggested ß-glucan to train differentiated leukocytes, but also alter 

myelopoiesis and induce an expansion of the production of HSCs. Indeed, it has been speculated 

that although ß-glucan is capable of training monocytes, the lifespan of these cells is relatively 

short in the circulation. Thus, attention has been directed towards the ability of ß-glucan to train 

progenitors of the hematopoietic system. It has been shown in 2018, that ß-glucan administration 

induces the expansion of hematopoietic stem and progenitor cells (HSPCs) (Mitroulis et al, 

2018). However, since HSC’s do not express Dectin-1, it has been suggested that the effects of 

ß-glucan on the HSPCs is directed through IL-1ß and GM-CSF signaling (Yanez et al, 2017; 

Mitroulis et al, 2018).  

 

1.6.4 Training alveolar macrophages    
 
Being directly exposed to the outside world, AMs frequently encounter a variety of 

immunostimulants, and thus serve as excellent training candidates. Indeed, the training capacity 

of AMs have been well explored. For example, Yao et al. suggested that after an infection with 

adenovirus, TR-AMs attenuate the severity of S. pneumoniae infection by secreting CXCL1 and 

CXCL2 (Yao et al, 2019). This evidence was further supported in 2023, where TR-AMs infected 

with IAV showed higher survivability upon a lethal dose of S. pneumoniae infection at 30 days 

post-IAV infection (Wang et al, 2023). In 2020, Aegerter et al. suggested that MO-AMs were 

epigenetically remodeled following IAV infection to produce IL-6 and facilitate protection 

against lethal bacterial infections for up to a month post-IAV infection (Aegerter et al, 2020). In 

addition, MO-AMs were also shown to inhibit the development of house dust mite (HDM)-

induced asthma following MuHV-4 infection and can also be remodeled to secrete CXCL9 post-
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pneumonia infection (Machiels et al, 2017; Arafa et al, 2022; Guillon et al, 2020). However, the 

concept of AM training remains a controversial topic. In 2020, it was suggested IAV infection 

“trains” AMs by impairing their phagocytic ability against E. coli or S. aureus for up to 1-month 

post-IAV infection (Roquilly et al, 2020). As well, it has also been argued that TR-AM and MO-

AM remodeling is independent of ontogeny, as TR-AMs and MO-AMs both demonstrated 

reduced inflammatory gene expression upon secondary bleomycin administration after IAV 

infection (McQuattie-Pimentel et al, 2020). 

 

 In addition to evidence demonstrating trained immunity through prior exposure to 

pathogenic challenges, studies have also demonstrated the ability for AMs to be trained using 

conventional training tools. For example, it has been shown that mice vaccinated subcutaneously 

with BCG induced memory in the AMs to confer protection against M. tuberculosis bacteria 

independently of CD4+ T-cells and monocytes (Jeynathan et al, 2022). However, this result 

contrasts a previous study that stated BCG vaccine effectiveness requires pulmonary 

administration of BCG in comparison to subcutaneous administration (Mata et al, 2021).  

 

1.7 Rationale 
 

AMs serve as the first immune cells that contact inhaled pathogens. Thus, they serve an 

important host defense that dictates the severity of respiratory infections. As distinct populations, 

it is important to understand the separate roles of TR-AMs and MO-AMs in modulating 

homeostasis in the alveoli, their responses following a respiratory pathogen threat, as well as 

their potential to be trained against secondary infections. However, due to the limitations of 

current imaging technology, TR-AMs and MO-AMs remain visually indistinguishable and the 
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behavior of MO-AMs to maintain homeostasis like TR-AMs remain unclear. In this thesis, a new 

technique will be described which allows me to separate between the two AM populations. 

Using IVM, in combination with the AM-selective dye, PKH26, and a new transgenic 

Ms4a3CreTdT mouse line that serves as a unique marker to label MO-AMs, visual distinction 

between the two AM populations was achieved. This project uses ß-glucan as a training tool and 

is the first to simultaneously interrogate the functions of TR-AMs and MO-AMs and uncover 

their respective abilities to be trained against respiratory viral challenges. 

 

1.8 Hypothesis and Specific Aims  
 

Hypothesis: 

MO-AMs are more amenable to training to generate a robust immune response against viral 

infections and gradually replace TR-AMs to benefit the host. 

 

Specific Aims: 

Aim 1: Study and compare the population dynamic and behavior of TR-AMs and MO-AMs 

under homeostatic state.  

 

Aim 2: Study and compare the behaviors and functions of TR-AMs and MO-AMs after ß-glucan 

treatment and IAV infection. nn 
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Chapter Two: Materials and Methods 
 
2.1  Animals  

 
 Ms4a3Cre mice were bred in-house under specific-pathogen free, double-barrier 

conditions at the University of Calgary and were a kind gift from Dr. Florent Ginhoux. These 

mice were kept in quarantine for 6 weeks before starting experiments for this project. 

Rosa26TdTomato (Rosa26TdT) mice were bred in-house and crossed with Ms4a3Cre to generate the 

Ms4a3CreRosa26TdT mice (Madisen et al, 2010). For controls, the WT C57BL/6 mouse strain was 

originally obtained from The Jackson Laboratory and bred in-house. All mice were 8-10 weeks 

old unless otherwise specified for all experiments used in the study and were between 18g to 28g 

in weight. All mice were fed autoclaved rodent feed and water ad libitum. Mice were age and 

gender matched for each experiment. All experimental animal protocols carried out in this study 

were approved by the University of Calgary Animal Care Committee and in accordance with the 

guidelines drafted by the Canadian Council on the use of Laboratory Animals.  

 

2.2 In vivo labelling of AMs  

PKH26 phagocytic dye and CellVue Claret phagocytic dye were purchased from Sigma 

Aldrich (Sigma Aldrich, Burlington, MA, USA) (See Table 3 for more details). Our lab 

previously used 0.5µM of the PKH26 dye for IVM experiments, and 5µM for flow cytometry 

(FACs) experiments to overcome the strong auto-fluorescence (AF) signal from AMs (Neupane 

et al, 2020). Similarly, 0.5µM and 5µM of CellVue Claret dye were used for IVM and FACs 

respectively. 100µM of stock PKH26 was received and diluted in Diluent B to generate a 

working stock. Due to the sensitivity to light, dilutions were performed in the BioSafety hood 
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under dark conditions. Prior to aliquoting the dye for all administrations, the dilution bottle was 

manually shaken for 10 seconds to disperse the dye.  

 

2.3 Oropharyngeal administration of reagents 

 Mice were subjected for 2-3 minutes in a 3% isoflurane (with oxygen as carrier) enclosed 

space. Immediately after gasping reaches intervals of 1 gasp per 3 seconds, mice were suspended 

by their incisors in a 60° plane. The tongue was then extruded with the use of cotton-tip 

applicators and held still with a gloved finger, and the volume inserted at the back of throat. The 

nares were then gently closed using the tip of the cotton-tip applicator and held until the mouse 

took 15 long breaths. The mouse was then released and replaced into the cage until 

consciousness and active movement returned. This method of administration was used for all 

reagents listed as being given oropharyngeally. 

 

2.4 Preparation of the lung for imaging and IVM 

To visualize the behavior of AM using IVM, the Nikon multichannel spinning-disk 

confocal intravital microscope was used to image the lungs. The set-up was adapted from 

previously described work (Headley et al, 2016; Looney et al, 2011). 200mg/kg ketamine 

hydrochloride with 10mg/kg xylazine hydrochloride were combined and injected 

intraperitoneally (IP) to anesthetize the animal. The animal was then maintained on a 37°C 

heated pad to retain body temperature. The right jugular vein was then cannulated to administer 

fluorescent dyes (5µL) and continuous anesthetics (50µL every 30 minutes). The trachea was 

then exposed, a small incision was made and then threaded with a tube that was then attached to 

a mini rodent ventilator to assist with breathing throughout the imaging period. The animal was 
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ventilated with stroke volume of 10uL of compressed air (20-22%) per gram of mouse weight to 

maintain a respiratory rate of 130-140 breathes per minute. The positive-end expiratory pressure 

(PEEP) was set to 2.5-3cm H2O. Next, the intercostal muscles between the ribs were teased apart 

and this created a small incision of ~1.5cm opening to expose the lungs. A small lung window 

was then placed between the ribs and a suction of ~20mmHg was applied to stabilize the lungs. 

The animal, placed on the heated pad, along with the ventilator were then placed directly under 

the Nikon upright microscope lens. Lung images were acquired using the 10X/0.45 NA lens. TR-

AMs and MO-AMs are simultaneously visualized using two laser excitation wavelengths (561 

and 635nm). Images were recorded at 1 frame per minute, over a 2-hour period time-lapse series 

as a z stack (20µm stack, 3µm step size). A total of two to three fields of view (FOV) were 

acquired for each mouse. At times when images were required to be re-focused, acquiring was 

stopped and continued within 1 minute. The final video parts were merged using the Nikon 

software. Displacement and speed of the macrophages over the 2-hour imaging period was then 

determined using the Imaris software.  

 

Whilst imaging the animal, drifting was encountered where the image translated 

horizontally or vertically during the recording process. To accommodate for the error, the video 

was stopped when video drifted and re-focused on the microscope before restarting the recording 

session. Further, when problem persisted, optimization was conducted on the Imaris software, 

where points were selected at the beginning and end of the video and fixed, correcting the drift 

and allowing for a still video to be analyzed (see Table 4 for Imaris information).  

 

2.5 In vivo depletion of AMs  
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 Clodronate liposomes (CLL) (see Table 3) and empty liposomes was purchased as a set 

from Sigma Aldrich. 70µL CLL and empty liposomes were administered directly using the 

oropharyngeal method. 

 

2.6 Collecting the bronchoalveolar lavage fluid (BALF) 

Mice were euthanized in a CO2 chamber for 1-2 minutes until heart beating ceases. Next, 

cutting a small incision in the trachea, a 20G catheter (Surflo) was inserted into the tracheal tube 

where 5mL, at increments of 0.8mL of HBSS (4°C) were used to wash, detach the cells, and 

collect the macrophages from the alveolar space. Total recovered volume was approximately 

4.5mL, where the cells were then centrifuged at 1500rpm for 5 minutes at 4°C. The supernatant 

was then collected from the cell pellet and kept either for determining the BAL turbidity in a 

spectrophotometer or plated on blood agar plates to quantify free bacteria in the alveolar space. 

The remaining cell pellet was then lysed with ACK for 2 minutes, washed in 2% HBSS, spun at 

1500rpm for 5 minutes at 4°C and kept on ice until staining for FACs.   

 

For quantification of BAL fluid proteins, the BAL was spun at 1500rpm for 5 minutes 

and the supernatant was collected. The proteins in the BAL were then quantified using the Pierce 

BCA protein quantification kit (ThermoFisher) according to manufacturer’s instructions.   

 

2.7 Flow Cytometry (FACs) preparation 

To prepare the animal for FACs, the mouse was euthanized in a CO2 chamber. The BAL 

was extracted using the protocol explained above. Next, both lungs were collected from the 

animal and placed into RPMI medium to wash and remove blood and unwanted material. After 
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removing the RPMI fluid, the lungs were minced using scissors to increase surface area. 3mL of 

RPMI mixed with 0.1% Collagenase type XI (Sigma) and 0.17% of DNAse I (Sigma) was then 

added and the mixture was incubated at 37°C for 30 minutes with rocking. The lung mixture was 

then poured into a 70µM filter and pressed using the plunger of a 3mL syringe. While doing this, 

the mixture was washed with 10mL of 2% BSA (in phosphate buffered saline (PBS)) and spun 

for 1500rpm at 4°C for 5 minutes. The supernatant was discarded, and 2mL of ACK lysis buffer 

(GIBCO) was used to lyse the red blood cells (RBCs) for 5 minutes, and then washed with 7mL 

of 2% BSA (in PBS). The solution was then spun at 1500rpm at 4°C for 5 minutes. The 

supernatant was removed and 2mL of HBSS is added to the lung mixture. The lung solution was 

then pressed through a 40µM filter and 100µL was added into 96-well plates. 100µL of 

homogenous lung solution was separately heated at 95°C for 5 minutes and vigorously vortexed 

to obtain a vial of dead cells as a positive control in the live-dead staining process. Ghost red 

viability dye is then diluted in HBSS (1/800 dilution) and used to stain all dead cells in the lung 

homogenous mixture and incubated at 4°C for 15 minutes. 2% BSA (in PBS) was then used to 

wash the cells and spun at 1500rpm at 4°C for 5 minutes. Cells were then stained with 

appropriate antibody cocktail at 4°C for 20 minutes (see Table 1). Fc blocking antibody (2.4G2,  

BioXCell) was included in antibody cocktail. FMO controls were used where appropriate. All 

samples were processed using the FACS Canto flow cytometer (BD) and analyzed using the 

FlowJo software (TreeStar).  

 

2.8 Plaque Forming Unit (PFU) assay  

PFU assay was performed to determine the viral load of the sub-lethal dose of IAV 

administered to mice. Madin-Darby Canine Kidney (MDCK) cells were obtained from ATCC 
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(ATCC, Manassas, VA, USA) (see Table 3 for more details) and stored in liquid nitrogen tank at 

-70°C. To thaw cells, the vial was warmed in a 37°C water bath for 2-3 minutes and immediately 

transferred to a BSC hood for subsequent aseptic procedures. Cells were mixed in Dulbecco’s 

modified Eagle’s medium (DMEM; Thermo Fisher Scientific, Ottawa, ON, Canada) 

supplemented with 10% fetal bovine serum (FBS, Thermo Fisher 395 Scientific, Grand Island, 

NY, USA) and 100 U/mL penicillin + 100 μg/mL streptomycin (Pen/Strep, Wisent Bioproducts, 

St-Bruno, QC, Canada) – complete culture medium. Contents were grown and maintained in 

75m2 flasks at 37°C with 5% CO2 condition. Cells were grown until 90% confluency was 

reached and were then detached by adding 5mL of 0.25% (w/v) Trypsin – 0.53mM EDTA 

solution for 5 minutes. To not agitate the cells, flasks were transported with caution and observed 

under a microscope to confirm detachment of cells before removing from flask. Cells were then 

pipetted into a 15mL canonical flask and centrifuged at 125g for 7 minutes. The supernatant was 

then removed, and cells were counted. A calculated 7.5e105 cells/plate were gently dropped in 

12-well plates and topped with 0.5mL complete culture medium. The cells were then grown 

overnight and checked under the microscope for 90-100% confluency before infection. The cells 

were then washed twice with 2mL PBS to remove all medium. IAV was then diluted in 10X 

serial dilutions and 100uL was gently dropped in the center of each well. 100uL PBS was used in 

the uninfected control well. The wells were then incubated at 37°C with 5% CO2 for 1 hour with 

15-minute shaking intervals. An overlay medium consisting of 2X MEM (Sigma Aldrich) and 

colloidal cellulose (Sigma Aldrich) at 1:1 ratio and 0.1uL TPCK-trypsin per mL was used. 

1.5mL of overlay medium was added per well and then incubated at 37°C with 5% CO2 for 48 

hours. Lastly, cells were fixed with 10% paraformaldehyde (PFA) and incubated at room 
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temperature for 35 minutes. Crystal violet dye was then added and incubated for 15 minutes and 

dried to visualize plaques. 

 

2.9 IAV infection  

 Mouse-adapted IAV (strain A/Puerto Rico/8/1934 H1N1; PR8) (ATCC) (see Table 2) 

was amplified in 10-day embryonated hen’s egg and titrated on MDCK cells. The virus was 

purchased from Cedarlane Labs (Burlington, ON, CA). After quantifying the viral titer of the 

virus using PFU assay, 50PFU was used to infect mice. This concentration was used previously 

in our lab to induce a sub-lethal infection with a maximum weight loss of 20% at the peak of 

infection followed by steady weight recovery (Neupane et al, 2020). The stock IAV was diluted 

in sterile PBS to obtain desired concentration. Mice were infected with 50PFU/50µL in the 

infected group or 50µL of 1X PBS in the control group oropharyngeally. Weight tracking was 

performed at approximately 24-hour intervals to maintain consistency and remove confounding 

factors caused by the circadian rhythm of the animal. Mice that lost more than 20% of initial 

weight were euthanized. Mice were also assessed daily for visual signs of clinical disease 

including ruffled fur, inactivity, hunching, and huddling behavior.  

 

2.10 S. aureus growth and infection in mice 

Green fluorescent protein (GFP) expressing S. aureus (strain MW2) was grown overnight 

on blood agar plates at 37°C (see Table 2). Multiple single colonies were collected from the 

plates on the next day and washed 2 times in 1mL sterile 1XPBS. The optical density (OD)600 

was determined and subsequently used to calculate volume of dilution for desired concentration 

of bacteria. For FACs (no IVM was performed with S. aureus infections) experiments, 4×106 
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CFU or 4×107 CFU of S. aureus was directly administered to mice at staggered 10-minute 

intervals using the oropharyngeal method described above. Mice were euthanized at 2-hours 

post-infection. The BAL and lungs were either collected for FACs analysis or used for CFU 

assay performance. For bacterial CFU assays, the BAL was spun down at 1500rpm for 5 

minutes, and the supernatant was collected. Serial dilutions of BAL supernatant were plated on 

blood agar plates and incubated overnight at 37°C in 5% CO2. Colonies were counted and 

calculated as CFU per organ.  

 

2.11 ß-glucan administration 

 ß-glucan (ß-1,3-(D)-glucan) was purchased from Sigma Aldrich (Sigma Aldrich, 

Burlington, MA, USA). 1mg of ß-glucan dissolved in 200µL 1X PBS or PBS alone were 

injected IP to mice and FACs was used to quantify TR-AMs and MO-AMs at 5 and 14 days after 

injection.  

 

2.12 Experimental protocol for comparing TR-AMs and MO-AMs at homeostasis 

 For all IVM experiments to compare TR-AMs and MO-AMs at homeostasis, 75µL of 

CellVue Claret dye was administered oropharyngeally to mice at least 5 days prior to imaging. 

This is to confirm that any inflammation induced by the dye resolves before subsequent 

treatment of the lungs. 5 days after CellVue Claret dye administration, the behavior of the blue 

(TR-AM) and purple (MO-AM) macrophages was determined using IVM.  

 

 For all FACs experiments, the BAL and lungs were collected using the protocol 

described above and stained using the appropriate antibodies. The markers used to identify 
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general AMs were (CD45+, CD11b-, CD11c+, MerTK+, CD64+, SiglecF+, Ly6G-, Ly6C-) (see 

Table 1 for more details). TdTomato (TdT) fluorescence was used to distinguish between TR-

AMs and MO-AMs as TR-AMs were TdT- and MO-AMs were TdT+. 

 

2.13 Statistical analysis 

 Statistical analysis was performed using the GraphPad-Prism software (Table 4). Data are 

expressed as the arithmetic mean ± SEM. A student’s t-test was used to determine the 

significance between two means. For multiple comparisons, assessing means among multiple 

groups, one-way ANOVA with Bonferroni correction was performed. For group comparisons, 

two-way ANOVA with Tukey’s multiple comparison test was performed. A p-value ≤0.05 was 

considered statistically significant.  
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Chapter 3. The Turnover and Behavior of TR-AMs and MO-AMs at 
homeostasis  
 
3.1 Results 
 
3.1.1 Turnover of TR-AMs to MO-AMs increase with age 
 

In comparison to the gut and dermis, the lung tissue was thought to be a closed system, 

where macrophages self-maintain locally throughout lifetime with minimum contribution from 

monocytes (Hashimoto et al, 2013, Hussell et al, 2014, Liu et al, 2019). However, recent fate-

mapping techniques have suggested that TR-AM turnover occurs steadily with age, but their 

behavior and functionality remain poorly understood. To compare the functional and behavioral 

differences of TR-AMs and MO-AMs, we first determined a time-point where both macrophage 

populations were present in the alveoli. For this purpose, FACs was used to quantify the numbers 

of TR-AMs and MO-AMs in mice of ages 4-weeks, 8-weeks, 16-weeks, and 40-weeks. To 

selectively label the MO-AMs from the AM population, Ms4a3CreRosa26TdT mice were used. 

Using the TdT expression that permanently labels Ms4a3 expressed in monocyte progenitors, the 

Ms4a3CreRosa26TdT mice were used as a fate-mapping approach that faithfully labels MO-AMs. 

To label AMs, CD11c+CD11b-MerTK+SiglecF+ cells were gated and TdT expression was used in 

the last panel to differentiate TR-AMs and MO-AMs (Figure 3.1A). At 4-weeks, 0% TdT+ was 

observed in the AM population (Figure 3.1B). At 8-weeks, approximately 16% of the total AM 

population were monocyte derived. At 16-weeks, a slight increase in MO-AMs was observed. 

Finally, at 40-weeks, 70% of the total AM population was TdT+, indicating that TR-AM turnover 

increases with age and MO-AMs became the predominant population.  
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In addition to FACs, IVM was used to visualize TR-AMs and MO-AMs in vivo. 

Previously, our lab successfully used the PKH26 dye which utilizes the phagocytic ability of 

AMs to fluorescently label the cells with high efficiency (Neupane et al, 2020). However, since 

PKH26 is a red fluorescent dye, TR-AMs and MO-AMs will not be distinguished as MO-AMs 

are pre-labeled with red TdT. Thus, a nearly identical dye to PKH, the blue florescent CellVue 

Claret dye was used. Using the combination of CellVue Claret dye (70μL, 0.5μM) and TdT 

fluorescence, an increase of MO-AMs (purple) from 8-weeks (17%) to 40-weeks (81%) of age 

was visually observed (Figure 3.2).  
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Figure 3. 1. Percentage of MO-AMs increase in the AM population increase with advancing 
age. 

The percentage (%) of TdT+ MO-AMs in the AM population. Ms4a3CreRosa26TdT mice at 4-, 8-, 

16-, and 40-weeks of age. BALF was collected, and cells were quantified using FACs. Flow 

gating strategy (A) and data (B) are expressed as each data point for 3 mice per group ±SEM.  
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Figure 3. 2. TR-AM to MO-AM turnover cumulatively increases from 8- to 40- weeks. 

IVM was used to visualize TR-AMs and MO-AMs in Ms4a3CreRosa26TdT mice. Results show the 

successful labelling of TR-AMs (blue CellVue+) and MO-AMs (purple TdT+CellVue+) at 8-

weeks (left) and 40-weeks (right).  
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3.1.2 Similar net displacement of TR-AMs and MO-AMs at homeostasis at 8-weeks  
 

To determine the behavior of TR-AMs and MO-AMs, net displacement of the 

macrophages were tracked over 2 hours. Unlike neutrophils that can displace 20μm in a matter of 

10 minutes (Yipp, 2017), macrophages move slowly to patrol the alveolar space (Neupane et al, 

2020). Therefore, 2 hours were selected as an appropriate time window to track and compare the 

displacements of TR-AMs and MO-AMs using IVM (Figure 3.2). For each mouse, 3 FOVs 

were randomly selected, and using the Imaris software, 20 macrophages were selected per FOV, 

and displacement was analyzed and recorded. This means that approximately 60 AMs were 

selected per mouse. Manual tracking of AMs revealed long crawling tracks, with a maximum of 

88μm over the span of 2 hours. At 8-weeks, the net displacement between TR-AMs and MO-

AMs are statistically similar (Figure 3.3A). However, at 40-weeks, MO-AMs were recorded to 

displace at a farther distance than TR-AMs (Figure 3.3B). The percentage of 8-week-old TR-

AMs (Figure 3.3C) and MO-AMs (Figure 3.3D) over distributed displacements was also 

analyzed. At 8-weeks, TR-AMs and MO-AMs were both mostly displacing 10-20μm. However, 

at 40-weeks, displacements were more distributed at 30-40μm in both TR-AMs (Figure 3.3E) 

and MO-AMs (Figure 3.3F). When comparing between TR-AMs and MO-AMs at 40-weeks, 

there is a larger proportion of MO-AMs displacing further (40-50μm) with a small percentage 

peaking at 90μm.  
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Figure 3. 3. Net displacement of TR-AMs and MO-AMs is similar in 8-week mice but 
different in 40-week mice. 

IVM was used to visualize TR-AMs and MO-AMs in Ms4a3CreRosa26TdT mice and displacement 

of AMs were determined over a 2-hour period. At this time, 3 mice per group were used. 3 FOV 

were randomly selected per mouse and a maximum of 20 macrophages were selected per FOV. 

Results show net displacement of TR-AMs (blue) and MO-AMs (red) at 8-weeks (A), 40-weeks 

(B), distribution of 8-week TR-AMs (C), MO-AMs (D), and 40-week TR-AM (E), and MO-AM 

(F). ns = not significant and * indicates p < 0.05. 
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3.1.3 Phagocytic ability of TR-AMs and MO-AMs are similar at homeostasis  
 
 One primary function of AMs is to remove basal levels of pathogens from the alveolar 

space in a silent manner that avoids inducing an inflammatory response in the lung. Our lab 

previously showed that AM movement is crucial for patrolling the alveoli and clearing bacteria 

such as Pseudomonas aeruginosa (P. aeruginosa) and S. aureus without inducing neutrophil 

recruitment (Neupane et al, 2020). To determine the maximum dose of bacteria to administer 

without inducing neutrophil infiltration, a bacteria-dose experiment was conducted. 4×106 CFU 

or 4×107 CFU of S. aureus-GFP was administered to C57BL/6 mice. After 2 hours, neutrophil 

number in the lungs was determined. In comparison to 4×106 CFU, a significant increase of 

neutrophils and S. aureus+ neutrophils were observed in the lungs after 4×107 CFU was 

administered (Figure 3.4A and 3.4B). This indicated that while 4×106 CFU is not enough to 

recruit neutrophils to the lungs, increasing this dosage by 10-fold does signal neutrophil 

infiltration. Interestingly, the percentage of S. aureus+ AMs remained at ~35% and was not 

significantly different between the doses of 4×106CFU and 4×107CFU (Figure 3.4C). This 

indicated that although AMs are functional, only 30-40% of AMs were able to capture the S. 

aureus. 

To compare the phagocytic abilities of TR-AMs and MO-AMs, 4×106 CFU S. aureus-

GFP was administered to Ms4a3CreRosa26TdT mice. Animals of ages 8-weeks (Figure 3.5A) and 

16-weeks (Figure 3.5B) were infected and FACs was used to determine the percentage of S. 

aureus-GFP+ TR-AM or MO-AM. 2 hours post-infection, the BAL was collected and processed. 

Using the gating strategy depicted in Figure 3.1, TR-AMs and MO-AMs were separated and 

GFP expression was used to identify the percentage of S. aureus+ TR-AMs and S. aureus+ MO-

AMs. Since the number of TR-AMs greatly outnumber the MO-AMs at 8- and 16-weeks of age 
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(TR-AMs occupy ~70-80% of AM population), the relative percentage of S. aureus-GFP+ TR-

AMs and MO-AMs was recorded.  

 

 Results show that at 8-weeks, approximately 30% of TR-AMs and MO-AMs were 

bacteria positive (Figure 3.5A), and at 16-weeks (Figure 3.5B), approximately 40% of TR-AMs 

and MO-AMs were able to capture bacteria within the first 2 hours of infection. Although there 

was an approximate 10% increase of bacteria capture by both TR-AMs and MO-AMs in the 16-

weeks mice compared to 8-weeks, results suggest that both macrophages possess similar 

phagocytic abilities, and both are capable of crawling and capturing invading bacteria equally 

well.  
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Figure 3. 4. 4×106 CFU of S. aureus bacteria is the maximum infection dose that avoids a 
lung inflammatory response. 

PBS (control), 4×106 CFU, or 4×107 CFU of S. aureus was administered through the 

oropharyngeal route to C57BL/6 mice. At 2 hours post-infection, lungs were collected and 

processed. Results show the quantification of neutrophils in the lungs (A), the number of S. 

aureus+ neutrophils (B) and the percentage of AM with bacteria (C) in control, and infections 

with 4×106 CFU, or 4×107 CFU of S. aureus. Data are expressed as one data point per animal 

±SEM for a maximum of 4 mice per group. ns = not significant and * indicates p < 0.05, and ** 

indicates p < 0.01. 
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Figure 3. 5. Phagocytic ability of TR-AMs and MO-AMs is similar at 8 and 16-weeks. 

8-week (A) and 16-week-old (B) Ms4a3CreRosa26TdT mice were infected with 4×106CFU S. 

aureus-GFP+ bacteria via oropharyngeal administration. BALF was collected 2 hours after 

infection and processed. Results show the percentage of TR-AMs and MO-AMs that were GFP+. 

Data are expressed as one data point per animal ±SEM for 3 mice per group. ns = not significant.  
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3.1.4 TR-AMs renew with minimal contribution from MO-AMs following clodronate-
liposome-induced depletion 

 
The previous section suggests that MO-AMs and TR-AMs behave similarly to patrol and 

phagocytose bacteria in the alveoli. Some researchers suggested that monocyte-derived 

macrophages adopt a more pro-inflammatory phenotype (Gibbings et al, 2015; Zaslona et al, 

2014; Aegerter et al, 2020). To examine this, macrophage depletion was performed to induce 

synchronous MO-AM recruitment into an empty niche. 70μL of CLL was administered through 

the oropharyngeal route to C57BL/6 mice. At days 5 and 14 post-CLL administration, AM 

number was determined using FACs. At 5 days post-CLL administration, there was a 90% 

decrease in the AM number in comparison to the control group indicating substantial 

macrophage depletion. At 14 days post-CLL administration, macrophage numbers have 

increased to approximately 60% of the AMs in the control group (Figure 3.6A).  

 

 To quantify the TR-AMs and MO-AMs post-CLL administration, the same experiment 

was repeated in Ms4a3CreRosa26TdT mice. Surprisingly, at 14 days post-CLL, it was noted that 

the TR-AMs had not been replenished with monocytes and remained the predominant population 

of the total AM pool (Figure 3.6B). The percentage of TR-AMs in the total AM pool calculated 

from Figure 3.6B was 70.5% and 81.5% in the control and CLL- treated group respectively, 

while MO-AM percentages were calculated to be 29.5% and 18.5% respectively (Figure 3.6C, 

3.6D).  
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Figure 3. 6. Alveolar macrophage numbers recover 60% by 14 days post-CLL treatment 
and are predominantly TR-AMs. 

70μL of CLL was administered via the oropharyngeal route to C57BL/6 and Ms4a3CreRosa26TdT 

mice. At 5 days and 14 days post-CLL treatment, the AMs were quantified. Results show total 

AM numbers in C57BL/6 mice at 5 and 14 days post-CLL treatment (A), and the total TR-AMs 

and MO-AMs number at 14 days post-CLL treatment in Ms4a3CreRosa26TdT mice (B). Data are 

expressed as one data point per animal ±SEM for at least 3 mice per group. Results also show the 
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proportion of TR-AMs (blue) and MO-AMs (red) at pre-CLL (C) and 14 days post-CLL (D). ** 

indicates p < 0.01, *** indicates p < 0.001, and **** indicates p < 0.0001.  
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3.1.5 BAL Turbidity before and 14 days after clodronate administration is not 
significantly different 

 

Following CLL administration, it was observed that the replenished AMs consist 

predominantly of TR-AMs. To determine if these replenished AMs can perform like mature 

AMs, BAL turbidity was determined. Turbidity measures the level of protein, debris, and lipid in 

the alveoli, thus, indicating the efficiency of AMs to “clean” the alveolar space. To determine the 

BAL turbidity, BAL supernatant was collected at 14 days post-CLL treatment, and the optical 

density 600 (OD600) was determined. Surprisingly, the OD600 in the BALF was not 

significantly different between control and 14 days post-CLL treatment. This indicated that 

under homeostatic conditions, the ability of AMs to perform at least one function was not 

impaired (Figure 3.7). 
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Figure 3. 7. Optical density 600 (OD600) (turbidity) of BAL supernatant remains similar at 
14 days after clodronate liposome treatment. 

70μL of CLL (CLL day 14) or saline (control) were administered via the oropharyngeal route to 

C57BL/6 mice. At 14 days post-treatment, BAL turbidity was identified. Results show OD600 

measurement of BAL fluid turbidity of saline, control (left) and clodronate (right) treated mice. 

Data are expressed as one data point per animal ±SEM for 3 mice per group. ns = not significant. 
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3.1.6 Phagocytic ability of TR-AMs and MO-AMs remain the same post-CLL depletion  
 

 
To further determine if replenished TR-AMs and MO-AMs can perform like mature 

AMs, bacteria were given to assess phagocytic ability. 14 days following CLL administration to 

Ms4a3CreRosa26TdT mice, S. aureus – GFP was administered. 2 hours post-infection, FACs was 

used to quantify the percentage of TR-AMs and MO-AMs that have captured bacteria. In the 

control group, approximately 25% of TR-AMs and MO-AMs captured bacteria, this percentage 

had not changed post-CLL (Figure 3.8A). However, in comparison to the control group, mice 

that have been treated with CLL after 14 days showed a higher bacterial burden (Figure 3.8B). 

As well, neutrophil recruitment was also higher in the BALF in mice at 14 days post-CLL 

treatment (Figure 3.8C). This result demonstrates that although the phagocytic ability of TR-

AMs and MO-AMs were not inhibited, the reduction of bacterial clearance and increase in 

neutrophil recruitment may suggest an impairment of bacteria killing. Together, these data 

suggest that at 14 days post-CLL treatment, TR-AMs and MO-AMs are not yet able to perform 

the full functions of mature AMs.   
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Figure 3. 8. Percentage of TR-AMs and MO-AMs with bacteria remain the same. CFU and 
neutrophil number in the BAL after S. aureus infection after clodronate liposome 
treatment. 

70μL of CLL were administered via the oropharyngeal route to Ms4a3CreRosa26TdT and C57BL/6 

mice. At 14 days post-treatment, 4×106CFU of S. aureus was administered. At 2 hours post-
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infection, BALF was collected for FACs and the BALF supernatant was plated. Results show the 

percentage of macrophages with bacteria (A), quantification of CFU, and neutrophil number in 

the BAL in control (left) and clodronate treated mice (right) (B). Data are expressed as one data 

point per animal ±SEM for 3 mice per group. ns = not significant, * indicates p < 0.05, and ** 

indicates p < 0.01. 
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3.2 Discussion 
 

In this study, we observed that although TR-AMs dominate the AM population until at 

least 16-weeks of age, MO-AMs steadily grow in population. By adulthood, we observed a shift 

of TR-AM to MO-AM ratio, with a turnover of 70% by 40-weeks of age. Although TR-AMs and 

MO-AMs are ontogenically distinct macrophage populations, they demonstrate similar crawling 

and migratory behaviors, and similar abilities to phagocytose foreign bacteria at 8- and 16-weeks 

of age. We also showed that TR-AMs remain the predominant AMs that replenish the empty 

alveolar niche thus, suggesting that TR-AMs replicate locally following massive depletion. In 

addition, we also showed that replenished AMs following depletion can phagocytose inhaled 

bacteria as well as clean the alveolar space of surfactant, debris, and lipids. 

 

It has only been recently suggested that monocytes replenish TR-AMs at physiological 

state. Using the Ms4a3CreRosa26TdT mouse model, Liu et al. tracked tissue-resident macrophage 

turnover in multiple organs (Liu et al, 2019). For microglia, epidermal Langerhans cells and liver 

Kupffer cells, no turnover was observed. On the other hand, monocytes rapidly infiltrated the 

colon and small intestines by 8-weeks of age and differentiated into macrophages that plateaued 

at 80% by 36-weeks of age (Liu et al, 2019). In the lungs, Liu et al. showed a gradual 

replacement of TR-AMs by MO-AMs with age, reaching approximately 70% by 36-weeks of 

age. This contrasts with various lung studies that suggest TR-AM self-renewal over the lifetime. 

For example, using a fate-mapping technique to label monocyte progenitors, and a parabiosis 

model, Hashimoto et al. demonstrated the lack of monocyte contribution in the AM pool of adult 

mice (Hashimoto et al, 2014). However, these authors only used mice of 8-12 weeks of age, 

whereas our data and that of Liu et al. would indicate that most of the TR-AM turnover occurs 
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after 12 weeks (Liu et al, 2019). Similarly, using chimeric mice, McQuattie-Pimentel et al. 

combined radiation with thoracic shielding and monitored the AM ontogeny over the lifespan. 

The authors showed that a small population of MO-AMs populated the lungs but remained 

steadily low over the lifetime (McQuattie-Pimentel et al, 2021). However, this model of using 

chimeric mice uses techniques that disturb or damage the system and is vastly different from the 

natural turnover that our study uses. Other authors such as Yona et al. and Clausen et al. have 

utilized the Cx3cr1CreERT2 and LyzMCre models respectively to label and determine the contribution 

of monocytes in the lungs (Yona et al, 2013; Clausen et al, 1999). Both studies concluded that 

TR-AMs populate the alveoli independently of monocytes. However, each of these models suffer 

from a lack of specificity for MO-AMs (Cx3cr1 also labels DCs cells, and LyzM also labels TR-

AMs) and are thus subject to misinterpretation.  

 

The turnover of TR-AMs and MO-AMs has been hypothesized to be due to the fact that 

the proliferative capacity of TR-AMs decrease with age. In 2021, McQuattie-Pimentel et al. 

observed significant differences in the transcriptomes of TR-AMs in young (4-6 month old) and 

old (18-24 months old) mice (McQuattie-Pimentel et al, 2021). Genes that encoded for “cell 

cycle” and “translation” were downregulated in the old compared to the young animals. 

Furthermore, the same authors also showed that aged TR-AMs confer resistance to GM-CSF. As 

TR-AMs lose the capacity to divide, they are inevitably replaced by MO-AMs. In addition, 

Wong et al. showed using gene expression studies that aging upregulates a suppressor of AM 

self-renewal, C-Maf, and downregulates genes involved in cell cycle regulation (Wong et al, 

2017). A second reason behind TR-AM to MO-AM turnover is the disappearance of TR-AMs 

that must be replaced by MO-AMs following a severe lung injury. For example, IAV infection 
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and injury with bleomycin massively deplete TR-AMs, resulting in MO-AM recruitment and 

AM heterogeneity for months post-injury (Li et al, 2022; Misharin et al, 2018). This may hold 

true for multiple smaller injuries over the lifespan.  

 

At homeostasis, TR-AMs and MO-AMs were observed to move equal distances at 8 

weeks of age. A possible explanation is that despite being of distinct ontogenies, the alveolar 

lung microenvironment shapes the functions and roles of cells that populate the space. Van de 

Laar et al. showed that all macrophage precursors: yolk-sac macrophages, fetal liver monocytes, 

and bone marrow monocytes efficiently colonized the alveolar niche and generated functional 

AMs (Van de Laar et al, 2016). Similarly, it was shown by Gibbings et al. that genes in TR-AMs 

and MO-AMs were tightly correlated (97-99%), and that 20 of 21 transcription factors that are 

selectively expressed by TR-AMs also displayed an identical gene expression level in MO-AMs 

(Gibbing et al, 2015). In addition, Lavin et al. also observed that adult bone marrow monocytes 

transplanted into the lungs following irradiation developed enhancers found in TR-AMs (89%-

98% resemblance), further confirming the critical role that the alveolar microenvironment plays 

in establishing AM identity (Lavin et al, 2014).  

 

In healthy individuals, functional AMs eliminate pathogens in a silent manner and inhibit 

unnecessary lung inflammation. It is estimated that the typical concentration level of bacterial 

aerosol in homes is 103 CFU m-3 and 5×105 CFU m-3 outdoors on a summer day, neither of which 

would presumably recruit neutrophils in healthy individuals (Pastuszka et al, 1999, Lighthard, 

2000). I have determined that the maximum dosage of S. aureus that remains under the threshold 

of neutrophil recruitment to the lungs is approximately 4×106 CFU. However, bacterial capture 
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requires that the AMs are able to crawl and chemotax toward the pathogen. Based on my 

previous results showing the similar crawling displacements of TR-AMs and MO-AMs, I 

hypothesized that TR-AMs and MO-AMs would also display similar phagocytic capacities. 

Indeed, when we introduced 4×106 CFU of S. aureus-GFP bacteria, a similar percentage of TR-

AMs and MO-AMs had phagocytosed the bacteria. This is in line with previous work that 

suggested no phagocytic advantage between TR-AMs and MO-AMs ex vivo (Gibbings et al, 

2015). Our data also contributes to previous literature that explored the impact of macrophage 

ontogeny in other organs. For example, it has been suggested that tissue-resident and monocyte-

derived Kupffer cells also display similar biological functions (ie. phagocytosis, response to LPS 

challenge, and containment of infections) (Beattie et al, 2016; David et al, 2016).  Combining the 

similar crawling behavior and phagocytic capacity, our study suggests that TR-AMs and MO-

AMs are seemingly identical during homeostasis at 8-weeks of age.  

 

In our study, we have also examined the behavior of a limited number of mice that were 

40-weeks of age and determined that MO-AMs displace larger distances in comparison to TR-

AMs. Although this was an interesting observation, there is no stated mechanism for why this 

occurs. As well, a limited number of experiments were performed to support this result, and 

further work is required to support this observation. Nevertheless, the data are intriguing and 

may suggest that with time the function of TR-AMs decreases and are therefore replaced by MO-

AMs.  

 

We initially hypothesized that AM depletion would induce rapid monocyte infiltration 

and populate the alveolar niche. This has been observed in other organs such as the liver, where 
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monocyte-derived Kupffer cells recruited to the liver following depletion to replace tissue-

resident cells (David et al, 2016, Scott et al, 2016). However, in contrast, we noted that TR-AMs 

repopulated the alveoli following AM depletion. This was an interesting observation and agrees 

with previous studies that have supported the self-replicative ability of TR-AMs (Hashimoto et 

al, 2013; Yona et al, 2013). Van de Laar et al. also directly compared fetal liver and bone 

marrow-derived monocytes to colonize the alveolar niche and observed that fetal liver 

monocytes outcompeted the bone marrow-derived monocytes to occupy 81% of the lung niche 

(Van de Laar et al, 2016). A possible reason for TR-AMs to quickly occupy the AM niche could 

be due to a higher proliferative potential in comparison to MO-AMs. Van de Laar et al. showed 

that bone marrow-derived monocytes did not show extensive proliferation capacity in response 

to GM-CSF in vitro, and also expressed lower levels of proliferation-associated genes (Van de 

Laar et al, 2016).  

 

It is possible that besides MO-AMs and replicating TR-AMs, a third possible source of 

macrophage replenishment could be the pleural cavity GATA6+ macrophages. Our lab has 

previously shown that cavity macrophages can recruit to injured tissues and perform the roles of 

resident macrophages (Deniset et al, 2019, Wang and Kubes, 2016).  For example, Deniset et al. 

showed that a population of Gata6+ macrophages that reside in the pericardial space recruit to the 

heart following cardiac injury and contribute to cardiac repair (Deniset et al, 2019). These Gata6+ 

macrophages were distinct from cardiac macrophages but lost their Gata6+ expression upon 

recruitment into the heart, suggesting a change in phenotype to adapt to the new 

microenvironment. Similarly, Wang and Kubes showed that a population of mature Gata6+ 

macrophages from the peritoneal cavity rapidly invade into the liver injury site and contribute to 
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tissue repair (Wang and Kubes, 2016). This suggests that there is considerable plasticity in 

mature Gata6+ cavity macrophages when they are exposed to another tissue microenvironment. 

Interestingly, a population of Gata6+ macrophages also exist in the pleural cavity which lies in 

close proximity with the lung. We hypothesized that CLL-induced AM depletion may trigger a 

migration of these Gata6+ macrophages into the alveolar space and become AMs. However, it is 

worth mentioning that another trainee in the lab using a novel Gata6+ reporter mouse did not 

detect this source of macrophages post-clodronate liposome depletion and replenishment of 

AMs.  

 

 Although it has been shown that monocyte-derived macrophages can acquire an identical 

transcriptomic profile to tissue-resident macrophages at homeostasis or post-sterile 

inflammation, the assimilation of monocytes has proven to be a gradual process. For example, 

following CLL-induced Kupffer cell depletion, monocytes replenished the population but 

showed delayed acquisition of Kupffer cell functions such as a reduced phagocytic activity for 

the first 30 days upon replenishment (David et al, 2016). Similarly, it has been shown that 

recruited monocyte-derived Kupffer cells following diphtheria toxin-induced Kupffer cell 

depletion only acquired increased gene homology with embryonic-derived Kupffer cells after 30 

days (Scott et al, 2016). This indicates that although the genetic profile of monocyte- and 

embryonic-derived macrophages eventually becomes similar, there is a period of adaptation in 

the microenvironment where immature macrophages are educated. In the lungs, we have 

previously shown that upon AM depletion, BALF turbidity significantly increased (Neupane et 

al, 2020). However, I have shown that by 14 days post-depletion, BALF turbidity had returned to 

the basal level. Perhaps this is because of the difference in the way in which Kupffer cells versus 
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AMs were repopulated. However, I did observe defects in AMs after massive depletion including 

a higher bacteria burden after S. aureus infection, suggesting that bacterial clearance was 

impaired. However, it is interesting that a similar percentage of TR-AM and MO-AM had 

phagocytosed S. aureus, suggesting that both populations of AMs were functioning equally but 

were unable to fully eradicate the pathogen. This begs the question of whether these artificial 

macrophage depletion experiments really reflect what happens in a natural turnover where only a 

few macrophages are replenished at any point in time.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 65 

Chapter 4. Training TR-AMs and MO-AMs against IAV infection 
 
4.1 Results 
 
4.1.1 TR-AMs and MO-AMs are both paralyzed after IAV infection   
 
 At homeostasis, TR-AMs and MO-AMs are both capable of crawling along the alveoli 

and phagocytosing bacteria that infiltrate into the alveolar space. However, our lab has 

previously shown that this crawling behavior is impaired during IAV infection (Neupane et al, 

2020). This paralysis increases the severity of secondary bacterial infections as the macrophage 

cannot get to free bacteria. Although ontogeny of AMs does not appear to determine the behavior 

and function of TR-AMs and MO-AMs at homeostasis, their responses to a viral infection, and 

behaviors when homeostasis has shifted are unknown.  

 

 To determine if the behavior of TR-AMs and MO-AMs are equally affected by IAV, 

Ms4a3CreRosa26TdT mice were infected with 50PFU of IAV. Weight loss was tracked every day 

or every 2 days, with a maximum weight loss of 20% at day 8, followed by the recovery and 

return of body weight by day 12 (Figure 4.1A). Since it has been previously shown that AMs are 

paralyzed at 12 days post-IAV infection, the Ms4a3CreRosa26TdT mice were imaged using IVM at 

12 days post-infection to compare the impact of the virus on TR-AMs and MO-AMs. 

Interestingly, both TR-AMs and MO-AMs were paralyzed at 12 days post-infection in 8-week-

old mice. Compared to an average displacement of 30μm at homeostasis, both TR-AM and MO-

AM crawling was reduced to less than 10μm post-IAV infection (Figure 4.1B, Figure 4.2). 

Similarly, at 40-weeks, both TR-AMs and MO-AMs were paralyzed at day 12 post-IAV 

infection (Figure 4.1C, Figure 4.2). Interestingly, infected MO-AMs displaced further than 

infected TR-AMs, with a maximum displacement of 50μm and 20μm respectively (Figure 4.1C, 
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Figure 4.2). This indicated that although older TR-AMs and MO-AMs were comparably 

paralyzed post-IAV infection, MO-AMs were better able to migrate across the alveolar space 

during flu infection.  
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Figure 4. 1. TR-AMs and MO-AMs are both paralyzed at 12 days post-IAV infection in 8- 
and 40-week mice. 

50PFU of IAV or saline was administered through the oropharyngeal route to 

Ms4a3CreRosa26TdT mice. Weight of saline (black) and infected (green) groups were tracked (A) 

over 12 days following IAV infection. 12 days post-infection, IVM was used to track the net 
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displacement over a 2-hour period. Results show the net displacement of the control saline group 

(left) and the IAV infected group (right) in TR-AMs (blue) and MO-AMs (red) at 8-weeks (B) 

and 40-weeks (C). At this time, 3 mice per group were used. 3 FOV were randomly selected per 

mouse and a maximum of 20 macrophages were selected per FOV. Data are expressed as one 

data point per macrophage. ns = not significant, * indicates p < 0.05, ** indicates p < 0.01, *** 

indicates p < 0.001, and **** indicates p < 0.0001,  
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Figure 4. 2. TR-AMs and MO-AMs are similarly paralyzed at 8-weeks but different at 40-
weeks after 12 days post-IAV. 

IVM was used to visualize TR-AMs and MO-AMs in Ms4a3CreRosa26TdT mice and displacement 

in real-time was determined over a 2-hour period. At this time, 3 mice per group were selected. 

Results show the percentage of TR-AMs (blue) and MO-AMs (red) at distributed displacements 

of 8- (top) and 40-week (bottom) mice. 
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4.1.2 ß-glucan-induced inflammation resolves 14 days post-administration 
 
 Trained immunity has emerged in recent years as memory in the innate immune system 

and provides non-specific protection. It has been suggested that AMs can also undergo trained 

immunity. TR-AMs were shown to be trained by adenoviruses where adenovirus-experienced 

TR-AMs were able to quickly eradicate and reduce the severity of secondary S. pneumoniae 

infection (Yao et al, 2018). Of the available training tools, ß-glucan has received considerable 

attention for its ability to train monocytes to protect against pulmonary M. tuberculosis infection 

(Moorlag et al, 2020). Similarly, it has also been found that ß-glucan inhibited the growth of M. 

tuberculosis strain H37Rv in peritoneal macrophages (Hetland and Sandven, 2002). Therefore, 

we hypothesized that ß-glucan can train TR-AMs and/or MO-AMs to prevent IAV-induced 

paralysis. 

 

As a component of the cell walls in yeast and fungi, it is known that ß-glucan induces an 

inflammatory response in the host (Kutty et al, 2016). To determine if ß-glucan truly trains AMs, 

it is important to determine a timepoint of when ß-glucan-induced pulmonary inflammation 

returns to baseline after ß-glucan treatment. To do this, C57BL/6 mice were treated with 1mg ß-

glucan/200μL IP. At 5 days post-treatment, there was a significant increase in the numbers of 

neutrophils, eosinophils, and monocytes in the lungs, indicating that systemic ß-glucan 

administration has induced lung inflammation (Figure 4.3). Neutrophils were identified as 

CD11b+ CD11c- Ly6G+ MHCII- SiglecF- Ly6C-, eosinophils as CD11b+ CD11c- Ly6G- MHCII- 

SiglecF+ Ly6C-, and monocytes as CD11b+ CD11c- Ly6G- MHCII- SiglecF- Ly6C+. At day 14 

post-treatment, the number of these inflammatory cells declined and was no longer significantly 

different from the control group. As well, the total number of AMs remained the same in the 
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PBS control and 5 and 14 days post-ß-glucan treatment groups. This indicated that although lung 

inflammation was induced, no AM depletion occurred. This also indicated that ß-glucan-induced 

inflammation resolves after 2 weeks, and 14 days was a suitable timepoint to introduce a 

secondary pathogen to test the functions of AMs. 
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Figure 4. 3. Neutrophils, eosinophils and monocytes in the lung increase at 5 days and 
drops at 14 days post-ß-glucan administration but total AM number remains the same. 

1mg of ß-glucan was dissolved in 200μL PBS and administered IP to C57BL/6 mice. At 5 days 

and 14 days post-administration, lungs were collected and processed. Quantification of 

neutrophils (A), eosinophils (B), monocytes (C), and total AMs (D) was determined through 
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FACs. Data are expressed as one data point per animal ±SEM for 4 mice per group. ns = not 

significant and ** indicates p < 0.01. 
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4.1.3 No turnover of TR-AMs to MO-AMs 14 days .after ß-glucan treatment 
 
 To determine if there is TR-AM to MO-AM turnover after ß-glucan administration, 1mg 

ß-glucan/200μL was administered IP to Ms4a3CreRosa26TdT mice. 14 days post-treatment, the 

BAL and the lungs were collected and processed for FACs. Interestingly, in comparison to the 

PBS control, the proportion of TR-AMs and MO-AMs did not significantly change after ß-

glucan treatment (Figure 4.4A and Figure 4.4B). This suggests that TR-AM turnover had not 

occurred at 14 days post-treatment. As well, the total number of AMs in the BAL and lungs 

remained the same 14 days after PBS and ß-glucan treatment, indicating that ß-glucan had not 

induced an AM depletion (Figure 4.4C and Figure 4.4D). 
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Figure 4. 4. No turnover of TR-AM to MO-AM at 14 days post ß–glucan treatment. 

1mg of ß-glucan was dissolved in 200μL PBS and administered IP to Ms4a3CreRosa26TdT mice. 

After 14 days post-administration, BALF (A) and lungs (B) were collected and processed. 

Results show the absolute (Abs.) cell number (total number) of TR-AMs (left) and MO-AMs 

(right) in PBS (black) and ß-glucan (red) treated mice. Total number of AMs are shown in BAL 

(C) and lungs (D). Data are expressed as one data point per animal ±SEM for 3 to 4 mice per 

group. ns = not significant. 
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4.1.4 ß-glucan treatment prevents IAV-induced alveolar macrophage paralysis  
 

To determine if ß-glucan trained the AMs, mice that have been pre-treated with ß-glucan 

were subsequently challenged with IAV. To do this, PKH26 dye was first administered to the 

mice through the oropharyngeal route to label all existing AMs. This identified and tracked the 

macrophages that were present in the alveoli before ß-glucan and after ß-glucan treatment. 1mg 

ß-glucan/200μL was administered IP to C57BL/6 mice. 14 days post-treatment, 50PFU of IAV 

was administered through the oropharyngeal route. At 12 days post-infection, the mice were 

imaged using IVM. In comparison to mice that had been infected with IAV in PBS-treated mice, 

AMs in mice pre-treated with ß-glucan displayed a higher displacement post-IAV infection 

(Figure 4.5). Some macrophages recorded a very large displacement of up to 110μm, which is 

higher than the net displacement of homeostatic AMs, demonstrating that not only was IAV-

induced paralysis prevented, but displacement had been enhanced with ß-glucan. This result 

showed that ß-glucan acted as a potential training tool for AMs and prevented the paralysis 

caused by IAV infection.  
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Figure 4. 5. ß-glucan treatment prevents the IAV-induced AM paralysis of AMs. 

Saline or 1mg of ß-glucan was dissolved in 200μL PBS and administered IP to C57BL/6 mice. 

At 14 days after administration, mice were infected by 50PFU IAV through the oropharyngeal 

route. 12 days after IAV infection, mice were imaged and displacement of AMs were tracked. 

Results show the net displacement of the control PBS + IAV group (left) and ß-glucan + IAV 

group (right). At this time, 3 mice per group were selected. 3 FOV were selected per mouse and 

a maximum of 20 macrophages were selected per FOV. Data are expressed as one data point per 

macrophage. *** indicates p < 0.001. 
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4.1.5 ß-glucan does not alter CD11b+ expression in AMs post-IAV infection   
 

CD11b is the alpha subunit that combines with CD18 (ß2 integrin) to form a heterodimer 

integrin that is expressed on many leukocytes including neutrophils and monocytes. It has been 

suggested that CD11b is important for neutrophil crawling in the pulmonary vasculature (Yipp et 

al, 2017). However, in the context of AMs, it has been suggested that this integrin could be 

involved in AM paralysis. In the most recent study on AMs in our lab, it was reported that AM 

paralysis at day 12 post-IAV infection was associated with an increase in CD11b expression by 

the AMs (Neupane et al, 2020). As well, it has been suggested that an increase in susceptibility 

to secondary bacterial infection following IAV infection was also associated with an increase in 

CD11b expression by AMs (Sun and Metzger, 2008). Since a new population of CD11b+ AMs 

emerged following IAV infection, it has been suggested that either the CD11b+ is a marker of 

MO-AMs, or an integrin that is up-regulated in activated TR-AMs. Taking this into account, we 

hypothesized that the CD11b+ expression decreases post-IAV infection in pre-ß-glucan treated 

mice.  

 

To determine the expression of the CD11b+ marker in AMs, 1 mg ß-glucan/200uL was 

administered IP to C57BL/6 mice. 14 days later, 50PFU of IAV was used to infect the mice and 

FACs was conducted 12 days post-infection. Using an identical AM gating strategy to the one 

described above, the MFI of CD11b was identified and compared. Interestingly, in comparison to 

the PBS-IAV control group, the ß-glucan -IAV group had a similar CD11b MFI (Figure 4.6). 

This indicated that although IAV-induced AM paralysis was prevented by ß-glucan, CD11b 

remained similar and therefore is not associated with the decreased movement of AMs post-IAV 

infection nor the increase in movement of AMs in pre-ß-glucan treated mice. 
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Figure 4. 6. Median Fluorescent Intensity (MFI) of CD11b is not different in AMs after 
IAV infection in PBS and ß-glucan pre-treated conditions. 

Saline or 1mg of ß-glucan was dissolved in 200μL PBS and administered IP to C57BL/6 mice. 

14 days after administration, mice were infected by 50PFU of IAV through the oropharyngeal 

route. 12 days after IAV infection, lungs were collected and processed. Results show the MFI of 

CD11b in AMs in the control PBS + IAV group (left) and ß-glucan + IAV group (right). Data are 

expressed as one data point per animal ±SEM for 3 mice per group. ns = not significant. 
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4.1.6 TR-AM and MO-AM paralysis post-IAV infection have both been restored with 
prior treatment with ß-glucan. 

 
Based on the results in 4.1.4 where we observed an increase in the net displacement of AMs 

post-IAV infection with prior ß-glucan treatment, this experiment was repeated in 

Ms4a3CreRosa26TdT mice to determine whether TR-AMs or MO-AMs were trained. To do this, 

CellVue Claret dye was administered through the oropharyngeal route to label all macrophages 

in the alveolar space. 5 days later, ß-glucan was administrated IP to one group of mice, and PBS 

was administrated to the control group. 14 days post-ß-glucan/PBS treatment, 50PFU of IAV 

was administered through the oropharyngeal route to both groups of mice. At 12 days post-

infection, both groups of mice were imaged over a 2-hour period through IVM. The net 

displacement of TR-AMs and MO-AMs were then analyzed through the Imaris software. Like 

results described in 4.1.4, AMs were paralyzed in the PBS+IAV group, and were observed to 

occur in both TR-AMs and MO-AMs. However, in the ß-glucan group, it was noted that both 

TR-AMs and MO-AMs displaced great distances (Figure 4.7). This suggests that prior treatment 

with ß-glucan had prevented the IAV-induced macrophage paralysis. This result also suggests 

that both TR-AMs and MO-AMs were trained immunity candidates.  
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Figure 4. 7. The motility of TR-AMs and MO-AMs are restored at 12 days post-IAV 
infection after prior treatment with ß-glucan. 

Saline or 1mg of ß-glucan was dissolved in 200μL PBS and administered IP to 

Ms4a3CreRosa26TdT mice. 14 days after administration, mice were then infected by 50PFU of 

IAV through the oropharyngeal route. 12 days after IAV infection, mice were imaged and net 

displacements of TR-AM and MO-AMs were tracked. Results show the net displacement of the 

control PBS + IAV group (left) and ß-glucan + IAV group (right). 3 FOV were selected per 

mouse and a maximum of 20 macrophages were selected per FOV. Data are expressed as one 

data point per macrophage. ns = not significant.  **** indicates p < 0.0001.  
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4.2  Discussion 
 

In this study, I showed that both TR-AMs and MO-AMs were paralyzed by IAV 

infection at 8-weeks and at 40-weeks. Using ß–glucan, a common trained immunity inducing 

tool, I identified no TR-AM to MO-AM turnover following ß-glucan-induced inflammation, but 

interestingly, I observed that ß–glucan prevented IAV infection-induced TR-AM and MO-AM 

paralysis.  

 

Several studies have reported the phenotypical changes that occur in AMs during IAV 

infection. Sun and Metzger showed that IAV infection reduces the phagocytic capacity of AMs 

to pneumococcal infection, resulting in reduced bacterial clearance and increased mortality (Sun 

and Metzger, 2008). Mechanistically, this phagocytic impairment was associated with an 

increase of IFNγ production during IAV infection which was suggested to downregulate the 

MARCO phagocytic receptor (Sun and Metzger, 2008). In agreement, Califano et al. also 

demonstrated that IAV increased the susceptibility and mortality to secondary S. pneumoniae 

infection despite a retention of AM numbers during IAV infection (Califano et al, 2018). 

Recently, our lab provided an additional explanation for the impaired secondary bacterial capture 

post-IAV infection. Using IVM, Neupane et al. showed that IAV induces AM paralysis and 

inhibition of chemotaxis towards inhaled bacteria (P. aeruginosa and S. aureus). In my project, I 

showed that both TR-AMs and MO-AMs are paralyzed during IAV infection. This result 

supports the notion that instead of ontogeny, the alveolar microenvironment may dictate the 

behavior of resident TR-AMs and MO-AMs.  
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It has been suggested that IAV infection induced phagocytic impairment only in TR-AMs 

(Roquilly et al, 2020). My finding does not agree with this claim. It should be noted that 

Roquilly et al. used a combination of intravenous administration of anti-CD45 and IT 

administration of PKH26 to distinguish MO-AMs and TR-AMs respectively. This method, due 

to the limitations of persistence of antibody labelling and the possibility MO-AMs taking up 

PKH26 from dead TR-AMs, may lead to mislabeling of the two macrophages. Although a 

bacterial capture experiment to compare the phagocytic ability of TR-AMs and MO-AMs during 

IAV infection was not conducted in my study, I hypothesize that both populations will exhibit 

impaired phagocytic capacity based on their similar paralyzed state.  

 

I showed that although MO-AMs displaced farther than TR-AMs at homeostasis at 40-

weeks of age, both macrophage populations were still paralyzed by the IAV. As a limited 

number of experiments were conducted of mice at this age, how aging affects the severity and 

IAV-induced pathogenesis remains to be explored. It would also be worthwhile to investigate the 

longevity of this paralysis and compare when TR-AMs and MO-AMs restore their behavior post-

IAV infection. As well, it would also be an area of interest to compare the production of 

cytokines secreted by TR-AMs and MO-AMs against IAV infection at 8- and 40-weeks of age. 

Due to the higher proportion of MO-AMs, it would be interesting to compare the extent of 

lymphocyte recruitment as monocytes have been shown to interact closely with CD8+ T-cells 

during IAV infection (Schmit et al, 2022; Yao et al, 2018). 

 

 I noted that ß-glucan-induced lung inflammation characterized by elevations of 

neutrophils, monocytes, and eosinophils that resolve after 14 days. Interestingly, TR-AM and 
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MO-AM ratio was not significantly different at 14 days post-ß-glucan treatment. This was 

surprising as ß-glucan has been shown to increase the number of monocytes in the lungs 

(Moorlag et al, 2018). However, a different approach was used by Moorlag et al. who 

administered 2 doses of ß-glucan and reported this infiltration at 3 days post-treatment. A 

possible explanation for the lack of turnover could be due to the intact AM number throughout ß-

glucan treatment. Therefore, there is no need for MO-AMs to replace TR-AMs as the alveolar 

niche remains inaccessible and resident macrophages remain able to self-maintain (Guillams et 

al, 2013).   

 

Recognized as a common training tool, ß-glucan has emerged for modulating the 

metabolism and epigenetic landscape of innate immune cells. Consistent with previous studies 

that have suggested the protective effects of ß-glucan against bacterial and viral infections in the 

upper and lower respiratory tract, our study also suggests that ß-glucan can protect AMs from 

IAV-induced paralysis. This observation may also suggest a mitigated impact on TR-AMs and 

MO-AMs and an increased ability to eliminate secondary bacterial infections. In the human diet, 

ß-glucan is commonly found in oats, wheat, barley, and certain mushrooms, thus making this 

polysaccharide a common reagent in our diets. Further investigations on the effects that ß-glucan 

have on innate immune cells is needed to unveil the beneficial effects of ß-glucan addition to our 

diet.  
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Chapter 5. Limitations and future directions 
 
5.1. Limitations and future directions 
 

My project has a number of limitations. First, I acknowledge the limited number of 

experiments conducted for mice at 40 weeks of age. Only 6 mice were available to study the 

homeostatic behavior of TR-AMs and MO-AMs, and only 7 mice were available to study TR-

AM and MO-AM behavior post-IAV infection. Therefore, results highlighted for this age 

category remain preliminary and further experiments are required. From my results in Chapter 3, 

I have noted that MO-AMs at 40-weeks displace farther than TR-AMs at homeostasis. To study 

if this increase in motility is associated with primary function, it would be of interest to infect 

with S. aureus and explore their phagocytic abilities. Moreover, I observed more MO-AMs than 

TR-AMs at 40-weeks versus 8-weeks. Since the former has been implicated with greater 

inflammation, it would be worth measuring pro-inflammatory cytokines and tissue injury at the 

peak of infection between the two age groups (Aegerter et al, 2020; Mould et al, 2016; Li et al, 

2022; Schmit et al, 2022).  

 

 In my experiments using CLL to deplete AMs, I have noticed a higher bacteria burden in 

the lungs 14 days post-administration of S. aureus. However, only ~60% of the total AMs have 

recovered from depletion. Therefore, it is unknown whether the increase in free floating bacteria 

is a result of malfunctioning AMs or lack of AMs. For future experiments, it would be 

imperative to determine a reproduceable timepoint where all AM numbers have returned to 

baseline levels (possibly 30 days post-CLL treatment). This would determine if replenishing new 

AMs after artificial depletion with chlodronate manifests with functions of mature resident AMs. 

Interestingly, I noted similar phagocytic abilities between new TR-AMs and MO-AMs post-CLL 
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administration, but it was about 30% less than what is observed without CLL pre-treatment. This 

could account for the comparatively high bacteria burden, or it could be due to a lack of bacteria 

killing by macrophages. It has been shown that S. aureus can replicate and survive inside 

Kupffer cells, hindering bacterial elimination (Surewaard et al, 2016). Therefore, it would also 

be of interest to visualize and quantify the bacteria inside the TR-AMs and MO-AMs at 14 days 

post-CLL administration. Moreover, although CLL is widely used as a phagocyte depletion 

method, the adverse effects of this drug have been illustrated in recent literature. For example, it 

was demonstrated that CLL increased pro-inflammatory cytokine levels and damaged blood 

vessel integrity in the brain (Han et al, 2019). Therefore, despite the common usage of CLL, it 

would be important to explore alternative means of AM depletion. This includes using the Csf2r-

/- mouse model which lack AMs but can be successfully adoptively transferred with TR-AMs or 

MO-AMs (Subramanian et al, 2022). It would be interesting to isolate the TR-AMs and MO-

AMs at 14 days post-CLL treatment and transfer these cells into the Csf2r-/- model to determine 

whether the artificial procedure begets different results. 

 

 Although ß-glucan seems to have trained both TR-AMs and MO-AMs equally well, I did 

not consider the possibility that existing MO-AMs could have been replaced by new MO-AMs 

following infection that would be devoid of CellVue Claret dye leaving the newly recruited MO-

AMs induced by IAV infection unlabeled and impossible to identify. For future experiments, 

using the Ms4a3CreERTTdT mouse model, which labels monocyte progenitors upon administration 

of tamoxifen, would allow labelling of newly recruited MO-AMs. Tamoxifen would be 

administered prior to IAV infection but after ß-glucan treatment. 

 



 87 

Our study has not explored the mechanism of how ß-glucan prevented IAV-induced AM 

paralysis. Previously, our lab has suggested the association of AM paralysis with the increase of 

the IFNγ during IAV infection. Therefore, we hypothesized that ß-glucan either 1) reduces the 

level of IFNγ production or 2) inhibits the downstream IFNγ signalling pathway on AMs. 

Further experiments are required to determine the source of IFNγ production as well as the level 

of IFNγ following ß-glucan administration. Since ß-glucan expands myelopoiesis of monocyte 

progenitors which are rapidly recruited to injured tissues, this could mean that ß-glucan-induced 

early monocyte recruitment into lungs during IAV infection, which could be affecting 

macrophage function perhaps by reducing viral dissemination and decreasing IFNγ production at 

the peak of infection as has been postulated by others (Moorlag et al, 2018). 

 

Trained immunity is characterized by epigenetic remodeling, but my study has not 

explored any potential epigenome changes induced by ß-glucan. For future experiments, I 

propose using a single-cell assay for Transposase-Accessible Chromatin using sequencing 

(scATAC-seq) to compare the chromatin structure of TR-AMs and MO-AMs prior to and post-ß-

glucan treatment to determine if training alters the epigenome. Next, to determine if epigenetic 

changes are a cause in preventing TR-AM and MO-AM paralysis, it would be important to 

reverse epigenetic changes using epidrugs, such as histone methyltransferase inhibitors, selected 

based on our scATAC-seq data, to reverse or block AM reprogramming with ß-glucan. This 

would provide further support to establish that trained immunity prevented IAV-induced 

macrophage paralysis. 
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MO-AM recruitment during IAV has been observed in previous studies but the impact of 

this recruitment could be detrimental. For example, it has been proposed by multiple studies that 

monocyte recruitment during IAV infection exacerbates the infection and promotes lung injury 

(Li et al, 2022, Schmit et al, 2022, Coates et al, 2018; Mould et al, 2016). As pro-inflammatory 

cells, these authors have suggested an increase of MO-AMs contributes towards creating an 

inflammatory microenvironment. In our study, we did not quantify inflammation, viral load or 

tissue injury after IAV infection with and without ß-glucan treatment. Moreover, our study 

suggests that IAV-induced paralysis can be prevented in both TR-AMs and MO-AMs by ß-

glucan. To test if the training of TR-AMs can occur independently of effects on monocyte 

progenitors and monocytes, it would be interesting to inhibit the recruitment of monocytes. 

Therefore, experiments using CCR2KO mouse strain would be interesting. This approach would 

determine if ß-glucan training can occur independently of monocyte recruitment to the lungs and 

if tissue-resident macrophages can also be trained by ß-glucan.  

5.2. Summary 
 
  My study has shown that AMs are slowly turned over as the mouse ages.  I also found 

that as the mouse ages from 8- to 40-weeks, both TR-AMs and MO-AMs improve on crawling 

and perhaps eradicating pathogens. My work also shows for the first time that both TR-AMs and 

MO-AMs are paralyzed by flu and that ß-glucan, a training tool that can prevent this paralysis in 

both subsets of macrophages.  This does not exclude the possibility that it is the monocyte 

progenitors that are actually trained and migrate into the tissue to then modify TR-AM and MO-

AM function, but it does unveil that ß-glucan can either indirectly or directly affect resident 

macrophage populations. Finally, while I saw very few differences between MO-AMs and TR-

AMs as they naturally turnover, but I did see some significant deficiencies when the AMs were 
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depleted with CLL raising the possibility that depleting all AMs en masse artificially may not 

reflect alveolar macrophage turnover during normal physiologic conditions.   
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Appendix A 
 
Table 1. List of antibodies used 
 

Antibody Source 
PerCP-Cy5.5 Anti-Mouse CD11c (Clone: N418) Biolegend 

Catalog number: 117326 
SuperBright 780 Anti-Mouse CD11c (Clone: N418) ThermoFisher Scientific 

Catalog number: 78-0114-82 
FITC Anti-Mouse CD11b (Clone: M1/70) ThermoFisher Scientific 

Catalog number: 11-0112-82 
PE-Cy7 Anti-Mouse CD11b (Clone: M1/70) ThermoFisher Scientific 

Catalog number: 25-0112-82 
BV510 Anti-Mouse CD45 (Clone: 30-F11) Biolegend 

Catalog number: 103137 
APC-Cy7 Anti-Mouse Ly6G (Clone: 1A8) Biolegend 

Catalog number: 127624 
PacBlue Anti-Mouse Ly6G (Clone: 1A8) Biolegend 

Catalog number: 127612 
PE Anti-Mouse SiglecF (Clone: E50-2440) BD BioScience 

Catalog number: 562068 
AF647 Anti-Mouse SiglecF (Clone: E50-2440) BD BioScience 

Catalog number: 562680 
APC-Cy7 Anti-Mouse MHCII (Clone: M/5114.15.2) Biolegend 

Catalog number: 107628 
AF647 Anti-Mouse CD64 (Clone: X54-5/7) BD BioScience 

Catalog number: 558539 
AF647 Anti-Mouse CD31 (Clone: 390) Biolegend 

Catalog number: 102416 
Ghost Red Fixable Viability Dye 710 New England Biolabs  

Catalog number: 90232S 
PE-Cy7 Anti-mouse MERTK (Mer) (Clone: 
2B10C420) 

Biolegend 
Catalog number: 151521 

 
Table 2. List of bacteria and virus used 
 

Bacterial and viral strains   Source 
Staphylococcus aureus (Strain MW2) Used by Dr. Ajitha Thanabalasuriar. 
Influenza A virus (strain A/Puerto Rico/8/1934 H1N1; 
PR8) 

ATCC 
Catalog number: VR-95 

 
Table 2. List of chemicals, peptides, and reagents used 
 

Reagents Source 
PKH26 Phagocytic Cell Labeling Kit Sigma 

Catalog number: PKH26PCL 
CellVue® Claret Far Red Fluorescent Cell Dye Sigma-Aldrich  

 
Chlodronate Liposome www.clodronateliposomes.org 

Catalog number: C-005 
EDTA (0.5M, pH 8.0) Ambion 
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Catalog number: AM9261 
BSA Sigma 

Catalog number: A4503 
ACK lysis buffer Gibco 

Catalog number: A1049201 
DNAse I QIAGEN 

Catalog number: 79254 
PFA (16% Solution) EMS 

Catalog number: 15710 
DMEM Thermofisher 

Catalog number: 10313021 
MDCK cells Thermofisher 

Catalog number: CCL-34 
Penicillin/Streptomycin  Thermofisher 

Catalog number: 15140122 
FBS VWR 

Catalog number: 97068-088 
Trypan blue Gibco 

Catalog number: 15250061 
2.4% colloidal cellulose  Sigma 

Catalog number: 9004-34-6 
Bovine TPCK trypsin Thermofisher 

Catalog number: 20233  
2X MEM Thermofisher 

Catalog number: 11935046 
ß-glucan Sigma 

Catalog number: G-5011 
 
Table 4. List of software used 
 

Software Source 
FlowJo Software TreeStar  

www.flowjo.com 
Imaris Oxford instruments 

www.imaris.oxinst.com/ 
GraphPad Prism v8 software GraphPad 
BioRender BioRender  

 


