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Abstract 
Invasive fungal infections result in high morbidity and mortality. Host organs 

targeted by fungal pathogens vary depending on the route of infection and fungal 

species encountered. Across different tissues in hosts, tissue-resident macrophages 

(TRMs) are one of the most abundant cells of the innate immune system and are in the 

front-line sensing invading fungi and elicit anti-fungal response. Neutrophil recruitment 

to the site of infection is one of the hallmarks of immune defense. In this thesis I found 

that TRMs are potent producers of neutrophil chemokine CXCL2. I used CXCL2 reporter 

animal model and uncovered two layers of TRMs heterogeneity: differential CXCL2 

expression among TRMs of various tissues and transcriptional heterogeneity within 

alveolar macrophages (AMs).  

Different fungal infection models were utilized to examine TRMs in tissues with 

specific fungal tropism. Peritoneum macrophages, kupffer cells, kidney macrophages 

and alveolar macrophages were all capable of producing CXCL2 at the early hours post 

fungal infection. On the contrary, spleen macrophages and microglia were unable to 

produce CXCL2.  Chromatin status of TRMs from naïve mice revealed that CXCL2-non-

expressing TRMs also had less accessible Cxcl2 promoter than CXCL2-expressing TRMs, 

suggesting the regulation of Cxcl2 in TRMs at the chromatin level. 
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Among the CXCL2-expressing TRMs, heterogeneous transcriptional states were 

identified within alveolar macrophages (AMs) populations. Although Cxcl2 promoter in 

AMs are constantly accessible, some AMs could not produce CXCL2 protein regardless 

the fungal inocula, spatial distribution or ontogenic origins. In addition to be a 

chemokine, CXCL2 was also a biological marker that differentiated AM cell states based 

on unbiased single cell RNA-seq. CXCL2+ and CXCL2- AMs expressed pro- and anti-

inflammatory molecules, respectively, as well as distinct metabolic profiles and 

phagocytic capacity. CXCL2-divided AMs cell states also have distinct chromatin status 

enriched with differential transcription factor motifs. Long-term study of AM 

populations by ex vivo or in vivo transfer revealed CXCL2+ pro-inflammatory states were 

plastic and could be reset in AMs. However, one exception was the anti-inflammatory 

C1q molecule, expressed only by the pre-CXCL2- AMs. Promoters of C1q genes become 

accessible during early fungal infection only in CXCL2- AMs leading to their long-term 

gene expression. 

Fungal infections revealed quite heterogeneous CXCL2 responses both among 

TRMs and within AM populations. I used biologic reporter system and multiple system 

biology approaches to expand our knowledge of TRMs diversity and AM cell states. 

Particularly, my thesis demonstrated the co-existence of heterogenous AMs states with 

pro- and anti-inflammatory profiles, distinguished by CXCL2 during pulmonary 

Cryptococcus infection in vivo. The simultaneous appearance of functionally opposite AM 
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states in the lung implies the balance of inflammation and tolerance even within a highly 

defined population of AMs.  
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1. Introduction  
Fungal infections have been an emerging cause of illness. The high rate of 

mortality associated with fungal infections often exceeds 50% regardless of the use of 

antifungal medications (Brown et al., 2012). Early host responses with innate immunity 

are crucial in exerting the initial antifungal immunity and the following regulation of 

inflammation. Among many players in innate immunity, tissue-resident macrophages 

(TRMs) are in the front line sensing fungi infecting hosts through inhalation (Xu & 

Shinohara, 2017), thus the outcome of the initial encountering with fungal pathogen is 

critical to long-term fungal control. In this chapter, I will review the current 

understanding of TRMs including their identities and functions during early fungal 

infection.  

1.1. Overview of tissue-resident macrophage identities1 

Macrophages were initially discovered in the late 19th century by Metchnikoff 

and named for its phagocytic activity as “devouring cells” in Greek (Cavaillon, 2011; 

Kaufmann, 2008). They are capable of engulfing and digesting cellular debris, foreign 

substances, and microorganisms, which are critical for tissue remodeling and immune 

defense against pathogens. Based on the morphology, function, origin, and kinetics of 

these phagocytes, macrophages were categorized into the “mononuclear phagocytes 

 

1 portions of the following section were adapted from my review article (Xu & Shinohara, 2017) and research 
article (forthcoming). 
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system (MPS)” (van Furth et al., 1972). Even after a century since the discovery of 

macrophages, research efforts have continuously focused on the origins and functions of 

macrophages for their significant impact on tissue homeostasis and disease 

pathogenesis.  

Tissue-resident macrophages (TRMs) are consisted of heterogeneous subsets of 

macrophages distributed in tissues across the body and contribute to tissue homeostasis 

and immunosurveillance (Taylor et al., 2005; Varol, Mildner, & Jung, 2015). Depending 

on which organs they reside, some TRMs have specific names, such as alveolar 

macrophages (AMs) (lung), microglia (brain), peritoneum macrophages, Kupffer cells 

(liver), renal macrophages (kidney) and red pulp macrophages (spleen). As such specific 

names indicate, TRMs are considered to have specific functions shaped by various tissue 

microenvironments (Gosselin et al., 2014; Y. Lavin et al., 2014).  

In this section, I will provide an outline of the origins and tissue-specific 

functions of TRMs, mainly focusing on murine studies, by which a majority of 

mechanistic insights about TRMs have been obtained. 

1.1.1. Developmental origins of tissue-resident macrophages 

TRMs used to be considered as cells derived from circulating monocytes during 

the early establishment of the MPS (van Furth et al., 1972). However, a series of recent 

studies drastically changed this notion, particularly through the technical advancement 

of in vivo cellular lineage-tracing by employing the “fate-mapping” technique using the 
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mouse Cre-lox genetic system. Such in vivo lineage-tracing approaches have shown, for 

example, that microglia arise early in mouse development and are derived from 

primitive macrophages in the yolk sac (YS) (Ginhoux et al., 2010). These studies 

suggested that microglia are ontogenically distinct from monocyte-derived macrophages 

(MDMs), which are of the hematopoietic origin. In addition to microglia, Kupffer cells 

and epidermal Langerhans cells were demonstrated to be YS-derived and do not require 

Myb, a transcription factor required for the development of hematopoietic stem cells 

(HSCs) (C. Schulz et al., 2012). By employing the conditional CX3CR1 fate-mapping 

system, another study investigated origins of Kupffer cells, AMs, splenic and peritoneal 

macrophages, are also embryonic, at least in part (Yona et al., 2013). Introduction of fate-

mapping markers other than CX3CR1 further clarified that TRMs in many tissues consist 

of mixed populations of the embryonic (YS and/or fetal liver) and the BM hematopoietic 

origins, except for microglia that are exclusively of the YS-origin (Slava Epelman et al., 

2014; Guilliams et al., 2013; G. Hoeffel et al., 2015).  

A majority of TRMs are self-maintained throughout adult life with minimal 

contribution from circulating monocytes (Hashimoto et al., 2013). However, populations 

of TRMs can also be replaced. For example, intestinal macrophages in the neonates are 

derived from YS and fetal liver, but do not persist into adulthood and are replaced by 

MDMs around the time of weaning (Bain et al., 2014). Cardiac macrophages are 

established from YS and fetal monocyte progenitors, but disruption of homeostasis 
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replaces the population with MDMs (Slava Epelman et al., 2014). These murine studies 

strongly suggested that TRMs, in general, are derived from diverse precursors including 

YS macrophages, fetal liver monocytes, and even circulating HSC-derived monocytes; 

and ontogenic origins of TRMs greatly vary depending on tissues.  

1.1.2. Tissue-resident macrophages shaped by organ-specific 
microenvironments 

TRMs develop locally and adapt to tissue microenvironments during 

embryogenesis and beyond. Distinct gene expression patterns were identified among 

local TRMs from various tissues (Gautier et al., 2012; Gosselin et al., 2014; Y. Lavin et al., 

2014; Okabe & Medzhitov, 2014), and are often reflected at the epigenetic level, 

particularly indicated by differential histone marks on the enhancer landscape (Gosselin 

et al., 2014; Y. Lavin et al., 2014). Multiple pieces of evidence have suggested that such 

tissue-specific patterns of gene expression in TRMs are influenced by tissue-specific 

environmental factors, including heme (Haldar et al., 2014), retinoic acid  (Gosselin et al., 

2014; Okabe & Medzhitov, 2014), and TGF-β (Butovsky et al., 2014; Gosselin et al., 2014). 

Interestingly, macrophage ‘precursors’ derived from YS, fetal liver, and adult monocytes 

appear to have the plasticity to become certain TRMs, based on tissue-specific gene 

expression profiles. For example, macrophages precursors from various origins develop 

into functional and self-maintaining AMs, when transplanted to an empty alveolar niche 

(van de Laar et al., 2016). However, once TRMs differentiated into organ-specific 

macrophages, except for Kupffer cells, cannot efficiently colonize the empty AM niche 
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(van de Laar et al., 2016), suggesting that the plasticity would be lost after the precursor 

stage. Thus, the identities and functions of TRMs are actively shaped by their local tissue 

microenvironment, which can override their ontogenic origins, in the case of AMs. 

1.1.3. Identifying TRMs using surface and oncogenic marker 

In order to study the functions and characterize macrophages, a variety of cell 

surface markers have been used to identify and isolate TRMs. F4/80 is widely used as a 

phenotypic marker for differentiation of macrophages from various tissue 

compartments. (Austyn & Gordon, 1981; Hume, Perry, & Gordon, 1984). However, as 

our knowledge about tissue-specific macrophages grows and new multi-color 

fluorescent flow cytometry techniques improves, the surface markers used for 

identifying TRMs has also been adapted to be more comprehensive. Table 1 summarizes 

the tissue specific functions of TRMs during physiologic conditions and the phenotypic 

markers adapted from multiple review articles (Davies, Jenkins, Allen, & Taylor, 2013; 

Italiani & Boraschi, 2014; Okabe & Medzhitov, 2014; C. Schulz et al., 2012; Sieweke & 

Allen, 2013). 
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Table 1: Surface markers used to identify tissue resident macrophages 

Tissue Macrophage Functions during 
physiological conditions 

Phenotypic 
Markers 

CNS Microglia Brain development, immune 
surveillance, synaptic 
remodeling 

F4/80hi, CD45low, 
CD11b+ 

Liver Kupffer cells Toxin removal, lipid 
metabolism, iron recycling, 
erythrocytes clearance, etc. 

F4/80hi, CD11blow, 
CD169+, CD68+, 
Galectin-3+ 

Lung Alveolar 
macrophages 

Surfactant clearance, 
surveillance for inhaled 
pathogens, etc. 

SiglecF+, CD11chi, 
CD11blow, F4/80low, 
CD64+, CD24- 

Spleen Red pulp mac Erythrocyte clearance, iron 
processing, capture of microbes 
from blood 

F4/80hi, CD11blow 

Peritoneum Large peritoneum 
macrophages 

Phagocytosis of apoptotic cell 
and tissue repair 

F4/80hi, CD11bhi 

 

1.2. Functions of tissue-resident macrophages during fungal 

infection 

Critical steps to protect hosts from infections include: early recognition of the 

fungi, activation of host immunity, and killing of the spores or vegetative fungal cells to 

contain fungal dissemination (Buchanan & Murphy, 1998; Hasenberg, Behnsen, 

Krappmann, Brakhage, & Gunzer, 2011; Schaffner, Douglas, & Braude, 1982; Shoham & 

Levitz, 2005). During early stages of fungal infections, infected hosts rely on tissue-

resident cells, not necessarily TRMs alone, to function as the first line of defense. Hence, 
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despite the tissue-specific functions of TRMs from various organs, a general expectation 

for TRMs is to function as immune “sentinels” to detect infections at the front line. 

Although TRMs only localize within tissue microenvironment and could not migrate to 

draining lymph nodes to present microbial antigen to prime T cell (Mildner & Jung, 

2014), TRMs express a wide array of cell surface receptors that sense intruding microbes 

and exert their innate immune function by producing chemokines and cytokines to 

recruit and activate other immune cells for further help (Kanayama et al., 2015; L. Zhang 

& Wang, 2014). In addition to TRMs, CCR2+ inflammatory MDMs can also play critical 

roles in fungal clearance (Hohl et al., 2009; Lionakis et al., 2013; Ngo et al., 2014; Serbina, 

Jia, Hohl, & Pamer, 2008; Shi & Pamer, 2011). However, as CCR2+ MDMs are not 

resident cells, they patrol in the circulatory system and are recruited by sentinel cells 

through secreted chemoattractant as a second wave of response. In the following 

subsections, I will focus on the immunogenicity of fungal pathogen and their interaction 

with TRMs.   

1.2.1. Fungi-induced innate immunity  

Invasive fungal infections result in high morbidity and mortality. Host organs 

targeted by fungal pathogens vary depending on the route of infection and fungal 

species encountered. Cryptococcus neoformans enters through the respiratory tract and 

disseminates throughout the central nervous system (CNS). Candida albicans infects 

mucosal tissues and the skin, and systemic Candida infection in rodents has a tropism to 
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the kidney. Aspergillus fumigatus reaches distal areas of the lung once inhaled by the 

host.  

Despite the variety of fungal pathogens, the carbohydrate polymers of the cell 

wall, such as chitin, β-glucan, and mannan are the major pathogen associated molecular 

patterns (PAMPs) recognized by the host’s innate immune cell (Erwig & Gow, 2016). 

This recognition occurs via germline-encoded receptors termed pattern recognition 

receptors (PRRs). Upon the encountering at the initial route of infection, the activation of 

PRRs in tissue resident cells can promote the secretion of pro-inflammatory cytokines 

and chemokines. One of the outcomes of chemokine secretion from the site of fungal 

infection is neutrophil recruitment. Rapid neutrophil influx at the early stage is essential 

to protect the host from further pathogen invasion. Neutropenic individuals are 

susceptible to Candida infection and dissemination (Fulurija, Ashman, & Papadimitriou, 

1994; Koh, Kohler, Coggshall, Van Rooijen, & Pier, 2008). CXCL2 is an important 

neutrophil chemoattractant. Deficiency in CXCR2 reduces neutrophil infiltration into 

Candida-infected sites and promotes mucosal and systemic candidiasis (Balish et al., 

1999). 

Despite the important roles of neutrophils in early host protection, they are not 

resident immune cells and requires recruitment. Instead, TRMs are one of the most 

populous resident cells of the innate immune system across different tissues during 

steady state. In addition to maintaining homeostasis in a tissue-specific manner during 
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steady state, tissue-resident macrophages are the first line of defense against invading 

pathogens and regulate host immune responses. Thus, in any organs compartment, 

tissue-resident macrophages are uniquely positioned and specifically programmed as 

critical responder to fungal invasions. 

1.2.2. Lung - Alveolar macrophages 

Because lungs are exposed to the outer environment, they constantly inhale 

microbes, which enter the distal airway to bronchioles and alveoli. Alveolar 

macrophages (AMs) are lung-resident macrophages considered to be largely derived 

from fetal liver monocytes (G. Hoeffel et al., 2015; Kopf, Schneider, & Nobs, 2015; Yona 

et al., 2013) and represent more than 90% of leukocytes in a bronchoalveolar lavage in 

healthy animals (Lohmann-Matthes, Steinmuller, & Franke-Ullmann, 1994). Since fungal 

infections through the pulmonary route have been intensively studied, AMs may be the 

best-documented TRMs in fungal infections. Here, we discuss AMs and two major 

pulmonary fungal pathogens, Cryptococcus neoformans (Cn) and Aspergillus fumigatus 

(Af), which can cause serious invasive cryptococcosis and aspergillosis, respectively 

(Buchanan & Murphy, 1998; Denning, 1998; Hohl & Feldmesser, 2007; Latge, 1999) 

(summarized in Table 2). 

Cn spores and Af conidia enter the lungs by inhalation and encounter lung-

resident cells first, including AMs. Although AMs are not effective in antigen 

presentation to T cells due to their low level of costimulatory molecules (Chelen et al., 
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1995), AMs are considered to be at the first-line of immune defense against pulmonary 

pathogens (Fels & Cohn, 1986). AMs express complement receptor 3 (CR3) and Fcγ 

receptors (FcγR) to opsonize and phagocytose Cn spores (Griffin, 1981; Luo, Cook, Fries, 

& Casadevall, 2006; Luo, Tucker, & Casadevall, 2005; Zaragoza, Taborda, & Casadevall, 

2003). Phagocytosis of Cn spores is enhanced by extracellular sphingosine-1-phosphate 

(S1P), which upregulates FcγR expression on AMs (T. McQuiston, Luberto, & Del Poeta, 

2011). In Af infection, AMs can trap dormant Af conidia with pseudopods and 

endocytose conidia in an actin-dependent manner (Ibrahim-Granet et al., 2003; Marr, 

Koudadoust, Black, & Balajee, 2001). Although neutrophils are the main population 

involved in complement-dependent opsonization, phagocytosis, and killing of the fungi 

(Braem et al., 2015; Jaillon et al., 2007), AMs can also kill internalized Af conidia by 

detection of conidia swelling and the endosome-phagosome fusion, resulting in 

acidification of the organelles (Ibrahim-Granet et al., 2003).  Activation of NADPH 

oxidase in AMs was also reported (Philippe et al., 2003), suggesting AMs to gain an 

“M1” phenotype. Alternatively, another study showed that Af infection promotes AMs 

to gain an alternative activated macrophage phenotype (AAM), or also known as the M2 

phenotype, based on upregulation of M2 macrophage markers, such as gene transcripts 

encoding arginase-1 (Arg1), Ym1, and CD206 (Bhatia et al., 2011). Interestingly, the 

study did not observe the induction of Nos2, a major M1 macrophage marker (Bhatia et 

al., 2011). It was suggested that Arg1-expressing AMs potentially deprive L-arginine, a 
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substrate of arginase. Since L-arginine is an essential nutrient source of fungi, the 

expression of Arg1 may result in inhibiting fungal growth through arginine deprivation 

(Bhatia et al., 2011). These studies suggested the presence of multiple mechanisms by 

which AMs protects hosts from fungal infections.   

Failure in the initial clearance of invaded fungi allows them to take advantage of 

the humid and nutrient-rich milieu in the lung to disseminate. As the next layer to 

contain fungal dissemination, inflammatory neutrophils and monocytes need to be 

recruited in the lung. Here, it is possible that AMs play a sentinel role to recruit such 

inflammatory cells by secreting cytokines and chemokines to fight against fungi. For 

example, dectin-1 on AMs detects β-glucans on the fungal cell surface (Dague, Alsteens, 

Latge, & Dufrene, 2008; Hohl et al., 2005) and stimulates the production of 

proinflammatory cytokines TNFα, IL-6 and IL-18 (Gersuk, Underhill, Zhu, & Marr, 

2006). Intracellular receptor NOD2 in AMs can also induce the synthesis of cytokines, 

such as IL-12, IFN-γ, GM-CSF, CCL2/MCP-1, CXCL2/MIP-2, and CXCL1/KC 

(Dubourdeau et al., 2006; H. J. Zhang et al., 2008). (It is of note that the majority of these 

studies on cytokine and chemokine expression were performed with isolated AMs or 

cell lines in tissue culture. Thus, in vivo protein expression patterns of AMs to Af and Cn 

infections need to be studied.)  

Neutrophil chemoattractant, such as CXCL1 and CXCL2, have a great impact on 

the host protection from Af infection (Braedel et al., 2004; Mehrad et al., 2002), and the 
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main source of the chemoattractant in Af infection was reported to be epithelial cells, 

rather than AMs (Jhingran et al., 2015). Indeed, AM depletion by clodronate does not 

alter neutrophil recruitment and host mortality in pulmonary Af infection (Mircescu, 

Lipuma, van Rooijen, Pamer, & Hohl, 2009). Thus, a role of AMs in Af may be minor. In 

contrast in Cn infection, AMs highly express CXCL1 and CXCL2, as well as TNFα 

(Guillot, Carroll, Homer, & Qureshi, 2008), but Cn can survive in AMs and contribute to 

latent infection (T. J. McQuiston & Williamson, 2012). However, it is puzzling that 

depletion of AMs and DCs ‘together,' by using CD11c-DTR mice (AMs and DCs are 

CD11c positive), resulted in more neutrophil infiltration in the lung four days after Cn 

infection and enhanced mortality with severe lung inflammation (Osterholzer et al., 

2009). Although it is not clear which cell type, DCs or AMs, is dominant in inhibiting 

neutrophil recruitment in the lung, questions that can be brought up are how DCs 

and/or AMs inhibit neutrophil recruitment and whether the inhibition occurs only under 

some conditions. Since it is technically difficult to deplete AMs alone, it is still unknown 

if and how AMs are detrimental or protective in Cryptococcus infections. 

1.2.3. CNS - Microglia 

Fungal infections in the CNS are usually secondary to infections in peripheral 

tissues. Yet, once fungal pathogens reach to the CNS, it can be fatal to hosts. Some 

species of Candida, Cryptococcus, and Aspergillus can cause life-threatening CNS 

infections in immunocompromised patients (Goodman, Kaufman, & Koenig, 1971; 
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Gottfredsson & Perfect, 2000; Kleinschmidt-DeMasters, 2002). Microglia reside in the 

CNS parenchyma and are poised to provide the first line of defense against invading 

pathogens. Through the expression of various pattern-recognition receptors, microglia 

can recognize a wide range of pathogens that colonize the CNS (Kielian, 2006; Larsen, 

Holm, & Owens, 2007). In this section, I discuss responses of microglia during CNS 

infection by these fungi (summarized in Table 2). 

Candida albicans is a pathogenic Candida species, which commonly colonizes the 

mucocutaneous locations in the host, and can also invade the bloodstream to cause 

systemic candidiasis. Innate immunity is the dominant protective mechanism against 

disseminated candidiasis. Microglia detect β-glucans through dectin-1, resulting in 

phosphorylation of Syk (V. B. Shah et al., 2008) and activation of Vav1 and PI3K, which 

are required for phagocytosis and superoxide production (V. B. Shah, Ozment-Skelton, 

Williams, & Keshvara, 2009). However, dectin-1 stimulation alone is not sufficient for 

microglia to induce cytokines or chemokine production (V. B. Shah et al., 2008). This 

suggests a unique mechanism of dectin-1 signaling in microglia distinct from other types 

of TRMs and MDMs, in which dectin-1 signaling is sufficient for production of cytokines 

and chemokines. Microglia are also found in the retina and activated by invasive 

candidiasis, resulting in enhanced expression of cell surface CD11b and morphological 

change (Maneu et al., 2014), as well as phagocytosis of C. albicans conidia through 

dectin-1 activation (Maneu et al., 2011). 
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In contrast to Candida, Cn spores are not effectively cleared by microglia. Thus, 

microglia require other immune cells and mechanisms to effectively combat Cn infection 

in the CNS (Aguirre & Miller, 2002; Hill & Aguirre, 1994). Opsonization of Cn spores by 

antibodies plays a critical role in the induction of cytokine and chemokine expression in 

microglia (Blasi et al., 1995). For example, opsonizing antibodies induce microglial 

expression of chemokines, such as CCL2/MCP-1, CCL3/MIP-1α, and CCL4/MIP-1β, but 

the response is also known to be inhibited by cryptococcal capsular polysaccharides 

(Goldman et al., 2001). In addition to antibodies, LPS and IFNγ promote the killing of 

opsonized and un-opsonized Cn by augmenting nitric oxide (NO) production without 

inducing phagocytosis in a microglial cell line (Blasi et al., 1995). Another study showed 

that IFNγ is required for enhanced anticryptococcal responses when microglia are 

activated by intracranial injection of IL-2 and a CD40 agonistic antibody  (Zhou, Gault, 

Kozel, & Murphy, 2007). Taken together, IFNγ appears to be critical for microglia to 

respond to Cn. 

Af also causes meningitis, but little is known about responses of microglia to Af. 

One study showed that CR3 expression of microglia is reduced by an Af-derived 

protease, resulting in a significant decrease in phagocytosis by primary human microglia 

(Rambach et al., 2005). High host mortality by cerebral aspergillosis suggests that 

antifungal responses of microglia are not efficient. It might be possible that IFNγ also 

enhances the response against Aspergillus by microglia. 
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Taken together, these studies suggest that microglia are not efficient in fungal 

clearance. Although it is not clear why microglia are not effective cells among the MPS, 

the specific microenvironment of the CNS, which is known as an immune-privileged 

site, may be involved in shaping the character of microglia. The CNS is isolated from 

other peripheral organs because it is separated from blood circulation by the blood-brain 

barrier. The physical separation of the CNS from the immune system in the rest of 

organs, at least in part, may contribute to the specific development and functions of 

microglia, distinct from the rest of TRMs.  

1.2.4. Kidney – renal macrophages 

In healthy kidneys, immune cells are rarely found except for resident DCs and 

macrophages (Kaissling, Hegyi, Loffing, & Le Hir, 1996). Renal macrophages are found 

in the tubulointerstitium (Hume & Gordon, 1983), a compartment of the kidney 

bounded by the vasculature and nephrons, and comprising about 80 % of kidney 

volume (Kaissling et al., 1996).  Renal macrophages in adult mice are largely derived 

from fetal liver monocytes (Slava Epelman et al., 2014; Guillaume Hoeffel et al., 2015) 

and have been extensively studied due to their involvement in immune homeostasis (Q. 

Cao et al., 2015; Ginhoux & Jung, 2014; M. G. Kim et al., 2010) and host defense against 

infections (Hochheiser et al., 2013; Lionakis et al., 2013).   

The kidney is a main target organ in murine systemic candidiasis (Lionakis, Lim, 

Lee, & Murphy, 2011; Spellberg, Ibrahim, Edwards, & Filler, 2005), but not necessarily a 
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primary target in human systemic candidiasis (Lionakis, 2014). Nevertheless, host 

resistance heavily depends on the immune system in the kidney. For example, renal 

macrophages, as well as possibly splenic and liver macrophage, are considered to be 

protective in host defense against Candida (Hebecker et al., 2016b; Lionakis et al., 2011; 

Lionakis et al., 2013). CX3CR1-deficient mice are susceptible to Candida infection, 

possibly due to reduced numbers of kidney-resident and -infiltrated macrophages 

(Lionakis & Netea, 2013). As early as two hours after Candida infection, renal 

macrophages elicit their protective responses by internalizing conidia and encasing 

pseudohyphal elements (Lionakis & Netea, 2013). In addition to their phagocytic ability, 

renal macrophages isolated from naïve mice are shown to kill Candida conidia in tissue 

culture (Lionakis & Netea, 2013). Besides their endogenous fungal-killing ability, kidney 

F4/80hi macrophages also recruit neutrophils by secreting high levels of chemokine 

CXCL2 in the first 24-hour of systemic Candida infection in an autophagy-dependent 

manner (Kanayama et al., 2015), indeed playing a role as immune sentinels. In summary, 

kidney macrophages are important players in fungal clearance in murine candidiasis 

model. 
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Table 2: Tissue resident macrophage antifungal response 

Cell type Fungal 
pathogen 

Macrophage responses Experimental Approaches 

Alveolar 
macrophages 

C. neoformans Take up spores which are opsonized by 
complement and antibodies through 
CR3 and Fcγ receptors (Griffin, 1981; 
Zaragoza et al., 2003) mediated by 
S1PR2 (T. McQuiston et al., 2011) 

Stimulating adherent murine 
bronchoalveolar lavage cells 
in tissue culture (T. 
McQuiston et al., 2011) 

Produce TNFα, CXCL1, CXCL2, 
CCL2 and IL-1β (Guillot et al., 2008) 

Stimulating adherent murine 
bronchoalveolar lavage (BAL) 
cells in tissue culture (Guillot 
et al., 2008) 

A. fumigatus Trap Af conidia by pseudopods and 
take up conidia in actin-dependent 
manner (Ibrahim-Granet et al., 2003) 

Stimulating MH-S murine AM 
cell line in tissue culture 
(Dubourdeau et al., 2006) 

Kill Af conidia through phagolysosome 
acidification(Ibrahim-Granet et al., 
2003) and production of reactive 
oxidant species (Philippe et al., 2003) 

Stimulating adherent murine 
BAL cells in tissue culture 
(Philippe et al., 2003) 

Bind and uptake Af conidia through SP-
A and SP-D (Madan et al., 1997) 

Stimulating BAL cells from 
aspergillosis patients in tissue 
culture (Madan et al., 1997) 

Detect cell wall β-1,3-glucans through 
Dectin-1 (Hohl et al., 2005) and NOD2 
receptors (H. J. Zhang et al., 2008)  

 

Murine Af pulmonary 
infection model: AMs 
identified as CD45+Ly6G- 

CD11c+ cells (Hohl et al., 
2005) 

Induce proinflammatory cytokines and 
chemokines (Dubourdeau et al., 2006) 

Stimulating MH-S cell line 
and adherent murine BAL 
cells in tissue culture 
(Dubourdeau et al., 2006) 

Microglia C. albicans Detect cell wall β-glucan through 
Dectin-1 and activate Syk, Vav1, and 
PI3K (V. B. Shah et al., 2008) required 
for phagocytosis (Maneu et al., 2011) 
and superoxide production (V. B. Shah 
et al., 2009) 

Stimulating murine microglia 
primary cell culture and BV-2 
microglial cell line (V. B. 
Shah et al., 2008) 

Increase CD11b expression and change 
morphology (Maneu et al., 2014) 

Invasive murine candidiasis 
model: Evaluating MHC-
II+Iba1+ microglia in situ or 
CD45+CD11b+MHC-II+ 
microglia by flow cytometry 
(Maneu et al., 2014) 

C. neoformans Produce chemokines, MCP-1, MIP-1α 
and MIP-1β through FcR-mediated 
activation by antibody-bound Cn 
(Goldman et al., 2001) 

Stimulating human fetal 
microglia cells with Cn and 
antifungal antibodies in tissue 
culture (Goldman et al., 2001) 

Require IFNγ or LPS priming to 
eliminate Cn through nitric oxide 
production (Blasi et al., 1995) 

Stimulating BV-2 microglial 
cell line (Blasi et al., 1995) 
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A. fumigatus Require complement system for 
phagocytosis of Af conidia (Rambach et 
al., 2010; Rambach et al., 2005) 

Stimulating human primary 
microglia in tissue culture 
(Rambach et al., 2010) 

Kidney 
macrophages 

C. albicans Internalize conidia and pseudohyphae 
(Lionakis et al., 2013) 

Invasive murine candidiasis 
model: Evaluating CX3CR1+ 
renal macrophages in situ 
(Lionakis et al., 2013) 

Produce chemokines, CXCL1 and 
CXCL2 (Kanayama et al., 2015). 

Invasive murine candidiasis 
model: Evaluating 
SSCloCD45+Ly6G-

CD11b+F4/80hi renal 
macrophages by flow 
cytometry (Kanayama et al., 
2015). 
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1.3. Plasticity of AMs functions during pathological conditions 

Alveolar macrophages (AMs) are the most abundant resident immune cells in 

the alveoli of the lung. Due to the unique microenvironment AMs reside, AMs are able 

to display remarkable plasticity that allows them to efficiently adjust to the changing 

environmental signals and accommodate the needs of the host (Hussell & Bell, 2014). In 

addition to their roles in the maintenance of lung homeostasis and respiratory functions, 

AMs are effective immune defenders against pulmonary pathogens (Fels & Cohn, 1986). 

However, studies have suggested that AMs could wield the double-edge sword in the 

context of inflammation. 

The pro-inflammatory functions of AMs could be demonstrated by their ability 

to secrete oxygen metabolites, lysozyme, antimicrobial peptides and proteases and the 

processes of phagocytosis to eliminate microbes during pulmonary infection (Sibille & 

Reynolds, 1990). In addition to their sole defense system, AMs also function as initiator 

of inflammatory response by secretion of cytokines and chemokines and arachidonic 

metabolites to signal and recruit neutrophils into the alveolar spaces (Haslett, 1999). 

Particularly in the context of fungal infection, AMs was shown to express 

proinflammatory molecules, such as CXCL1, CXCL2, and TNFα during Cn stimulation 

in vitro (Guillot et al., 2008).  

AMs could be anti-inflammatory based on the study that depletes AMs in vivo 

during fungal infection. One study showed that CXCL2 level and neutrophil number in 
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the lung can be decreased during systemic Candida albican infection in AM depleted mice 

with chloroadenosine treatment, suggesting the anti-inflammatory role of AMs (Kubota 

et al., 2001). Another study using  CD11c-DTR mice demonstrated that mice treated with 

diphtheria toxin enhanced neutrophil infiltration in the lung with severe lung 

inflammation (Osterholzer et al., 2009). As the study also indicates, CD11c cells include 

both AMs and dendritic cells (DCs). Thus, the anti-inflammatory outcome is attributed 

to the depletion of AMs and DCs both.  

Due to the dual pro- and anti-inflammatory roles of AMs during fungal infection, 

AMs have been reported to be protective and detrimental to hosts depend on the 

infection context (Kechichian, Shea, & Del Poeta, 2007; Mansour & Levitz, 2002; T. J. 

McQuiston & Williamson, 2012; Osterholzer et al., 2009), suggesting the plastic nature of 

AM functions. 

1.4. Discussion 

The knowledge on TRMs identities and functions have been greatly expanded in 

the last decade. Depending on the physical locations and fungal pathogens, TRMs 

respond in different ways. Tissue-specific factors may also have impacts on the anti-

fungal outcome of TRMs. However, there are still many unanswered questions and 

technical hurdles to further advance the field.  

First, do the functions of TRMs from various organs share something in 

common? Because TRMs are shaped by tissue-specific environments to acquire unique 



 

21 

intracellular gene expression profile and assisted by tissue factors to enhance their anti-

fungal response, previous studies have focused on the dissimilarity among TRMs from 

various organs. Yet, all TRMs are expected to play a similar role in maintaining immune 

surveillance and behaving as sentinels when infections occur. Thus, despite their organ-

specific environments, TRMs could potentially share the function as immune sentinels 

during infections.  

Secondly, to which extent can result from tissue culture experiments be applied 

to TRMs’ functions in vivo? Majority of functional studies on TRMs have been 

performed in tissue culture or even with cell lines. It is not clear if ex vivo behaviors of 

TRMs reflect those in vivo. Because behaviors of tissue macrophages are shaped by in 

vivo environment, responses of TRMs ex vivo need to be re-evaluated in vivo. However, 

the role of TRMs in fungal infections is still largely elusive in vivo due to the technical 

challenge of in vivo tools: no Cre-lox mouse system to deplete specific TRMs, the lack of 

a simple cell surface marker for TRM identification and limitation in capturing the 

biology in tissue culture. These challenges hampered better understanding of the TRMs 

in fungal infection.  

 Lastly, do TRMs have heterogeneous subpopulation and have distinct functions 

within a single tissue compartment? For example, the presence of microglia subsets has 

been identified throughout development during development and disease status 

(Hickey & Kimura, 1988; Keren-Shaul et al., 2017) . It is intriguing to explore possible 
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cellular subsets within TRMs in a single tissue and whether they carry out distinct 

functions. To answer the question, new single cell-based technology would be very 

powerful tools to answer these questions.  

These are at least several questions and challenges to overcome to better 

understand TRMs in fungal infections and advance our knowledge of TRM functions. 
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2. Materials and Methods 
2.1. Animal usage 

All the mice in my study were on the C57BL/6 background. CXCL2-GFP reporter 

mice were generated (Jhingran et al., 2015) and generously provided by Dr. T. Hohl 

(Memorial Sloan Kettering Cancer Center, New York). Flt3Cre mice have been previously 

described (Slava Epelman et al., 2014) and kindly provided by Dr. K. Lavine 

(Washington University in St. Loius). C1qa-/- mice (Botto et al., 1998) were obtained from 

Dr. D. Fraser (California State University, Long Beach).  Csf2rb-/- mice (Robb et al., 1995; 

Suzuki et al., 2014) were provided by Dr. Trapnell (Cincinnati Children’s Hospital 

Medical Center, Cincinnati, Ohio). Rosa26 LSL-tdTomato reporter mice were purchased from 

The Jackson Laboratory. Six- to eight-week-old age- and sex-matched mice were used 

for all experiments unless otherwise specified. All animals were housed under specific 

pathogen-free conditions. All the experiments were performed as approved by the 

Institutional Animal Care and Use Committee at Duke University.  

2.2. Experiment with fungal infection 

Cryptococcus neoformans (Cn) yeasts (H99 strain and 52D strain) were cultured in 

liquid yeast extract–peptone–dextrose medium at 30⁰C overnight and harvested by 

washing with PBS twice. Mice of 6-8 weeks old were inoculated oro-tracheally with 

indicated inocula with the range of 104 – 106 Cn yeasts/mouse in 50 µl of PBS. In some 

experiment, Cn yeasts were heat-killed for 1 hr at 100 ⁰C prior to inoculation of mice.  
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Candida albicans (Ca) (ATCC 18804 strain) were cultured in liquid yeast extract–

peptone–dextrose medium at 37⁰C overnight and harvested by washing with PBS twice. 

Mice of 6-8 weeks old were intravenous (i.v.) injected with 106 conidia per mouse. In 

some experiments, the same strain of Candida (5x106 conidia per mouse) was 

intraperitoneally injected. To evaluate colony forming units (CFU), tissues from infected 

mice were homogenized in water. After serial dilutions, homogenates were plated on 

YPD plates. CFU count was performed with plates incubation at 30 ⁰C for 2 days. 

Aspergillus fumigatus (Af) (Af293 strain) spores were cultured on glucose minimal 

medium (GMM) agar (1% glucose, pH 6.5) in petri plates for 5 days at 37⁰C. Af conidia 

were harvested from the plate by using 10 ml of 0.05% Tween 80 and filtered through 

Miracloth (Millipore). The filtered conidia were washed twice in sterile distilled water 

and resuspended in sterile distilled water and counted. Af conidia were oro-tracheally 

instilled into mice (107 conidia/mouse).  

2.3. Isolating tissue resident cells for flow cytometry analysis 
and FACS 

2.3.1. Lung 

Mice were euthanized with CO2. After the opening of mice chest cavity, the lungs 

were inflated intratracheally with a digestion solution containing 60 µg/ml liberase TM 

(Roche) and 6,500 Dornase units/ml DNase I (Roche), 5% FBS, and 10mM HEPES in 

HBSS buffer, as previously described (Yu et al., 2016). The inflated lung was then 

removed from the chest cavity and placed in the same digestion solution for 1 hour at 37 
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⁰C. After 1 hour of digestion, the lung tissue was vortexed to obtain a single-cell 

suspension. The digested lung cells were then treated with RBC lysis solution, stained 

with specific antibodies, and analyzed by flow cytometry (Fortessa X20, BD). The 

fluorochrome-conjugated antibodies are shown in Table 3. To FACS-sort AMs, single-

cell suspensions from the digested lung tissue were first enriched for CD45+ by positive 

selection using MACS system (Miltenyi Biotec) and FACS-sorted (Astrios sorter, 

Beckman Coulter). The gating strategy for AMs is shown in Figure 1, in addition to the 

CXCL2-GFP signal by using CXCL2-GFP reporter mice. The FACS-sorting strategy 

using CXCL2-GFP mice were used for most analyses using sorted AMs, including qPCR, 

RNAseq, ATACseq, scRNAseq, Seahorse analyses, and other AM experiments that 

require cell culture, unless otherwise noted. In some experiments, we analyzed cells in 

bronchoalveolar lavage fluid (BALF), which was obtained by 0.5 ml PBS twice.  

Table 3: Antibodies and staining reagents 

Antibody/ 
Target 

Clone Conjugate Company Catalog # 

CD45 30-F11 APC/Cy7 Biolegend 103116 
CD45 30-F11 BUV 395 BD Horizon 564279 
Fixable dead cell stain kit Violet Invitrogen L34955 
CD11b M1/70 APC/Cy7 Biolegend 101226 
CD11b M1/70 BV711 Biolegend 101242 
CD11c N418 BV510 Biolegend 117338 
Ly6G 1A8 PE Biolegend 127608 
Ly6G 1A8 BV421 Biolegend 127628 
Ly6G 1A8 APC/Cy7 Biolegend 127624 
Ly6C HK1.4 PE/Cy7 Biolegend 128018 
Ly6C HK1.4 BV711 Biolegend 128037 
I-A/I-E M5/114.15.2 AF700 Biolegend 107621  
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CD64 X54-5/7.1 PE/Cy7 Biolegend 139313 
CD64 X54-5/7.1 APC Biolegend 139306 
CD24 M1/69 BV605 Biolegend 101827 
SiglecF E50-2440 PerCP-Cy5.5 BD 565526 
SiglecF E50-2440 BV421 BD 562681 
CD326 G8.8 APC Biolegend 118213 
CD31 390 PerCP-Cy5.5 Biolegend 102419 

 

 

Figure 1: Gating strategy to identify myeloid cells in the lung 

2.3.2. Liver and kidney 

Mice were euthanized with CO2 and perfused with PBS through the left 

ventricle. The liver and two kidneys were collected to ice-cold PBS and appeared pale 

deprived of blood cells. Following removal from the body, liver and kidneys were cut 

into small pieces of ~5mm thickness and places in digestion solution, same solution for 
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lung digestion. Tissues were incubated at 37⁰C for 1 hour and vortexed every 10-15 

minutes. Upon completion of digestion, the digested liver and kidney cells were then 

treated with RBC lysis solution, stained with specific antibodies, and analyzed by flow 

cytometry (Fortessa X20, BD) with fluorochrome-conjugated antibodies.  

2.3.3. Peritoneum 

Mice were euthanized with CO2. The skin above peritoneum was snipped by 

scissor and teared away from peritoneal membrane by hand. The peritoneal cavity was 

flushed twice with 6ml ice-cold PBS. Flushed peritoneum cells were then spun down, 

treated with RBC lysis solution, stained with specific antibodies, and analyzed by flow 

cytometry analyzer (Canto, BD).  

2.3.4. Brain 

Mice were euthanized with CO2. The brain was collected by cutting open the 

skull and placed into tissue digestion solution. Tissues were incubated at 37⁰C for 1 hour 

and vortexed every 10-15 minutes. Upon completion of digestion, brain tissue yielded 

single cell suspension and filtered through 70μm strainer. The filtered cell suspension 

was enriched through 30%/70% Percoll density gradient. Brain immune cells were 

harvested from the middle layer between the 30% and 70% Percoll/ layers and stained 

with specific antibodies, and analyzed by flow cytometry (Fortessa X20, BD) with 

fluorochrome-conjugated antibodies.  
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2.4. Precision-cut mouse lung slices (PCLS) and 
immunostaining  

I followed a previous publication (Lyons-Cohen, Thomas, Cook, & Nakano, 

2017) to prepare PCLS. Mice were euthanized with CO2, and the chest cavity was 

opened to intratracheally inflate lung lobes with 2.5% low-melting point agarose. Mice 

were then kept at 4 C to solidify agarose. Inflated right upper lobe was excised from the 

mice and sliced with 150 µm thickness with Compresstome® (VF-200-0Z, Precisionary) 

in ice cold PBS. PCLS were stained with an antibody cocktail for 1 hour at 4 ⁰C with 

gentle rocking; and, without fixation, microscopic images were immediately acquired 

with a confocal microscope (Carl Zeiss 780 upright) using a 20x objective. Images were 

constructed with tile scans and z-stacks of images. The antibody panel for AM detection 

was used as follows: CD11c-PE, CD206-AF647, and CD326/EpCam-eFluor450.  

2.5. Cellular assays 

2.5.1. Obtaining AMs for RNA-seq and tissue culture experiments 

To obtain CXCL2+ and CXCL2- AMs, we used CXCL2-GFP reporter mice 

intratracheally instilled with C. neoformans 104 yeasts cells/mouse (16-hpi). Lung cells 

were FACS-sorted to obtain AMs using GFP expression. As a homeostatic AM control, 

we used total AM, which are all CXCL2-GFP-negative. Sorted AMs were then used for 

RNA-seq and tissue culture experiments.  
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2.5.2. Seahorse analysis of AMs 

Real-time oxygen consumption rate (OCR) and extracellular acidification rate 

(ECAR) were measured in FACS-sorted AMs (5x104 AMs per well in Seahorse 96-well 

plates) 48 hours after plating in complete RPMI medium with XFe96 Extracellular Flux 

Analyzer (Seahorse Bioscience). As suggested by manufacturer’s instructions (Agilent 

Technologies), cell energy phenotype tests were performed by adding 1 μM oligomycin 

and 1 μM FCCP. Mitochondria stress assays were performed by adding 1 μM 

oligomycin and 1 μM FCCP, and Rotenone/Antimycin A at 0.5 μM each. Cellular ATP 

production was calculated by subtracting the OCR value after the addition of 

oligomycin from the basal OCR value. Maximal respiration was calculated using the 

maximum OCR reached after the addition of FCCP and before the addition of rotenone 

and antimycin A. 

2.5.3. Phagocytosis assay 

Heat-killed (HK) Cn was first labeled with carboxylic acid succinyl ester-Alexa 

Fluor 647 dye (1:1000 dilution) for 1 hour in PBS and then opsonized with anti-GXM 

antibody (clone 18B7), provided by Dr. Arturo Casadevall (Johns Hopkins School of 

Public Health, Baltimore, MD, United States).  For phagocytosis of heat-killed Cn, sorted 

AMs were seeded in 16-well glass-chamber at 5x104 cells/well and incubate for 48 hours, 

then co-cultured with AF647-labeled opsonized HK-Cn (at MOI=1:10). After 2 hours, 

non-phagocytosed fungi yeasts were washed away. For microscopic imaging, AMs 
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containing phagocytosed fungi were fixed together in glass chamber with 4% 

paraformaldehyde and labeled with wheat germ agglutinin-AF555 and DAPI before 

subjected to imaging. 

2.5.4. AM, DC, T cell 3-way culture 

DCs differentiated from GM-CSF induced bone marrow cells were used for this 

co-culture system. AMs isolated from 16 hpi Cn were used for co-culturing with DCs at 

1 macrophage per 2 DCs ratio for 1 day prior to the addition of T cells. CD4+ T cells were 

isolated from the spleen and lymph nodes of OT-II mice and were tested positive for T 

cell receptor Vβ5. CD4+ T cells were added to the AM-DC culture at the following ratio 

of T: DC: AM= 2: 2: 1. Chicken ovalbumin 323-339 (abbreviated as “OVA peptide”) ( 1 

μg/ml) were also added to the medium together with T cells. For Th1 skewing condition, 

IL-12 (5 ng/ml) and anti-IL-4 (10ug/ml) were added. For Th17 skewing condition, TGFβ 

(5ng/ml), IL-6 (20ng/ml), IL-23 (100ng/ml), anti-IL-4 antibody (10ug/ml) and anti-IFNγ 

antibody (10ug/ml) were added. 

2.6. Molecular assays 

2.6.1. Determining soluble protein concentration 

The level of CXCL2 in BALF and cell supernatant was measured by enzyme-

linked immunosorbent assay (ELISA) as suggested by the manufacture (Cat#: EL-

65430DM, PromoKine). Concentrations of the C1q complex in BALF and AM culture 

supernatant were measured also by ELISA (Hycult Biotech). LegendPlex™ bead-based 
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immunoassays (Biolegend) were performed as suggested by the supplier to 

simultaneously detect concentrations of multiple cytokines, such as IL-6, TNF-α, IL-1β, 

IL-1α, IL-10, by flow cytometry. 

2.6.2. Quantitative RT–PCR 

mRNA was isolated from sorted primary cells using RNeasy Micro Kit (Qiagen) 

to synthesize cDNA using qScript cDNA synthesis kit (Quantabio). Standard 

quantitative RT-PCR (qRT-PCR) was performed using SYBR FAST qPCR Master Mix 

(Kapa Biosystems), with the primers shown in Table 4. Actb expression was used as an 

internal control unless otherwise specified. Data analyses were performed with the -

ΔΔCt method as described in our previous publication (Kanayama et al., 2015).  

Table 4: List of primers for qPCR 

Gene Primer Sequences 
b-actin Forward TGT TAC CAA CTG GGA CGA CA 

Reverse CTG GGT CAT CTT TTC ACG GT 
Cxcl2 Forward CCA CCA ACC ACC AGG CTA C 

Reverse GCT TCA GGG TCA AGG GCA AA 
C1qa Forward AGCATCCAGTTTGATCGGAC 

Reverse CTTCAGCCACTGTCCATACTAG 
C1qb Forward AGAAGCATCACAGAACACCAG 

Reverse ACATGGAGAAAACCTAGAAGCAG 
C1qc Forward GTCTCTGTGATTAGGCCTGAAG 

Reverse AGCAGGCAAAGTCCACATG 
Il6 Forward GAG GAT ACC ACT CCC AAC AGA CC 

Reverse AAG TGC ATC ATC GTT GTT CAT ACA 
Tnfa Forward CATCTTCTCAAAATTCGAGTGACAA 

Reverse TGGGAGTAGACAAGGTACAACCC 
Arg1 Forward GGA TTG GCA AGG TGA TGG AA 

Reverse AGT CCT GAA AGG AGC CCT GT 
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Il10 Forward GGT TGC CAA GCC TTA TCG GA 
Reverse ACC TGC TCC ACT GCC TTG CT 

Il1b Forward CGCAGCAGCACATCAACAAGAGC 
Reverse TGTCCTCATCCTGGAAGGTCCACG 

 

2.7. Pulmonary macrophage transfer assay 

The AM transfer procedure was adopted from previous publications (Suzuki et 

al., 2014; van de Laar et al., 2016). Csf2rb-/- recipient neonatal mice (postnatal 5-14 days) 

(with CD45.2 allele background) were anesthetized with isoflurane, and 105~2x105 

FACS-sorted CD45.1+ CD45.2+ AMs were administered intranasally in a volume of less 

than 15μl PBS. Transferred AMs were allowed to colonize for at least 6 weeks in the lung 

of recipient mice. Donor CXCL2+ and CXCL2- AMs were differentiated from recipient 

cells by congenic CD45 surface marker expression. In some experiment, recipient mice 

were further instilled with Cn for 16 hours or subject to long-term infection after the 6-

week colonization window.  

2.8. High-throughput system biology assays 

2.8.1. ATAC-seq data analysis of TRMs 

ATAC-seq data of various TRMs isolated from naïve mice were downloaded 

from GEO database (GSE63338). All TRMs were isolated from the corresponding tissue. 

Monocytes were isolated from bone marrow. Mouse mm9 were used as reference 

genome to align ATAC-seq peaks. Cxcl2 gene were visualized using IGV browser.  
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2.8.2. RNA-seq sample preparation and data analysis   

Flt3-FM+, Flt3-FM- , CXCL2- and CXCL2+ AMs were obtained from the lung Cxcl2-

Egfp;Flt3Cre;R26LSL-tdTomato mice at 9-hpi with Cn by FACS sorting. Homeostatic AM samples 

(Flt3-FM+ and Flt3-FM-), which are all CXCL2-GFP-negative, were obtained from naïve 

mice. Total RNA was extracted from cells with RNeasy micro Kit (Qiagen). mRNA 

libraries were made with the Clontech Ultra Low Input RNA SMARTer mRNA 

amplification kit (Takara Bio USA) was used for the initial RNA amplification. The 

obtained double stranded cDNA is then converted into a sequencing library using Kapa 

Hyper Prep Kit by Duke Sequencing and Genomic Technologies Shared Resource 

facility. RNA libraries were sequenced on an Illumina HiSeq4000 using 50-bp single 

read.  

Raw reads were trimmed to remove adapters and low-quality bases (Q < 20) 

using TrimGalore; reads with length < 20 bp after trimming were discarded. Trimmed 

reads were aligned to the mm10 genome using STAR (v2.4.1) (Dobin et al., 2013), 

followed by assignment of reads to genes in the mm10 transcriptome (GENCODE vM22) 

using featureCounts (v1.5.3; WEHI Bioinformatics) (Liao, Smyth, & Shi, 2014). Raw read 

counts were then filtered to remove low-abundance features (logCPM >= 1 in at least 2 

samples) and normalized for library size using edgeR (v3.26.8) (Robinson, McCarthy, & 

Smyth, 2010).  
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For the initial comparison of 6 AM groups differentiated by infection status, 

CXCL2 and Flt3-FM markers (Figure 11C), normalization and differential expression 

was carried out using the DESeq2 (Love, Huber, & Anders, 2014) Bioconductor (Huber 

et al., 2015) package with the R statistical programming environment analyzed by Duke 

Genomic Analysis and Bioinformatics core facility. The false discovery rate was 

calculated to control for multiple hypothesis testing. Clustering of gene expression data 

for the most significant 5,000 genes from the likelihood ratio test analysis were clustered 

using hierarchical clustering with a correlation distance metric and complete linkage; the 

NbClust (Charrad, Ghazzali, Boiteau, & Niknafs, 2014) R package (cindex method) was 

used to identify the optimal number of clusters.   

 Although AM sample groups were originally differentiated as Flt3-FM+ and Flt3-

FM-, this variable was ultimately deemed unimportant based on functional data and was 

thus treated as a nuisance variable and included in the linear model. Additionally, 

principal component analysis of normalized read counts indicated a strong batch effect 

which segregated biological replicates. Therefore, a batch term was included into the 

generalized linear model alongside Flt3-FM status and experimental group. The 

resulting model was subsequently used for estimation of dispersion, model fitting, and 

differential analysis using the quasi-likelihood F-test framework in edgeR for all 

comparisons other than Figure 11C.  
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Gene-set enrichment analysis GSEA (Subramanian et al., 2005) was performed 

using the Broad Institute’s Java-based GSEA application (v3.0) run in pre-ranked mode 

with 1000 permutations. Genes were ordered by −log10(p-value) multiplied by the sign 

of the calculated log2 fold-change, resulting in a ranked gene list that was used as input 

for GSEA. Gene sets were either obtained from the MSigDb Hallmarks gene set 

collection (65) or, for the M1 and M2 macrophage gene sets, were derived from 

GSE69607. Gene sets having an FDR < 0.25 and nominal p-values < 0.05 considered 

significantly enriched. 

2.8.3. ATAC sample preparation and ATAC-seq data analysis 

Five groups of AM samples were used for ATAC-seq: homeostatic AMs, CXCL2- 

AMs (9- or 24-hpi) and CXCL2+ AMs (9- or 24-hpi). Homeostatic AMs were total AMs, 

which are all CXCL2-GFP-negative. CXCL2- and CXCL2+ AMs were obtained at 9- or 24-

hpi with Cn (104 yeasts/mouse) instillation. All the mice were CXCL2-GFP reporters. We 

used a FACS cell sorters to purify AMs by pooling cells from three mice per group.  

Omni-ATAC was performed on 50,000 cells from two biological replicates per 

AM subpopulation using Tn5 transposase from the Nextera DNA Library Prep Kit (FC-

121-1030) 2. Following transposition, the Qiagen MinElute Kit (28204) was used to purify 

the DNA. Based on qPCR amplification curves, samples were amplified for four 

additional cycles after the five-cycle preamplification (9 total cycles). For size selection 

 

2 ATAC-seq library preparation was performed by Morgan Parker from Duke Immunology Ciofani lab 
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and clean-up of amplified library, three rounds of AMPure beads-enabled purification 

were performed. 1X AMPure beads were used first to remove primer dimers, followed 

by 0.5X to remove large fragments >1,000 kb, and finally 1.8X to further clean up. ATAC 

libraries were submitted to the Duke Sequencing and Genomic Technologies Shared 

Resource facility for sequencing on an Illumina NextSeq500 using a 42-bp paired-end 

mode at a depth of 30-50 million reads per sample. 

Raw ATAC-seq reads3 were trimmed to remove adapter sequences and low-

quality bases (Q < 20) using TrimGalore; reads with length < 20 bp after trimming were 

discarded. Alignment to the mm10 genome was performed using bowtie2 (v2.3.5.1) 

(Langmead & Salzberg, 2012). Aligned reads were sorted with samtools, filtered to 

remove reads overlapping genomic regions with high, anomalous signal across multiple 

methods (ENCODE “blacklisted” regions) (Amemiya, Kundaje, & Boyle, 2019) using 

bedtools (v2.29.0) (Quinlan, 2014), and duplicates were marked for exclusion in 

downstream analyses using Picard markDuplicates (v2.20.6; Broad Institute). RPKM-

normalized bigWig files for visualization were created using the bamCoverage function 

from deepTools (v3.3.0) with the X, Y, and mitochondrial chromosomes excluded from 

normalization. ATAC-seq peaks were subsequently identified using MACS2, followed 

by filtering for peaks reproducibly identified in replicate samples using the 

irreproducible discovery rate (IDR) method with a threshold of 0.05 (as implemented by 

 

3 Data analysis of ATAC-seq was done by Joshua Wheaton from Duke Immunology Ciofani lab 
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the Kundaje Lab) (Boley, Kundaje, Bickel, & Lee, 2014; Li, Brown, Huang, & Bickel, 

2011). 

Differential accessibility analysis was performed by first quantifying the number 

of reads overlapping ATAC-seq peaks using featureCounts with duplicate reads 

excluded (--ignoreDup) and reads overlapping multiple features assigned to the feature 

with the largest overlap (--largestOverlap). Raw read counts were then filtered to 

remove low-abundance features (logCPM >= 1 in at least 2 samples) and normalized for 

library size using edgeR (v3.26.8). Principal component analysis of normalized read 

counts indicated a strong batch effect which segregated biological replicates from all 

conditions. Therefore, a batch term was included into the generalized linear model 

alongside experimental group for subsequent estimation of dispersion, model fitting, 

and differential analysis using the quasi-likelihood F-test framework in edgeR. Motif-

based analyses were performed on DA regions (FDR < 0.05) using HOMER with default 

settings. 

2.8.4. scRNA-seq sample processing and data analysis 

2.8.4.1. scRNA-seq library preparation 

I used CD45+ lung cells from mice with Cn instillation at 9-hpi, in addition to 

naïve mice. CD45+ cells were enriched by positive selection by using a combination of 

using biotinylated CD45 antibody and Streptavidin MicroBeads (Miltenyi Biotec). 

Single-cell suspensions were loaded on the 10x Genomics Chromium Controller (10x 
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Genomics, Pleasanton, CA, USA) 4 . Single-Cell Instrument mixed with reverse 

transcription reagents along with gel beads and oil to generate single-cell gel bead in 

emulsions (GEMs). GEM-RT was performed in an Eppendorf Mastercycler Pro 

(cat#950030020, Eppendorf): 53 °C for 45 min, 85 °C for 5 min; held at 4 °C. After RT, 

GEMs were broken and the single-strand cDNA was purified with DynaBeads 

MyOne Silane Beads (cat#37002D, Thermo Fisher Scientific). cDNA was amplified 

using the Eppendorf Mastercycler Pro (cat#950030020, Eppendorf): 98 °C for 3 min; 

cycled 11-13 × : 98 °C for 15 s, 67 °C for 20 s, and 72 °C for 1 min; 72 °C for 1 min; held 

at 4 °C. Amplified cDNA product was purified with the SPRIselect Reagent Kit (0.6 × 

SPRI) (cat#B23318, Beckman Coulter). Indexed sequencing libraries were constructed 

using the reagents in the Chromium Single-Cell 3′ Library Kit, following these steps: 

(1) fragmentation, end repair and A-tailing; (2) SPRIselect cleanup; (3) adapter 

ligation; (4) post ligation cleanup with SPRIselect; (5) sample index PCR; (6) 

PostindexPCR cleanup. The barcoded sequencing libraries were quantified by 

quantitative PCR (cat#KK4824, KAPA Biosystems Library Quantification Kit for 

Illumina platforms). Sequencing libraries were transferred to the Duke University 

Center for Genomic and Computational Biology (GCB) and were loaded on a 

Novaseq 6000 S-Prime flowcell 150bp paired end flowcell (Illumina, San Diego, CA, 

 

4 scRNAseq library preparation was performed by Duke Molecular Physiology Institute Molecular 
Genomics Core 
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USA) for sequencing. Libraries were sequenced in single index mode with the following 

read lengths: 28x8x91.  

2.8.4.2. Single-cell RNA-seq statistical analysis methods5 

Cell Ranger version 3.0.1 (10X Genomics) was used to convert raw files into fastq 

format and perform read alignment with a custom mouse mm10 transcriptome 

containing all protein coding and long non-coding RNA genes along with the GFP 

transgene sequence. Expression counts were processed using Cell Ranger to produce a 

matrix file for each sample with genes identities as rows and cell barcodes as columns.  

On average, we obtained 82,314 mean reads per cell, 1,771 median genes per cell, and 

5,635 median UMI counts per cell.  

Using Seurat version 3.1.0 (Stuart et al., 2019) we calculated the percentage of 

mitochondrial genes, number of expressed genes, and number of counts per cell. Cells 

with total number of genes expressed < 200 or > 20,000, number of counts <500 or 

>75,000, and cells with > 10 % mitochondrial genes were filtered out. Following initial 

filtering, 4,586 cells in the naïve sample and 5,694 cells in the stimulated sample 

remained and were used for further analysis.  

Normalization and variance stabilization of expression counts was performed on 

each sample using regularized negative binomial regression with the SCTransform 

method in Seurat (Hafemeister & Satija, 2019), with regression on percent mitochondrial 

 

5  Data analysis was done by M. Elizabeth Deerhake from Duke Immunology Shinohara lab.  
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genes per cell. Following normalization, the two samples were integrated using an 

anchor-based canonical correlation analysis (CCA) approach (Stuart et al., 2019). This 

allowed for clustering of cells based on major cell identity rather than clustering based 

on differences between the two samples, thus allowing for more robust cell-type 

annotation to facilitate downstream analysis. Principal component analysis was run on 

the normalized and integrated gene-barcode matrix, and the top 50 principle 

components (PC) were selected by heuristic elbow method and passed to Uniform 

Manifold Approximation and Projection (UMAP) for two-dimensional visualization (fig. 

S8C). Calculation of k-nearest neighbors and cluster identification was then performed. 

To annotate clusters based on immune cell type, we used an automated 

reference-based annotation approach with SingleR (Aran et al., 2019) using selected bulk 

RNA sequencing datasets for relevant immune populations from ImmGen. In addition, 

we identified signature markers for each population in Seurat and examined canonical 

cell-type specific marker genes. Based on these analyses, we assigned clusters to major 

immune cell populations for further analysis.  

We specifically selected two clusters dominated by cells assigned by SingleR to 

the alveolar macrophage class which also expressed key cell-type markers. These cells 

were then selected and re-analyzed separately from their raw count data using similar 

SCTransform normalization, PCA, and UMAP analysis using the top 40 PCs, but in a 

non-integrated manner. Use of a non-integrated approach allowed for discernment of 
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condition-related subpopulations within this individual immune cell type. Calculation 

of k-nearest neighbors and cluster identification was performed, and signature markers 

for each cluster were identified. 

Among the identified clusters, we found a rare population of putative multiplets 

with co-expression of both macrophage and B cell-, T cell-, or neutrophil-specific genes 

and high feature numbers.  In addition, cells with a proliferative gene signature (Ki67, 

Top2a) were also identified and analyzed separately. Hierarchical clustering revealed 

two major branches among the remaining cells, which were annotated as R or H based 

on relative frequencies of cells from stimulated or naïve samples respectively.  

Differential expression analysis between specific comparisons of interest was 

performed using a gene-wise linear model approach with the limma package (Ritchie et 

al., 2015), and correction for multiple comparisons was performed using the Benjamini 

Hochberg (BH) method. Genes with adjusted p-values <0.05 for each comparison were 

ranked by logFC and the top 15 upregulated or downregulated genes were selected for 

the generation of heatmaps to visualize the data.  

Gene-set enrichment analysis was performed using genes lists ranked by -log10 

(adjust p-value) multiplied by the sign of the logFC from the differential expression 

analysis using the fgsea (Sergushichev, 2016). Hallmark gene sets from the Molecular 

Signatures Database (MSigDB) were used for pathway enrichment analysis (Liberzon et 

al., 2015). Correction for multiple comparisons was performed using the BH method, 
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and pathways with an adjusted p-value < 0.05 were selected for plotting of normalized 

enrichment score. 
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3. Tissue resident macrophages have differential CXCL2 
expression during fungal infections 

Rapid neutrophil influx is essential to protect the host from pathogen invasion at 

early stage. Neutropenic individuals are susceptible to fungal infection and 

dissemination (Fulurija et al., 1994; Koh et al., 2008). CXCL2 is an important neutrophil 

chemoattractant. Deficiency in CXCR2 reduces neutrophil infiltration into Candida-

infected sites and leads to mucosal and systemic candidiasis (Balish et al., 1999). 

During the initiation of acute inflammation, resident macrophage could play an 

important role in sensing perturbation to the microenvironment and regulate neutrophil 

infiltration. Depletion of resident peritoneal macrophages resulted in a significant 

reduction in neutrophil infiltration following peritonitis (Cailhier et al., 2005). In 

addition, CXCL1 and CXCL2 chemokine production is reduced in macrophage depleted 

mice (Cailhier et al., 2005). Indeed F4/80hi macrophages in peritoneum, spleen and 

kidney were considered as the major sources of CXCL1 and CXCL2 production during 

the initiation of Candida infection (Kanayama et al., 2015) in contrast to the F4/80low 

myeloid cells. However, the pattern recognition receptor levels on F4/80hi TRMs (spleen 

and peritoneum) are comparable to F4/80low myeloid cells (Kanayama et al., 2015) 

suggesting that the differential chemokine gene expression in macrophages is 

independent of their ability to sense pathogen patterns. 
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In mammalian cells, nuclear DNA is wrapped around histones to form 

nucleosomes. The position and modification of nucleosome defines the chromatin state 

of the cell and impacts the regulation of gene transcription (Winter & Amit, 2014). 

Promoters are important genomic regulatory regions in proximity upstream of 

transcription start sites that allows binding of transcription factors (TFs) to initiate DNA 

transcription. As the nucleosome structure causes some DNA strand to be blocked for 

binding, the accessibility of promoter regions could affect the strength of transcription 

and further impact the gene expression level. In addition, distal regulatory elements 

such as enhancers regulate the promoter region of gene transcription and govern the 

mechanisms of cell type-specific activation to stimuli.  

Chromatin dynamics have been found in TRMs from various tissue during 

steady state (Y. Lavin et al., 2014). Thus, chromatin modification and promoter 

architecture could determine the degree of TRMs gene expression and explain for the 

diverse responses of various TRMs to fungal infection.  

In this chapter, I explored the chemokine CXCL2 expression response of TRMs 

(considered as one of the “sentinel” functions) using various fungal infection models. I 

identified distinct promoter accessibility of Cxcl2 gene among TRMs during steady state 

which potentially explained their differential CXCL2 expression in response to fungal 

infections.  
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3.1. CXCL2 expression in TRMs during early fungal infection 

Previous study from my lab demonstrated that F4/80hi macrophages from 

peritoneum and spleen can produce high levels of chemoattractant CXCL2 than F4/80low 

macrophages during systemic candidiasis (Kanayama, 2015). However, due to the 

secretory nature of chemokine and the limited number of cells for in vitro chemokine 

analysis, the previous study was limited to only the assessment of CXCL2 in spleen cells. 

To examine the expression of CXCL2 protein in other TRMs, I used an in vivo CXCL2-

GFP mouse reporter system, generated by Hohl and colleagues (Jhingran et al., 2015). 

The reporter mouse line is a Cxcl2 knock-in with Egfp (described as “Gfp” hereafter) 

insertion at the 3’-proximal end of the CXCL2-encoding sequence. The inclusion of the 

“2A self-cleaving peptide” sequence between Cxcl2 and Gfp coding regions cleaves the 

CXCL2-GFP nascent peptide to generate two separate functional proteins of CXCL2 and 

GFP (Jhingran et al., 2015). The promoter region of Cxcl2 is intact and derived from a 

BAC vector. Correlation between the expression levels of GFP and CXCL2 was 

confirmed by the Hohl lab (Jhingran et al., 2015) and by me (Figure 2). The advantage of 

this reporter mice enabled me to examine the cellular source of CXCL2 without the need 

to sort and analyze cells ex vivo.   
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Figure 2: Validation of CXCL2-GFP reporter mice 

Peritoneum macrophages from naïve CXCL2-GFP reporter mice were isolated 
and stimulated with Pam2CSK4 in vitro for 16 hours in tissue culture at indicated 
concentrations. CXCL2 levels in culture supernatant were evaluated by ELISA. GFP 
reporter expression levels were analyzed by flow cytometry. (n=3) . 

3.1.1. Candida albicans infection 

To examine whether peritoneum macrophages express CXCL2 protein during 

early infection of Ca, I infected CXCL2-GFP reporter mice with Ca through 

intraperitoneal (i.p.) injection. Peritoneum myeloid cells (excluding neutrophils) were 

harvested and examined by flow cytometry, defined as CD45+ Ly6G- CD11b+ cells 

(Figure 3A).  F4/80hi myeloid cells, which were considered as the resident macrophages 

in the peritoneum, are also known as large peritoneum macrophages (Cain et al., 2013; 

Liu et al., 2012). I found that F4/80hi peritoneum macrophages highly express CXCL2 at 

the early 12 hours post infection (Figure 3B). As expected, neutrophil recruitment indeed 

occurred 12 hours post infection further confirmed the function of CXCL2 at these 

corresponding time points (Figure 3C).  

Candida infection in mammalian host usually occur through mucosal route. 

However once the conidia bypass the mucosal barrier, systemic candidiasis could occur 
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and cause invasive dissemination of the fungi (Hebecker et al., 2016a; Lionakis et al., 

2011). As liver is a highly vascular organ and receives 30% of resting cardiac output and 

kidney is the primary organ infected by Candida in rodent models, I examined liver and 

kidney resident cell response to early Ca systemic infection. CXCL2-GFP reporter mice 

were used to assess the CXCL2 expression in various resident immune cells in liver and 

kidney during murine Ca infection. I found that liver F4/80hi macrophages, known as 

Kupffer cells were able to express CXCL2 even after 6 hours post infection (Figure 3D, 

E). In accordance with the CXCL2 by F4/80hi macrophages, neutrophil number in liver 

also increase after the first 6 hours post systemic Ca infection (Figure 3F). Similar to what 

I observed in liver, kidney F4/80hi resident macrophages were also able to produce 

CXCL2 after 6 hours post infection (Figure 3G, H). Recruitment of neutrophils could also 

be found during the early hours of infection in the kidney (Figure 3I). However, I could 

not detect CXCL2 expression in spleen F4/80hi macrophages during the first 48 hours 

post infection (Figure 3J, K) although neutrophil number increased in spleen within the 

first 20 hours (Figure 3L). This is unexpected as spleen F4/80hi macrophages was 

reported to have higher CXCL2 production than F4/80low myeloid cells post Candida 

infection (Kanayama et al., 2015).  

The CXCL2 protein expression in F4/80hi macrophages from peritoneum 

confirmed the CXCL2 protein and mRNA data reported via ELISA and qPCR methods, 

respectively, during the early hours of Candida infection (Kanayama et al., 2015). In 
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addition to peritoneum TRMs, I also detected CXCL2 expression in liver and kidney 

F4/80hi TRMs, which is the novel knowledge that could not be acquired without the 

CXCL2-GFP reporter mice. 

 

Figure 3: Some tissue resident macrophages can express CXCL2 at the early 
hour post Ca infection. 

CXCL2-GFP reporter mice were injected with Candida albicans at 2.5x106 
conidia/mouse (i.p.) (A-C) or 106 conidia/mouse (i.v.) (D-L). Tissue resident macrophages 
were pre-gated with CD45+ Ly6G- and further differentiated with F4/80 and CD11b 
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markers (A, D, G, J). CXCL2(GFP) expression of peritoneum (B), liver (E), kidney (H), 
and spleen (K) F4/80hi macrophages after 6 (E, H) or 12 hours (B, K) post Ca infection. 
Number or percentage of neutrophils in peritoneum (C), liver (F), kidney (I), and spleen 
(L) post hours of infection. Hpi, hours post infection. (C, F, I, L) show means ± SEM. *: 
p<0.05 as calculated using non-paired Student’s t-test comparing the specific infection 
time point with non-infected mice (time=0).  

 

3.1.2. Cryptococcus neoformans infection 

3.1.2.1. Microglia 

Cryptococcus neoformans infection could cause life-threatening CNS infections in 

immunocompromised patients. As microglia could not effectively clear Cn spores and 

require other immune cells and mechanisms to effectively combat Cn infection in the 

CNS (Aguirre & Miller, 2002; Hill & Aguirre, 1994), it is interesting to learn how 

microglia can recruit other immune cells. In line with the hypothesis that TRMs are 

potentially the sentinel cells in tissue to respond and recruit secondary immune cells to 

site of infection, I proposed that microglia can also express CXCL2 to recruit neutrophils 

during Cn infection in the brain.  

To better differentiate TRMs and monocyte-derived macrophages (MDM), I used 

an ontological marker to further help with the identification of microglia. Flt3 is 

transiently upregulated in definitive HSCs during their lineage differentiation (Boyer, 

Schroeder, Smith-Berdan, & Forsberg, 2011). It has been reported that monocyte-derived 

macrophages are primarily derived from HSC precursors (Flt3Cre+ ), whereas microglia 

are yolk-sac derived and did not go through the expression of Flt3 during development 
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(Epelman, Lavine, & Randolph, 2014). I crossed Flt3Cre mice (lineage tracing of Flt3 

expression) to Rosa26tdTomato reporter mice to track cell development lineage through Flt3 

stage. Cells that have been through hematopoiesis would be traced as Tomato-positive. 

Since microglia is derived from yolk sac instead of HSCs, resident microglia are 

identified as Tomato-negative (considered as “Flt3Cre-“) cells.  

The Flt3CrexRosa26tdTomato lineage tracing reporter line was further crossed with 

CXCL2-GFP reporter line to examine the CXCL2 expression in lineage traced cells. I first 

gated microglia as CD11b+ Ly6C- Ly6G- CD64+ cells. With the Flt3 lineage marker, 

resident microglia (not derived from monocytes) were further identified as Flt3Cre- cells 

(Figure 4A). As Cn encounters cells in the CNS through circulatory system, I infected the 

reporter mice with intravenous injection through retro-orbital route. I first observed that 

the number of resident microglia did not decrease post infection (Figure 4B), which 

suggested that microglia were not killed due to Cn infection and dissemination to the 

brain. Although neutrophil increased after 6 days post infection (Figure 4C), CXCL2 

expression could not be detected in resident microglia even after 6 days (Figure 4D). It is 

possible that the recruitment of neutrophils to the brain could be elicited by other 

resident cells, other than microglia.   
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Figure 4: Microglia cannot express CXCL2 at the early hour post Cn infection. 

(A-D) Cxcl2-gfp; Flt3Cre-Rosa26tdTomato reporter mice were infected with Cn (retro-
orbitally, r.o.) at 105 yeasts/mouse. (A) Microglia gating strategy (B) Number of microglia 
in the brain of infected mice over 6 days post infection. (C) Number of neutrophils in the 
brain of infected mice. (D) CXCL2(GFP) expressing cell percentage in microglia, gated 
based on GFP-non expressing control cells. 

 

3.1.2.2. Alveolar macrophages 

During the natural course of infection, Cn spores enter the host through 

inhalation and enter the lung. One of the first encountering immune cells include AMs, 

which are considered to be at the first-line of immune defense against pulmonary 

pathogens (Fels & Cohn, 1986). Since the immunogenic cell wall components of Cn are 



 

52 

usually covered by a thick layer of capsule composed of GXM, Cn can evade immune 

recognition and hardly mount immune responses at least in tissue culture (Davis et al., 

2013; Ost et al., 2017). It is intriguing whether AMs could elicit immune response against 

Cn in vivo. 

Therefore, I sought to examine in vivo host responses against Cn in the first 48 

hours after instillation of Cn H99 strain by oro-tracheal (o.t.) aspiration (I use a term 

“instillation” for this procedure hereafter). To examine the cellular source of CXCL2, 

CXCL2-GFP reporter mice were instilled with Cn, and the lung was harvested to analyze 

for immune response. As an early host response, I evaluated lung infiltration of 

neutrophils. Although Cn is known to be weakly immunogenic, neutrophil infiltration in 

the lung was observed, peaking at 24 hours post instillation (hpi) (Figure 5A). 

Concentrations of CXCL2 in bronchoalveolar lavage fluid (BALF) also showed a great 

increase, peak at 20-hpi (Figure 5B).  Using multi-color flow cytometry AMs were 

defined as CD45+ Ly6G- Ly6C- CD64+ CD24- SiglecFhi CD11c+ (Yu et al., 2016) (Figure 1). 

After 9 hpi, half of AMs could highly express CXCL2 (Figure 5C).  

CXCL2(GFP) expression was also evaluated in various other lung cells in the first 

48 hpi. The result showed that AMs were the main cell types expressing CXCL2(GFP) 

throughout this period (Figure 5D). Expression of CXCL2(GFP) in AMs was detected as 

early as 4 hpi and 40~60 % of AMs remained CXCL2(GFP)-positive up to 24 hpi (Figure 

5D). (Strictly speaking, CXCL2(GFP)-positive AMs are GFP+ AMs, but I will use the term 
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“CXCL2+ AMs” hereafter.) At 48 hpi, the proportion of CXCL2+ AMs reduced to 20 % 

(Figure 5D). In contrast, less than few % of other cell types expressed CXCL2, including 

epithelial and endothelial cells (Figure 5D). Epithelial cells and endothelial cells, which 

were previously reported as immune sentinel cells during Aspergillus fumigatus (Af) 

infection (Jhingran et al., 2015), also did not upregulate Cxcl2 mRNA post Cn instillation 

(Figure 5E). Dendritic cells and other immune cells in the lung draining lymph nodes 

also did not express CXCL2 after 16 hpi (Figure 5F).  Of note, cells from naïve mice, 

including AMs, did not expressed CXCL2(GFP) without the presence of stimuli (Figure 

5C), indicating the strict control of CXCL2 protein expression before stimulation. These 

results suggested AMs to be the main immune sentinels in the lung after Cn instillation 

to produce CXCL2.  
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Figure 5: AMs are the main and first CXCL2-expressing cell during early 

pulmonary Cn instillation. 

(A-F) CXCL2-GFP Mice were instilled with Cryptococcus neoformans (Cn) (104 
yeast cells/mouse). (A) Neutrophil recruitment in the lung at indicated times after 
infection.  (B) CXCL2 protein level in BALF (C) Representative contour plots of CXCL2 
(GFP) expression in AMs from naive mice and 9-hpi with Cn. (D) Percentage of 
CXCL2/GFP-positive cells in indicated cell type at time points. (E) Cxcl2 mRNA levels 
determined by qPCR in FACS-sorted epithelial (CD45- CD326+) and endothelial cells 
(CD45- CD31+) from naïve and Cn-stimulated mice at 16-hpi. (F) CXCL2-GFP expression 
of cells isolated from lung draining lymph nodes of Cn-stimulated mice at 16-hpi. One 
data point reflects data from one mouse (D,E). All data were analyzed using unpaired 
Student’s t-test. Error bars denote mean ± SEM. **: p<0.01, n.s.: not significant, hpi: hours 
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post instillation, MFI: mean fluorescent intensity, dLN: draining lymph nodes, DCs: 
dendritic cells.  

 

3.2. Distinct Cxcl2 gene promoter accessibility among TRMs 

Recent study has suggested that TRMs from various tissue have distinct 

chromatin landscape which is largely shaped by the microenvironment (Y. Lavin et al., 

2014). Functions of macrophages could be largely affected by the promoter accessibility 

of effector genes. For example, genes with chromatin structure that have inaccessible 

promoter regions would be difficult for transcription factors to bind and activate 

transcription. Thus, I sought to examine the accessibility of Cxcl2 gene promoters in 

various TRMs. 

I analyzed ATAC-seq dataset of TRMs of naïve mice from published literature 

(Y. Lavin et al., 2014). Compared to monocytes, Cxcl2 promoter is more accessible in 

some TRMs, such as AMs and peritoneum macrophages, Kupffer cells (Figure 6). 

However, microglia, spleen red pulp macrophages and monocytes have less accessible 

Cxcl2 promoters during steady state. The promoter accessibility of Cxcl2 matches with 

the differential protein expression of CXCL2 in TRMs during early fungal infection: 

peritoneum F4/80hi macrophages, Kupffer cells and AMs expressed CXCL2 during Ca 

and Cn infection, respectively, while spleen F4/80hi macrophages and microglia were 

unable to produce CXCL2 even though neutrophil recruitment occurred in the 

corresponding tissue. In addition, F4/80low myeloid cells in these tissues were all unable 

to express CXCL2 during early fungal infection. F4/80low myeloid cells are usually 
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consisted of monocytes, monocyte-derived macrophages and DCs, which were all 

originated from monocytes. The relatively less accessible Cxcl2 promoter in monocytes 

(Figure 6) could also potentially explain for the inability of CXCL2 production by 

F4/80low myeloid cells at early hours, as chromatin modification would have to take place 

first to allow for transcription factors binding. In contrast, Cxcl2 gene of AMs, 

peritoneum macrophages and Kupffer cells have open promoters which could readily be 

transcribed within hours. 

Thus, the distinct promoter accessibility of Cxcl2 could determine the degree of 

TRMs CXCL2 expression and explain for the differential early CXCL2 response of TRMs 

to fungal infection. 

 

 
Figure 6: Differential chromatin accessibility of Cxcl2 promoter in TRMs 

ATAC-seq analysis in TRMs from steady state (GEO: GSE63338) were re-
analyzed. Highlighted are normalized peaks around promoter regions of Cxcl2 gene loci.  
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3.3. Discussion 

Cytokine and chemokine antibody-assisted staining and flow analysis are known 

to be technical challenging due to the secretory nature of these protein. CXCL2, although 

commonly expressed by a vast majority of cells to recruit neutrophils, have not been 

successfully detected through single-cell flow-based assay. Thus, it is hard to dissect the 

predominant cellular source of CXCL2 during infection without a reporter system.  The 

novelty of the study is to use protein reporter system to evaluate whether tissue resident 

macrophages (TRMs) across different organs can express CXCL2 protein upon fungal 

infection. I uncovered some TRMs could express high amount of CXCL2 protein while 

others did not in the early hours post Candida or Cryptococcus infection. These findings 

would not be possible without the CXCL2-GFP reporter animal model, which facilitated 

the detection through simply flow cytometry. This reporter system eliminated the need 

for intracellular cytokine staining or cell sorting and ELISA assessment. In addition, the 

reporter system provided the information about CXCL2 production in vivo without the 

manipulation of cells post organ harvesting. No studies have examined in vivo protein 

responses of TRMs against fungal infections. The results from my study shed light on 

the true nature of TRM in vivo functions.  

Tissue microenvironment could shape the identities of macrophages due to the 

various factors secreted in the tissue that regulate the differentiation, development and 

responsive functions of macrophages (Gosselin et al., 2014; Y. Lavin et al., 2014). My 
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results further confirmed that macrophages from different tissue environment could 

function differently: peritoneum macrophages, alveolar macrophages, Kupffer cells and 

kidney macrophages highly expressed CXCL2 during fungal infection, while microglia 

and splenic macrophages did not.  

The tissue microenvironment plays a major role in defining the functions of 

TRMs. One of the mechanisms that could be used to regulate gene expression is 

chromatin modification. As previous study (Yonit Lavin et al., 2014) has shown that the 

enhancer landscape of steady state TRMs is largely shaped by the tissue 

microenvironment. In this study I found that the promoter regions of Cxcl2 gene in 

CXCL2-non-producing TRMs were indeed less accessible than CXCL2-producing TRMs. 

However, my analysis was limited to ATAC-seq database of TRMs from naïve mice. 

Epigenetic modification could occur within hours or days after fungal infection. ATAC-

seq analysis of TRMs post fungal stimulation would reveal the chromatin dynamic of 

TRMs before and after fungal stimulation. In addition, I have only examined the 

promoter accessibility of Cxcl2 gene in TRMs to account for the differential CXCL2 

expression. Other gene regulation mechanism, such as transcription factor activation or 

the remote modification of enhancer regulation could be involved.  

A further possibility to explain the difference in CXCL2 expression among these 

TRMs could be the physical locations of these macrophages. Peritoneum macrophages 

and alveolar macrophages reside in cavity and airy space, respectively, which can 
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constantly encounter mechanical stress and microbial invasion. Liver and kidney 

macrophages could also face constant stimuli circulating in the blood. On the other side, 

splenic macrophages and microglia reside in the organs that are not part of the 

circulatory system: spleen and brain, which prevent them from experiencing any stimuli 

in the past. Splenic macrophages and microglia might not be experienced to express 

CXCL2 readily as the other TRMs. The accessible Cxcl2 gene promoter might be an inert 

function of these CXCL2-expressing TRMs to be ready to recruit neutrophils when 

microbial invasion occurs. Nevertheless, my study is the first to show that not all TRMs 

could express CXCL2 to recruit neutrophils during early fungal infections, which could 

be explained by the closed Cxcl2 promoter in these TRMs during steady state. 
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4. Some AMs cannot produce CXCL2 during fungal 
infection 

As discussed in the previous chapter,  I noticed that there were always CXCL2- 

AMs during early Cn instillation (Figure 5C, D). The expression of CXCL2 in AMs also 

demonstrated a distinct population of CXCL2+ and CXCL2- cells (Figure 5C). Thus, I 

sought to explore whether the presence of the CXCL2-differentiated AMs could be 

specific to Cn instillation and due to fungal exposure, location or ontogenic origins of 

AMs. 

In order to learn whether the CXCL2-non-expressing AMs were specific 

phenotype during Cryptococcus instillation, I stimulated AMs in vivo using another 

fungal pathogen Aspergillus fumigatus (Af).  In addition to Cn instillation, a significant 

proportion of CXCL2- AMs were still observed during the instillation of Af conidia and 

zymosan (a fungal cell wall component ligating dectin-1 and TLR2) (Figure 6 A, B). In 

contrast, instillation of TLR2 ligand Pam2CSK4 and TLR4 ligand lipopolysaccharide (LPS) 

activated nearly all the AMs to express CXCL2-GFP (Figure 6 C). Thus, the presence of 

CXCL2- AMs may be specific during pulmonary instillation of fungal components.  
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Figure 7: Some AMs cannot produce CXCL2 during early pulmonary fungal 

instillation 

(A, B) CXCL2-GFP reporter mice were instilled with A. fumigatus (Af) (107 
conidia/mouse) or zymosan (100μg/mouse). Representative flow panels of CXCL2/GFP 
expression in AMs from mice at 16-hpi (A). Statistical comparison of proportion between 
CXCL2+ and CXCL2- AM (B). (C) Representative contour plot of AMs from CXCL2-GFP 
reporter mice oro-tracheally instilled with Pam2CSK4 (12.5μg/mouse) or LPS 
(12.5μg/mouse) at 16-hpi. Proportions of two AM subpopulations were statistically 
compared from minimum 3 mice per group. Data were analyzed using unpaired 
Student’s t-test. Error bars denote mean ± SEM., n.s.: not significant, *:p<0.05. Hpi: hour 
post instillation. 

 

To understand why about half of the AM population are CXCL2- after instillation 

of fungal components, we asked if an excessive numbers of Cn yeasts make all the cells 

CXCL2+ in tissue culture by co-culturing Cn yeasts with AMs harvested using 

fluorescence-activated cell sorting (FACS). However, we still observed a significant 

proportion of CXCL2- AMs throughout the period of observation (Figure 8A). Next, I 
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examined whether the presence of CXCL2-non expressing AMs were due to insufficient 

fungal stimulation in vivo. So, I increased Cn inoculate and zymosan dosage during in 

vivo instillation. However, increasing Cn yeasts number or zymosan dosing did not 

enhance the proportions of CXCL2+ AMs (Figure 8B,C). In contrast to the independency 

of stimulation dosing of fungal components, CXCL2 expression in AMs can be increased 

by higher level of Pam2CSK4 instillation (Figure 8D), suggesting that the CXCL2-non-

expressing AMs could be specific to only fungal-related stimulation but not TLR2 

ligands. These data overall suggested that the presence of CXCL2- AM populations are 

neither attributed to the lack of AM-fungus contact nor sub-optimal amounts of fungal 

inoculum. 
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Figure 8: Some AMs cannot express CXCL2 regardless of excessive fungal 

instillation. 

Representative microscopic image of AMs (pooled from 3 naïve CXCL2-GFP 
reporter mice) and heat-killed Cn yeasts (MOI of 5) at 16-hr after co-culture setup. AMs 
that could not express CXCL2/GFP are indicated with arrows. Cn yeasts are in red 
(labeled with Alexa Fluor 647). Scale bar is 20µm. (B) Representative contour plot of 
CXCL2/GFP expression of AMs isolated from CXCL2-GFP mice instilled with Cn at 16 
hpi, and comparison of proportion between CXCL2+ and CXCL2- AMs. (C) 
Representative contour plot of CXCL2-GFP expressing of AMs isolated from CXCL2-
GFP mice instilled with zymosan at 16-hpi, and comparison of proportion between AM 
subpopulations. (D) Representative CXCL2-GFP expression histogram of AMs isolated 
from CXCL2-GFP mice instilled with Pam2CSK4 at 16-hpi, and comparison of proportion 
between AM subpopulations. All bar graphs show means ± SEM, analyzed by a non-
paired Student’s t-test. n.s.: not significant, *: p<0.05. hpi: hours post instillation. Data 
were average from 3 mice per group (B, C, D) and are representative of at least two 
independent experiments. 
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4.1. CARD9 signaling is involved in AMs CXCL2 expression 

I have shown that Cn, Af, and zymosan instillations generate CXCL2+ and 

CXCL2- AM subpopulations (Figure 5; Figure 7A). Because fungal detection by C-type 

lectin receptors (CLRs) largely depends on signaling through CARD9 (Gross et al., 2006), 

I instilled Cn in Card9-/- CXCL2-GFP reporter mice to determine whether CARD9 is 

involved in CXCL2 expression in AMs. I found both percentage of CXCL2+ AMs and 

expression intensity of CXCL2 were significantly lower in Card9-/- AMs (Figure 9 A-C) 

Without CARD9, recruitment of neutrophils and monocytes were also significantly 

compromised (Figure 12D). These results suggested the requirement of CARD9 in 

generating full-fledged CXCL2-expressing AMs. 

 

Figure 9: CARD9 signaling is involved in AMs CXCL2 expression 



 

65 

(A-D) Comparison of WT and Card9-/- CXCL2-GFP reporter mice at 16-hpi with 
Cn (104 yeasts/mouse). (A) Representative contour plots of CXCL2/GFP expression. (B) 
Percentage of CXCL2+ AMs from either WT or Card9-/- CXCL2-GFP reporter mice. (C) 
Mean fluorescent intensity (MFI) of CXCL2/GFP+ AMs. (D) Lung neutrophil and 
monocyte counts. Each data point (B, C, D) reflects data from one mouse. Data were 
analyzed using unpaired Student’s t-test. Error bars denote mean ± SEM., *: p<0.05, ***: 
p<0.001, n.s.: not significant. 

 

 

4.2. AMs locations do not explain the presence of CXCL2- AMs 

I then asked if the locations of some AMs in the lung prevented them from 

accessing fungi and zymosan. I examined the locations of CXCL2+ and CXCL2- AMs 

(identified as CD11c+ CD206+ in immuno-fluorescent chemistry imaging) in the airway 

and parenchyma of Cn-instilled lungs (Figure 10A-E). However, both regions showed 

statistically comparable ratios of CXCL2+ and CXCL2- AMs (Figure 10F) regardless their 

micro locations in the lung. CXCL2- AMs and CXCL2+ AMs can also be found either in 

close contact (Figure 10H-J) with Cn cells or in distal proximity (Figure 10K, L). It is 

noted that Cn can not be phagocytosed ex vivo unless the spores are opsonized (Kozel & 

Gotschlich, 1982; Syme, Bruno, Kozel, & Mody, 1999). These results suggested the 

presence of CXCL2- AM populations are neither due to the lack of AM-fungus contact, 

sub-optimal amounts of fungal inocula, nor their physical localizations in the lung. 
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Figure 10: CXCL2- AMs and CXCL2+ AMs are equally distributed in the lung 

instilled with Cn 
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(A, G) Fluorescent staining of PCLS of the right superior lung lobe from CXCL2-
GFP reporter mice at 16-hpi with Cn. (B, D) Higher magnification of the insets in (A) 
focusing on an airway region (B) and parenchyma (D). (C, E) Higher magnification of 
the insets in (B and D), showing single CXCL2- and CXCL2+ AMs. CXCL2(GFP) (green), 
CD206/MR (blue), CD11c (red), and CD326/EpCAM (white). (F) Statistical comparison of 
CXCL2+ and CXCL2- AM ratios in parenchyma (n=6) and airway (n=5). One data point 
denotes one mouse. Corresponding anatomical area was compared among mice for 
statistical evaluation using the non-paired Student’s t-test. (H-L) Higher magnification 
of the insets in (G), showing Cn (labeled by antibody targeting fungal cell wall 
component glucuronoxylomannan (GXM), white), CXCL2(GFP, green), CD11c (red), 
CD326/EpCAM(white). White bars denote 500 μm (A, G), 100 μm (B, D), 20 μm (C and E) 
or 50 μm(H-L).  

 
 

4.3. Ontogenic origins of AMs do not explain the heterogeneity 
of CXCL2 expression in AMs 

Recent studies demonstrated that the significant contribution of embryonic yolk 

sac (YS) and/or fetal liver (FL) greatly contribute as sources of tissue macrophages 

(Gomez Perdiguero et al., 2014; G. Hoeffel et al., 2015). I therefore sought to investigate if 

the CXCL2 expression pattern depends on developmental origins by using a mouse fate-

mapping (FM) approach. There are multiple FM mouse tools available, but we chose to 

use the Flt3Cre FM system, which labels cells that went through definitive hematopoiesis 

(Slava Epelman et al., 2014; Gomez Perdiguero et al., 2014; Hashimoto et al., 2013). A 

previous study identified ~40 % of AMs had Flt3Cre FM recombination (Slava Epelman et 

al., 2014). Flt3Cre; Rosa26 LSL-tdTomato mice were crossed with CXCL2-GFP reporter mouse 

background to track cells that passed through the FLT3+ stage (FM+) or not (FM-). Except 

for slightly lower proportions of CXCL2+ AM in FLT3-FM+ AMs at 9-hpi, Cxcl2-Gfp; 

Flt3Cre; Rosa26 LSL-tdTomato mice showed no major differences between FLT3-FM- and FLT3-
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FM+ AMs in percentages of CXCL2+ AMs upon Cn instillation (Figure 11A, B). In 

addition, to determine whether Flt3-FM give rise to the heterogeneous AMs, I sequenced 

mRNA of AM population differentiated by Flt3-FM and CXCL2-GFP reporter. AMs 

from Cn-instilled mice showed a dramatic differentially expressed transcriptional profile 

from AMs from naïve mice. However, the difference between CXCL2- and CXCL2+ AMs 

were not notably contributed by Flt3-FM (Figure 11C). Thus, the ontogenic origin does 

not appear to be critical to separate CXCL2+ and CXCL2- AMs.  

 

Figure 11: Heterogeneity of CXCL2 expression in AMs is independent of 
ontogenic origins fate mapped by Flt3 

(A-C) CXCL2-GFP; Flt3CreR26LSL-tdTomato mice were instilled with Cn (104 
yeasts/mouse) by oro-tracheal aspiration. (A) Representative contour plots of AMs at 9-
hpi. (B) Proportions of CXCL2+ AMs at indicated timepoints after Cn instillation in Flt3-
FM- and Flt3-FM+ AMs. One data point reflects data from one mouse. Analyzed by an 
unpaired Student’s t-test. Error bars denote mean ± SEM. *: p<0.05, n.s.: not significant. 
(C) RNAseq results of Flt3-FM+ and Flt3-FM- AMs from naïve vs. instilled (9-hpi with 
Cn) mice. Heatmap of differentially expressed (DE) genes among 6 populations of AMs 
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based on CXCL2 and FM status. 3 mice were pooled for each sample and subject to 
RNAseq analysis.  

 

4.4. Discussion 

Cn H99 strain is used as model organism here to study sentinel AM functions, 

which is an unconventional fungal species to study host immunity. This is due to the 

thick capsule comprised of two polysaccharides, Glucuronoxylomannan (GXM) and 

Galactoxylomannans (GalXM) that surround the fungal cell wall. The capsule can 

prevent the phagocytosis by macrophages and masks the recognition of the underlying 

cell wall PAMPs (Cross & Bancroft, 1995; Kozel & Gotschlich, 1982; Monari et al., 2005). 

Due to the masking of PAMPs on cell wall, capsulated Cryptococcus were usually 

considered unable to mount pro-inflammatory immune cell response. However, using 

the CXCL2 reporter mice, I was able to observe the expression of pro-inflammatory 

chemokine by AMs but not by other myeloid cells in the lung. The induction of CXCL2 

in AMs was also dependent on CARD9 (Figure 12) which is a downstream signaling 

molecule of PRR activation. Although it is not known which PRR(s) on AMs is involved 

in sensing capsulated Cn H99 strain, CARD9-deficient mice analysis data suggested 

PRRs ligation could be involved to induce CXCL2 expression in AMs. 

In addition, generation of the AM heterogeneity may depend on specific PRRs 

ligand during AM stimulation. I identified that a TLR2 and TLR4 ligand completely 

shifts all the AMs to CXCL2+ (Figure 9C). Such a complete shift could not be achieve by 

either Cn, Af, or zymosan even with high inoculation dosage (Figure 9A, B; Figure 10B, 
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C). The inability of zymosan to generate all the AMs CXCL2+ is particularly interesting 

because zymosan stimulates TLR2, as well as Dectin-1. Because zymosan is particulate, 

while Pam2CSK4 and LPS are not, we initially speculated that solubility could matter. 

However, my results at least did not clearly indicate the solubility alone as the culprit 

(data not shown). It is possible that Dectin-1 is somehow involved to prevent some AMs 

to express CXCL2. This is a question open to future studies. It would also be interesting 

to see how the viral and bacterial infections shape the development of AM responses, 

possibly in distinct fashions from what I found in fungal infections. 

With the assistance of multiple fate-mapping animal models, there have been a 

growing interest and knowledge about the impact of developmental ontogeny on tissue 

resident macrophage identities and functions. Several tools used to define macrophage 

lineages include Runx1CreER, Csf1rCreER, Cx3cr1CreER, and Flt3Cre (Slava Epelman et al., 2014; 

Ginhoux et al., 2010; Hashimoto et al., 2013; Hoeffel et al., 2012; Yona et al., 2013), which 

label macrophages from various developmental stages. Runx1CreER, Csf1rCreER and 

Cx3cr1CreER mapping strategy identify yolk-sac derived macrophages, while Flt3Cre 

identifies cells that pass through definitive hematopoiesis (HSCs). Since resident AMs 

are reported to be derived from fetal-liver monocytes during physiological conditions 

(Gomez Perdiguero et al., 2014; Guilliams et al., 2013; G. Hoeffel et al., 2015), Runx1CreER, 

Csf1rCreER and Cx3cr1CreER mapping strategies could not label homeostatic AMs. On the 

other side, Flt3Cre should theoretically map all AMs during steady state as fetal-liver 
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monocytes go through hematopoiesis. Due to this reason and limited availability of 

lineage-tracing tools, I chose Flt3Cre strategy to examine AMs population. Nevertheless, I 

still observed about 30% homeostatic AMs that are Flt3Cre- (Figure 11A) which could be 

due to the inefficient Cre recombination during times of rapid expansion at early AM 

development and has been observed previously (Slava Epelman et al., 2014). I also 

observed limited gene expression variations between homeostatic Flt3Cre- and Flt3Cre+ AM 

(Figure 11C), indicating AMs with differential Cre recombination efficiency are not 

genetically different. 

Another advantage of Flt3Cre system is the strong induction in circulating 

monocytes in adult animals and the ability to follow population dynamics during stress. 

In the case of fungal infection, it is unknown whether in vivo instillation by fungal 

stimuli can recruit monocyte-derived macrophages to the site of infection. Taking the 

advantage that some homeostatic fetal liver monocytes-derived AMs are not efficiently 

labeled and recruited monocytes from circulation are all Flt3Cre+ (Slava Epelman et al., 

2014), I can use the system to learn whether AMs were replenished from bone marrow 

monocytes based on the percentage change of Flt3Cre+ and Flt3Cre-. To my surprise, Flt3Cre+ 

AM percentage did not increase but decreased post Cn instillation (Figure 11A), 

suggesting that Flt3Cre+ monocyte-derived macrophages did not contribute to AM 

population post Cn instillation. In addition, gene expression profile comparing 

stimulated Flt3Cre- and Flt3Cre+ AMs did not reveal significant differences (Figure 11C) 
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which further confirmed that AMs from the Cn-instilled mice were likely developed 

from the same developmental origin independent from circulation as monocytes have 

distinct gene expression pattern from AMs (Y. Lavin et al., 2014). However, due to the 

lack of reporter or lineage-tracing system to distinguish fetal-liver monocyte and adult 

bone-marrow derived macrophages, it is hard to definitively to conclude that bone-

marrow derived macrophages did not give rise to AM populations. Future study will be 

needed to develop biological tools to differentiate resident AMs from monocyte-derived 

macrophages.  

In summary, although AMs produce CXCL2 during early Cn instillation, not all 

AMs can express CXCL2. I further revealed that these CXCL2-non-expressing (named as 

AMs “CXCL2-  AMs“ here) were not dependent on fungal-cell contact, insufficient fungal 

dosing, spatial distribution differences or Flt3Cre-differentiated ontogenic origins. 
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5. CXCL2+ AMs have typical pro-inflammatory 
phenotype, while CXCL2- AMs highly express anti-
inflammatory C1q 

As I have showed in the previous chapter, Cn-instillation to the lung elicited 

heterogenous CXCL2 expression within AMs. Some AMs could not be stimulated to 

produce CXCL2 protein regardless the excessive fungal inoculation, cell-yeast contact, 

and spatially distribution of AMs in vivo. Since Cn sensing by macrophages stimulates 

cell surface PPR activation and signaling through CARD9, I confirmed that the CXCL2 

expression in some AMs indeed requires CARD9 to produce fully-fledged level of 

CXCL2 protein. I further found that the heterogenous CXCL2 expression in AMs is also 

independent of the ontogenic origins fate mapped by Flt3 FM system. 

 To understand the difference between CXCL2- and CXCL2+ AMs and the 

mechanism that regulates the gene expression of AM subpopulations, I used systemic 

biology approach to analyze the global gene expression and chromatin accessibility of 

CXCL2- and CXCL2+ AMs by mRNA sequencing (RNA-seq) and ATAC-seq, 

respectively. In addition to the bulk RNA-seq of AMs, I also applied single-cell RNA 

sequencing (scRNA-seq) method to examine AMs from Cn instilled mice to unbiasedly 

examine the heterogeneity within AMs. 
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5.1. CXCL2+ and CXCL2- AMs have qualitatively distinct gene 
expression patterns 

RNA-seq analysis of CXCL2- and CXCL2+ AMs from Cn-instilled mice at 9-hpi 

revealed that CXCL2+ AMs were characterized with enhanced expression of genes 

involved in proinflammatory signature pathways (Figure 12A, B). The gene set 

enrichment analysis (GSEA) between CXCL2- and CXCL2+ AMs indicated that CXCL2- 

AMs, in contrast,  showed much higher expression of anti-inflammatory Il10 and the C1q 

family genes (D. Shah et al., 2015) than CXCL2+ AMs (Figure 12C). Compared to 

homeostatic AMs, both CXCL2+ and CXCL2- AMs also showed a distinct gene 

expression pattern (Figure 12D, E). These data suggested that CXCL2+ and CXCL2- AMs 

generate pro- and anti-inflammatory responses, respectively. Importantly, CXCL2- AMs 

are not just an intermediate state between homeostatic and stimulated CXCL2+ AMs, but 

CXCL2- AMs are a “qualitatively” distinct subpopulation.  



 

75 

 

Figure 12: Distinct gene expression between CXCL2- and CXCL2+ AMs 
identified by RNAseq. 

CXCL2- and CXCL2+ AMs were isolated from either CXCL2-GFP reporter naïve 
mice or mice instilled with Cn (104 yeasts/mouse) at 9 hpi. (A) Top-ranked statistically 
significant GSEA hallmark pathways in CXCL2+ AMs compared to CXCL2- AMs at 9-
hpi.  (B) GSEA plot on inflammatory response pathway comparing CXCL2+ and CXCL2- 
AMs. (C-E) Volcano plots of differentially expressed genes in compared between 
CXCL2+ and CXCL2- AMs (C), between CXCL2+ and homeostatic AMs (D), and between 
CXCL2- and homeostatic AMs (E) at 9 hpi. Statistically significant genes are indicated 
with green dots (FDR corrected p<0.05). 

 

CXCL2+ AMs highly express pro-inflammatory cytokine Tnf and Il6 mRNA and 

protein, which can be confirmed by qPCR (Figure 13A) and ELISA (Figure 13B). In 
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contrast, CXCL2- AMs have higher production of IL10 and C1q subunits. Zymosan in 

vivo instillation also induced a similar gene expression pattern between CXCL2+ and 

CXCL2- AMs (Figure 13C), except for Il10. Of note, CXCL2- AMs from Cn-instilled mice 

highly secreted IL-10 and C1q (Figure 13A, B). IL-10 is a typical anti-inflammatory 

molecule, and C1q is also known for its anti-inflammatory role (Spivia, Magno, Le, & 

Fraser, 2014). CXCL2- AMs also enhanced mRNA expression of Maf and Mafb (Figure 

14), which encode transcription factors (TFs) to induce Il10 and C1q expression (S. Cao, 

Liu, Song, & Ma, 2005; Tran et al., 2017). Thus, RNA-seq data suggested the active 

involvement of CXCL2- AMs in suppressing inflammation.  
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Figure 13: Distinct gene expression between CXCL2- and CXCL2+ AMs 
confirmed by qPCR and protein assay 

(A) Gene expression analysis by qPCR. RNA lysates for qPCR were obtained at 
9-hpi by FACS-sorting CXCL2- and CXCL2+ AMs subpopulations. Data for each gene 
were shown as fold changes to values in homeostatic AMs from naïve mice. Each data 
point reflects data from one mouse. (B) Protein expression was evaluated by multiplex 
beads flow cytometry, except for C1q levels detected by ELISA. Protein samples were 
supernatants of 2-day cell culture of FACS-sorted CXCL2- and CXCL2+ AMs at 9-hpi. (C) 
mRNA levels were evaluated in CXCL2+ and CXCL2- AMs at 9 hpi with zymosan 
together with homeostatic AMs. Each data point reflects one mouse. Each data point 
reflects data from one culture plate well, including AMs pooled from at least 3 mice. All 
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bar graphs show means ± SEM. *: p<0.05, **: p<0.01, as calculated using non-paired 
Student’s t-test. N.D.: not detectable. hpi: hours post instillation. Data are representative 
of two independent experiments. 

 

 

Figure 14: Expression of Maf family gene in CXCL2+ and CXCL2- AMs 

Reads Per Kilobase of transcript, per Million mapped reads (RPKM) of Maf and 
Mafb mRNA expression in homeostatic AMs from naïve mice, or CXCL2- and CXCL2+ 
AMs isolated from mice at 9-hpi with Cn using RNAseq analysis. Differential gene 
expression was analyzed following RNAseq data analysis method. *; FDR<0.05, n.s.: not 
significant.  

 

I then asked if CXCL2+ and CXCL2- AMs fit the M1/M2 paradigm (Mills, Kincaid, 

Alt, Heilman, & Hill, 2000). I composed a customized gene set using differentially 

expressed genes from in vitro polarized M1 and M2 bone-marrow derived macrophages 

(BMDM) (Jablonski et al., 2015), a canonical approach to induce M1 and M2 

macrophages. M1 signature genes were defined as top 100 DEs higher in M1 than M2. 

M2 signature genes were top 100 DEs higher in M2 than M1. GSEA of CXCL2+ AM 

transcriptomes revealed enrichment of M1-like macrophage signature genes (Figure 15), 
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and I have confirmed some of the gene products with protein-based analysis assay 

(Figure 13). In contrast, CXCL2- AMs did not upregulate signature genes of M2-like 

macrophages. For example, a typical M2 marker Arg1 (Stempin, Dulgerian, Garrido, & 

Cerban, 2010) was not highly expressed in CXCL2- AMs (Figure 15).  In summary, these 

data indicated that CXCL2+ and CXCL2- AMs highly express pro-inflammatory and anti-

inflammatory genes, respectively, but they do not fit into the M1/M2 paradigm. 

 

 

Figure 15: GSEA analysis of AM subpopulations using M1 and M2 gene set 

GSEA plot comparing CXCL2+ and CXCL2- AMs isolated from CXCL2-GFP mice 
at 9 hpi with Cn using M1 vs. M2 signature gene sets.  

 

 

5.2. CXCL2+ and CXCL2- AMs are metabolically energetic and 
quiescent, respectively 

The GSEA results of CXCL2- and CXCL2+ AMs suggested multiple differentially 

regulated metabolic pathways (Figure 12A). Thus, I evaluated the metabolic phenotype 
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of AMs using a Seahorse extracellular flux analyzer to compare the bioenergetic profiles 

in CXCL2-, CXCL2+ AMs from Cn-instilled mice, and homeostatic AMs from naïve mice. 

CXCL2+ AMs were highly energetic with high in both baseline oxygen consumption rate 

(OCR) and extracellular acidification rate (ECAR), indicating highly active glycolysis 

and mitochondrial respiration (Figure 16A, B). In contrast, CXCL2- AMs were quiescent 

with low OCR and ECAR, which are even lower than homeostatic AMs (Figure 16A, B). 

The data again indicated that CXCL2- AMs are distinct from unstimulated AMs. CXCL2+ 

AMs showed significantly higher ATP production and maximal respiration compared to 

CXCL2- AMs (Figure 16C, D), indicating high mitochondrial respiratory capacity in 

CXCL2+ AMs. This is in accordance with mTORC1 signaling pathway enriched in 

CXCL2+ AMs (Figure 16E), as cells enriched in mTORC signaling have higher 

mitochondrial respiration (Cramer-Morales, Heer, Mapuskar, & Domann, 2015; Kelly et 

al., 2014). Of note, The OCR data of CXCL2+ and CXCL2- AMs again does not fit the 

metabolic characters of the M1/M2 paradigm: M1 and M2 have low and high OCR, 

respectively (Serbulea et al., 2018). The RNA-seq data, indicating highly expressed genes 

related to oxidative phosphorylation (OXPHOS) in CXCL2+ AMs (Figure 12A), also does 

not fit enhanced OXPHOS in M2 macrophages (Huang et al., 2014; Vats et al., 2006). 

These results suggested metabolically active CXCL2+ AMs with enhanced ECAR and 

OCR both, while CXCL2- AMs are even more metabolically quiescent than homeostatic 

AMs. 
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Figure 16: Distinct metabolic profiles between CXCL2- and CXCL2+ AMs 

(A-D) Three AM groups (homeostatic AMs from naïve mice, CXCL2- and 
CXCL2+ AMs from 16-hpi mice) were FACS-sorted and analyzed with the Seahorse 
Extracellular Flux Analyzer. (A, B) OCR vs. ECAR at the basal level (A). Statistical 
comparison of OCR and ECAR basal levels (B). (C, D) Mitochondria stress test of AM 
groups. (C) A representative OCR data is shown with arrows indicating sequential 
additions of mitochondrial inhibitors oligomycin, FCCP, and antimycin A/rotenone. (D) 
Cellular ATP production calculated by subtracting the OCR value after the addition of 
oligomycin from the basal OCR value (left panel). Maximal respiration calculated using 
the maximum OCR reached after the addition of FCCP and before the addition of 
antimycin A/rotenone. (E) GSEA of mTORC1 signaling pathway comparing CXCL2- and 
CXCL2+AMs at 9 hpi with Cn. Error bars denote mean ± SEM. Student’s t-test results are 
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indicated as *: p<0.05, **: p<0.001, ***: p<0.0001, n.s.: not significant, hpi: hour post 
instillation. Data are representative of at least two independent repeats. 
 

5.3. AMs responses to Cryptococcus are Heterogeneous of at 

single-cell level  

From the in-depth profiling of CXCL2+ and CXCL2- macrophage populations, I 

have identified distinct gene expression states of AMs following early Cn instillation. 

However, due to the limitations of bulk analyses, several important questions remained 

unanswered which I sought to address with single-cell RNA sequencing (scRNA-seq): 

(1) Are there distinct activated and homeostatic AM subpopulations expressing no or 

low Cxcl2 mRNA (denoted as “Cxcl2lo mRNA AMs” hereafter) after Cn instillation? (2) 

Are activated Cxcl2lo mRNA AMs an intermediate state between naïve and stimulated 

Cxcl2hi mRNA cells, or are they a distinct alternatively activated AM population? (3) Is 

Cxcl2 mRNA expression a robust marker reflecting distinct transcriptional programs, 

beyond its functional importance as a neutrophil-recruiting chemokine?  

Using mice heterozygous for the Cxcl2-GFP reporter, with the help of Elizabeth 

M. Deerhake in Shinohara lab, I performed single-cell RNA sequencing (scRNA-seq) of 

total lung immune cells from mice at 9 hpi of Cn and naïve controls. We obtained high 

quality CD45+ single cells from lung homogenates using MACS bead isolation, and 

processed samples for scRNA-seq using the 10X Genomics Chromium platform (Figure 

19A, B). We analyzed 4,586 cells from naïve and 5,694 cells from stimulated samples. To 
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classify major immune cell populations, we performed an integrated analysis of the two 

samples using Seurat v3.1.0  (Stuart et al., 2019) (Figure 17C). Then, we used an 

automated reference-based annotation approach to classify cells based on similarity to 

bulk RNA-sequencing data of relevant immune populations from the ImmGen database 

(Aran et al., 2019) (Figure 17D, E). Automated reference-based annotation, in tandem 

with examination of canonical immune cell markers (Figure 17F), was used to assign 

each cluster to a major immune cell type (Figure 18A). Following Cn instillation, we saw 

a dramatic increase in the frequency of neutrophils (13% in naïve vs. 38% in stimulated) 

consistent with flow cytometry analysis (Figure 18B, C). Indeed, neutrophils were the 

only population that increased in relative frequency within the CD45+ pool, reflecting 

their rapid recruitment by chemokines after stimulation. 

Next, we sought to specifically profile AM heterogeneity. We identified AMs by 

reference-based annotation and confirmed their canonical markers (CD11c+ (Itgax), 

CD206+ (Mrc1), CD11b- (Itgam), CX3CR1- (Cx3cr1)) compared to other myeloid 

populations (Figure 18D). In particular, AMs showed distinct clustering from non-

alveolar macrophages (Figure 18A) which expressed a distinct profile of canonical 

markers (Figure 18D) and likely include both interstitial and exudate macrophage 

populations (Figure 17D). AM-annotated clusters were selected and re-analyzed in a 

non-integrated manner to better identify condition-related heterogeneity within the AM 

response. Unsupervised clustering divided AMs into distinct subpopulations and 
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signature markers distinguishing each cluster were identified (Figure 18E, F). We 

identified and filtered a small population of putative multiplets (Figure 19A-C) and 

performed a separate analysis of clusters enriched with a proliferative gene signature 

(Mki67, Top2a) (Figure 19D, E). The remaining AMs were projected in two-dimensions 

using Uniform Manifold Approximation and Projection (UMAP) and separation of naïve 

and stimulated samples revealed dramatic shift in AM transcriptional profile upon 

stimulation (Figure 20A). Hierarchical clustering (Figure 19F) indicated that the cells 

were divided into two major branches, named responsive (R) or homeostatic (H), based 

on over-representation of cells from stimulated or naïve conditions respectively (Figure 

20B, C). Despite the emergence of the R branch in the stimulated condition, a portion of 

cells still mapped onto H clusters, suggesting that the difference is not due to a batch 

effect, but instead is able to distinguish responding from non-responding naïve-like 

AMs in the stimulated condition. Importantly, R and H clusters are clearly divided even 

within the stimulated condition, and an intermediate or transition state is not apparent 

based on UMAP projection or hierarchical clustering.  

The first principal component was able to clearly distinguish the R and H 

clusters (Figure 20D). We found that immune receptors (Clec4e, Marco) and cytokines 

(Il1b) were upregulated in R groups compared to H groups (Figure 20D-F), while genes 

involved in lipid binding and transport (Cidec, Fabp1, Abcg1) were downregulated, likely 
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reflecting downregulation of homeostatic surfactant processing mechanisms (Baker et 

al., 2010). 

 

Figure 17: Annotation of scRNAseq data of total lung immune cells 
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(A) Schematic of workflow for scRNA-seq experiment. (B) Violin plots of 
features per cell, counts per cell, and percent mitochondrial genes for naïve and 
stimulated samples, showing total CD45+ cells analyzed. (C) UMAP of total CD45+ cells 
analyzed, colored by condition. (D) Frequency of cells within an annotated cell 
population which were assigned to a given reference population from ImmGen bulk 
RNAseq datasets analyzed using SingleR. (E) Hierarchical clustering of annotated 
immune cell populations. (F) Plot of average expression (color) and percent expressed 
(size) for canonical immune cell markers in the annotated immune cell populations. 
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Figure 18: Gene expression analyses of total lung immune cells using 
scRNAseq data 

(A) UMAP of total CD45+ cells analyzed, colored by annotated immune cell 
population. (B) Relative frequency of immune cell populations within each condition. 
(C) Relative frequency of each condition within a given immune cell population. (D) 
Plot of average expression (color) and percent expressed (Size) for canonical myeloid 
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markers in the annotated myeloid populations. (E) UMAP of subsetted and re-analyzed 
AMs, colored by cluster and including both proliferating cells and putative multiplets. 
(F) Heatmap showing expression of signature markers identified for each population, 
including both proliferating cells and putative multiplets (yellow > blue).  

 

 

Figure 19: Filtering out putative mutiplets of AMs scRNAseq data. 

(A) Plot of average expression (color) and percent expressed (size) for signature 
genes within the multiplet population. (B) Violin plot of features per cell and counts per 
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cell across AM subsets. (C) Relative frequency of R, H, proliferating, and multiplet 
populations within each sample. (D) Feature plot of proliferation marker gene 
expression (Mki67 and Top2a) among AMs. (E) Heatmap showing top up- or down-
regulated genes from differential expression analysis between naïve and stimulated 
conditions within the proliferating cell subset. (F) Hierarchical clustering of AM 
populations, following filtering of proliferating cells and putative multiplets.  
 

 

Figure 20: Clustering of homeostasis and Cn-stimulated AMs based on 
scRNAseq analysis 

(A) Uniform manifold approximation and projection (UMAP) of AMs from naïve 
mice and Cn-instilled mice at 9 hpi (stimulated). R: responder subpopulation annotation. 
H: homeostatic subpopulation annotation. (B) Relative proportion of cells from naive 
and stimulated conditions in each cluster. (C) Proportion of clusters in each condition. 
(D) Violin plot of principle component 1 (PC1) scores for each cluster. (E, F) Top genes 
contributing to PC1 with corresponding (E) PC1 scores and (F) heatmap of row-scaled 
gene expression. Hpi: hours post instillation. 
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5.4. Cxcl2 mRNA is a robust marker for AM 

Next, I sought to profile heterogeneity in Cxcl2 mRNA expression across AM 

subpopulations. Notably, Cxcl2 was identified as a top contributor in our PCA of AMs, 

suggesting that Cxcl2 mRNA is indeed a robust marker for AM heterogeneity, even 

when using unbiased high-dimensional analysis of AM subpopulations. While the R 

clusters overall showed elevated Cxcl2 mRNA expression, we still observed both Cxcl2hi 

mRNA (R1, R3) and Cxcl2lo mRNA (R2) populations within the responding AM group 

(Figure 21A). Levels of Cxcl2 mRNA and Gfp mRNA were highly correlated, validating 

the robustness of the reporter system (Figure 21B, C). Notably, the Cxcl2lo mRNA AMs in 

the R2 cluster are neither naïve-like nor an intermediate population between responsive 

(R) and non-responsive homeostatic (H) cells, as indicated in UMAP plots (Figure 20A). 

Hierarchical clustering also indicated that the Cxcl2lo mRNA R2 cluster is distinct from 

the H cluster branch (Figure 19F). These results strongly suggested that Cxcl2lo mRNA 

R2 AM subpopulation are in fact activated but have an alternative activation phenotype 

distinct from Cxcl2hi mRNA (R1, R3) AMs.  

I analyzed differential gene expression and gene-set enrichment within R 

clusters, specifically comparing Cxcl2hi mRNA (R1, R3) and Cxcl2lo mRNA (R2) 

populations (Figure 20B, Figure 21D). By GSEA, we found that Cxcl2hi mRNA 

responders (R1, R3) were enriched in pathways including TNFα signaling via NFκB 

(Rhob, Jun, Klf2, Cxcl2, Egr1; Figure 21B, D), consistent with GSEA pathway analysis 
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from Cxcl2+ bulk RNA sequencing data (Figure 12A). In contrast, Cxcl2lo mRNA 

responders (R2) showed enrichment in pathways including adipogenesis (Angpt14, 

Dgat1, Abca1), protein secretion (Cltc, Abca1, Arf1), and glycolysis (Cd44, Taldo1, Me2, 

Mertk), indicating distinct functional programs for these subpopulations (Figure 21B). In 

addition, Cxcl2lo mRNA responders showed elevated expression of genes with known 

roles in regulating inflammation in the setting of lung injury such as the efferocytosis 

receptor tyrosine kinase Mertk and antioxidant metallothioneins Mt1/Mt2 (Cai et al., 

2016; Lee et al., 2012), along with inhibitors of MAPK/ERK signaling Dusp5 and Dusp3 

(Habibian et al., 2017). 
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Figure 21: Heterogeneity in Cxcl2 mRNA expression across AM 
subpopulations 

(A) Violin plot of Cxcl2 expression across AM clusters. (B, C) Heatmap of row-
scaled expression of top genes differentially expressed between (C) responding Cxcl2 
mRNA-hi  (R1, R3) and Cxcl2 mRNA-lo (R2) populations and (B) homeostatic Cxcl2 
mRNA-hi  (H1) and Cxcl2 mRNA-lo (H2-6) populations. (D) Gene set enrichment analysis 
(GSEA) of comparing Cxcl2hi mRNA (R1, R3) and Cxcl2lo mRNA (R2) AM populations. 
Heatmap of normalized enrichment score (NES).  
 

5.5. CXCL2- and CXCL2+ AMs have distinct chromatin 
accessibility 

I have uncovered distinct gene expression profiles between CXCL2- and CXCL2+ 

AMs, especially genes involved in cytokine production and regulating metabolism. I 
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sought to explore if the differential expression can be regulated at the epigenetic level. 

Here, I used transposase-accessible chromatin sequencing (ATAC-seq) to evaluate 

homeostatic AMs, CXCL2- and CXCL2+ AMs at 9 and 24 hpi with Cn. Differentially 

accessible (DA) regions were identified at both time points (Figure 22A). The data also 

indicated the subpopulation-specific enhancement in chromatin accessibility lasts at 

least for 24 hpi (Figure 22A). I then performed a de novo motif enrichment analysis of 

significantly DA regions in CXCL2+ versus CXCL2- AMs to determine which TFs may 

have enriched transcription binding sites in each subpopulation. In CXCL2+ AMs, 

consensus binding motifs for AP-1 and NKκB-p65 were the two most significantly 

enriched of all (Figure 22B). The TFs are known to activate genes, such as Cxcl2, Il6, and 

Tnf  (D. S. Kim, Han, & Kwon, 2003), which are upregulated in CXCL2+ AMs (Figure 

15A, B).  In contrast, CXCL2- AMs were enriched with the consensus motif of PU.1 

(Figure 22B), which is the main TF for C1q genes (Chen, Tan, Teh, & Lu, 2011).  Another 

enriched motif in CXCL2- AMs is Spi-B, which has complementary biological functions 

of PU.1 and can be functionally replaceable to PU.1 in macrophages (Dahl, Ramirez-

Bergeron, Rao, & Simon, 2002; Solomon, Li, Piskorz, Xu, & DeKoter, 2015). 
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Figure 22: Differential accessible regions and enriched transcription factor 
motifs in CXCL2- and CXCL2+ AMs from ATAC-seq analysis 

(A) Hierarchical dendrogram and heatmap of the 5,000 most variable ATAC-seq 
regions from an ATAC-seq analysis of homeostatic (naïve), CXCL2-, and CXCL2+ AMs 
from CXCL2-GFP reporter mice.  CXCL2- and CXCL2+ AM at 9 and 24 hpi with Cn (104 
yeasts/mouse). Right panel indicates predicted binding motifs of AP-1, PU.1, and NFκB 
in the corresponding regions in the dendrogram and heatmap. (B) Two most 
significantly enriched TF motifs from de novo motif analysis of DA regions more 
accessible in CXCL2- or CXCL2+ AMs at 9-hpi with Cn.  
 

5.6. CXCL2- and CXCL2+ AMs gene expressions are regulated 
by distinct mechanisms 

In addition to have enriched binding motifs in CXCL2+ AMs (Figure 22B), NFĸB-

p65 also have higher nuclear expression level in CXCL2+ AMs compared to CXCL2- AMs 

(Figure 23A) from mice at 9 hpi of Cn, suggesting highly enhanced activity of NFĸB-p65 

in CXCL2+ AMs. Another enriched motif in CXCL2+ AMs is AP-1 transcription factor 

(Figure 22B). C-Jun is a subunit of AP-1 transcription factor, whose mRNA Jun was also 

found to be highly expressed in Cxcl2hi responsive group R1 from the previous scRNA-
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seq data (Figure 21B). However, I could not detect the nuclear expression of c-Jun 

protein in CXCL2- and CXCL2+ AMs (Figure 23B) at 16 hpi of Cn. As transcription factor 

binding happens prior to the transcription of Cxcl2 mRNA and protein, the timepoint I 

examined was likely much later and c-Jun has already return to the cytoplasm. 

Homeostatic AMs from naïve mice also suggested that c-Jun stays in cytoplasm during 

steady state (Figure 23B), which is different from NFĸB-p65 that stays in the nucleus in 

homeostatic AMs (Figure 23A). Due to the limitation that CXCL2-protein-differentiated 

AMs can only be isolated after CXCL2 protein is expressed, I could not examine c-Jun 

activity in AM populations before the protein was synthesized. 

 

Figure 23: Transcription factor expression in the nucleus of AM 
subpopulations 

(A) Nuclear expression NFκB-p65 subunit in homeostatic (naïve), CXCL2-, and 
CXCL2+ AMs from CXCL2-GFP reporter mice at 9 Hpi with Cn. A Representative images 
(left) and integrated fluorescent intensity of NFκB-p65 level in nucleus (right). One dot 
denotes one cell (right). (B) Intracellular location of cJun. Representative images (left) 
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and integrated fluorescent intensity of c-Jun protein in nucleus (right). One dot denotes 
one cell (right).  Scale bar: 10μm. Analyzed by unpaired Student’s t-test. Error bars 
denote mean ± SEM. n.s.: not significant, ***: p<0.001.  
 

I further examined loci associated with DA regions between CXCL2- and CXCL2+ 

AMs (Figure 24A). Some regions are found in promoters of the designated genes (blue 

dots in Figure 24A), but others are not (orange dots in Figure 24A). In particular, green 

dots in Figure 24A indicate the genes, which were differentially expressed (DE) and 

identified to have DA promoters in CXCL2- vs. CXCL2+ AMs. We also performed similar 

analysis in CXCL2- vs. homeostatic AMs to identify DE genes with DA promoters 

(Figure 24D). The two sets of analyses came out with 5 genes, which are DE and have 

DA promoters in CXCL2- AMs compared to CXCL2+ and homeostatic AMs (Figure 24D). 

They include C1qa, C1qb, and C1qc. Indeed, the C1q loci were more accessible in CXCL2- 

AMs than CXCL2+ AMs (Figure 24B). With all the genes forming the C1q protein 

complex, the data strongly suggested active production of C1q in CXCL2- AMs at the 

epigenetics level. Similarly analyzed, CXCL2+ AMs had 28 genes with higher DE/DA 

promoters compared to CXCL2- and homeostatic AMs (Figure 24E). Interestingly, I 

could not find any genes out of the 28 highly DE genes in CXCL2+ AMs displaying 
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distinctly open chromatin as seen in C1q’s in CXCL2- AMs (Figure 24B). For example, 

promoters of Cxcl2, as well as Il6 and Tnf, were equally accessible in CXCL2- and 

CXCL2+ AMs (Figure 24C), despite of their high gene expression in CXCL2+ AMs (Figure 

13A). The results from ATAC-seq combined with the RNA-seq suggested that 

differential gene expression by distinct mechanisms: CXCL2- AMs upregulate gene 

expression of anti-inflammatory C1q molecules through enhanced chromatin 

accessibility, while CXCL2+ AMs upregulates proinflammatory genes through active and 

possibly highly expressed TF NFĸB and c-Jun.  
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Figure 24: Promoter accessibility of differentially expressed genes in CXCL2- 
and CXCL2+ AMs 

(A) Volcano plot, indicating gene loci with significantly differential accessibility 
(orange, FDR < 0.05), along with those significant regions within the promoter regions 
(blue) and DA promoters for genes differentially expressed in CXCL2- and CXCL2+ AM 
(green).  (B-C) Chromatin accessibility by ATAC-seq analysis in AMs at 9-hpi with Cn. 
Accessible regions in C1q subunit gene loci. Highlighted are significantly accessible 
regions (FDR<0.05) (B). Accessible regions in Cxcl2, Il6, and Tnf loci (C). (D, E) CXCL2- 
and CXCL2+ AMs at 9-hpi with Cn, in addition to homeostatic AMs, were analyzed by 
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RNAseq and ATAC-seq analysis. Numbers of differentially expressed (DE) genes 
(identified in RNAseq) are indicated, together with the numbers of genes indicated 
accessible promoters (DA(P)) (found in ATAC-seq). Red number indicates the number of 
genes that were highly expressed and had more accessible promoters either in CXCL2- 
AMs (D) or CXCL2+ AMs (E). DA and DE genes with FDR<0.05 are indicated. Hpi: hours 
post instillation.  
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5.7. Some homeostatic AMs are CXCL2-poised  

From the in-depth profiling of CXCL2+ and CXCL2- macrophage populations by 

systemic biology approach, I have identified distinct AMs subpopulations using CXCL2 

marker following early Cn instillation although the expression of Cxcl2 in AMs appears 

to be plastic after long-term in vivo incubation in the lung. It is interesting to learn 

whether there is heterogeneity within homeostatic AMs from naïve that may suggest a 

progenitor population for Cxcl2hi mRNA cells responding to Cn? 

I sought to characterize heterogeneity within the homeostatic (H) population 

which may contribute to the distinct response in the R group. In particular, I noticed that 

the H1 cluster showed elevated Cxcl2 mRNA compared to the remaining H clusters 

(Figure 21A). I reanalyzed a previously published data (Scott et al., 2018) and confirmed 

the presence of a homeostatic AM subpopulation expressing elevated Cxcl2 mRNA in 

naïve mice, showing as cluster 2 in the published dataset (Figure 25A-D). In addition, 

Prime flow RNA assay, an RNA-hybridization method to examine single cell mRNA by 

flow cytometry, confirmed Cxcl2 mRNA were indeed pre-loaded in some AMs from 

naïve mice but not in peritoneum macrophages, monocytes or neutrophils (Figure 28B, 

C). The percentage of Cxcl2 mRNA pre-loaded AMs confirmed by flow-based analysis is 

similar to the percentage of H1 cluster (with elevated Cxcl2 mRNA) in homeostasis AM 

group in naïve mice. To determine whether resident microbiome contributes to the pre-

loaded Cxcl2 mRNA in homeostatic AMs, we examined AMs from naïve mice either 
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treated with antibiotics or born in germ-free facility. Notably, Cxcl2 mRNA was not only 

still found in homeostatic AMs from antibiotics-treated and germ-free mice, but also 

express higher in AMs isolated from germ-free mice (Figure 25G, H). 

These homeostatic AMs highly express Cxcl2 mRNA during steady state but 

have not yet to express CXCL2 protein. To determine what other factors, distinguish H1 

from the remaining H clusters, I performed differential expression analysis and found 

that genes encoding AP-1 transcription factors, including Jun and Fos, were highly 

expressed in H1 (Figure 21B). This was particularly notable, as our ATAC-seq analysis 

identified enrichment of AP-1 TF binding sites within open chromatin regions enriched 

in CXCL2+ AMs in mice infected with Cn (Figure 24A, B). Not only are AP-1 TFs 

enriched in H1 relative to remaining H clusters, we also found elevated Jun expression 

in Cxcl2hi mRNA (R1/R3) AMs (Figure 21D). Together, this supports a model in which 

elevated expression of AP-1 TFs may set the stage for H1 AMs to express pro-

inflammatory genes with stimulation. If H1 AMs could give rise to Cxcl2hi mRNA R1/R3 

AMs after stimulation, we would predict that the H1 population size would be reduced 

after stimulation. In fact, I did observe a disproportionate loss of H1 among the H cluster 

with stimulation, suggesting that this H1 population may give rise to responder AMs 

which express CXCL2 and other proinflammatory molecules.  
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Figure 25: Re-analyses of homeostatic AM gene expression using publicly 
available scRNAseq data 

scRNAseq data set on AMs from naïve B6 mice (GEO: GSM3270891) were 
reanalyzed.  (A) UMAP of AM in dataset, colored by cluster assignment. (B) Violin plot 
showing expression of genes of interest across identified clusters. (C) Heatmap showing 
expression of signature markers identified for each population. (D) Feature plot 
showing expression of Cxcl2 among AMs analyzed. 

 

 



 

103 

 

 

Figure 26: Some AMs are pre-loaded with Cxcl2 mRNA 

(A) Relative proportion of H clusters (defined in scRNAseq UMAP data) in each 

of AMs from naïve mice and Cn-instilled mice at 9 hpi (stimulated). (B, C) AMs, large 

peritoneum macrophages (LPMs), bone marrow monocytes and neutrophils were 
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isolated from naïve mice and examined for Cxcl2 mRNA by flow cytometry using 

PrimeFlow RNA assay (Thermo fisher). (D, E) AMs from control, antibiotics-treated 

mice, and germ-free mice were isolated and examined for Cxcl2 mRNA by PrimeFlow 

RNA assay. Each data point reflects one individual mouse (C, E). Error bars denote 

mean ± SEM. Unpaired Student’s t-test results are indicated as, **; p<0.001, n.s.; not 

significant.  

5.8. Discussion 

5.8.1. Distinct CXCL2- and CXCL2+ AMs gene expression during 
fungal infection 

Here I uncovered the distinct functions of CXCL2- and CXCL2+ AM 

subpopulations, which emerge upon fungal infections and have not been previously 

identified. Although a number of reports demonstrated that AMs serve in enhancing or 

regulating immunity, cells expressing opposing functional genes have not been known 

to simultaneously co-exist within AM population in vivo in a fungal infection-specific 

setting. The role of AMs in fungal infections is elusive: some articles reported AMs to be 

protective, but others showed them detrimental (Kechichian et al., 2007; Mansour & 

Levitz, 2002; T. J. McQuiston & Williamson, 2012; Osterholzer et al., 2009). The elusive 

nature of the AM biology is attributed to, at least in part, technical challenges to study 

AMs in vivo. For example, multiple AM markers are required to precisely identify the 

AM population, and the biology of AMs in vivo is not necessarily similar to that ex vivo. 
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In this study, I used multicolor flow cytometry to identify AMs by using nine markers to 

identify AMs and focused on in vivo AM responses by using a mouse reporter system.  

CXCL2+ and CXCL2- AMs upregulated proinflammatory and anti-inflammatory 

genes, respectively, according to their mRNA and protein expression signatures. 

Importantly, CXCL2- AMs are not the cells left-out by stimulation, because they are 

different from homeostatic AMs in gene expression, chromatin accessibility, and 

metabolic signature. Our single-cell RNA-seq data further confirmed that AMs in the R2 

cluster are clearly responding to the stimulus but expressing none to low levels of Cxcl2 

mRNA (Cxcl2lo mRNA AMs) (Figure 21B). Also, the metabolic signatures of CXCL2+ and 

CXCL2- AMs do not fit the M1/M2 paradigm. In particular, the bioenergetic profile of 

CXCL2- AMs are even more quiescent than homeostatic AM (Figure 16A), and not 

“alternatively activated” as implicated for M2 macrophages.  

At this point, it is not clear how CXCL2- AMs can express high C1q and IL-10 

(Figure 13B), despite their metabolically quiescent status. In this context, it is particularly 

interesting that the expression of IL-10, a potent anti-inflammatory cytokine, does not 

need the active metabolism as proinflammatory cytokines, such as TNFα and IL-6, do. 

Il10, Tnf, and Il6 genes share some common transcription mechanisms, but the anti-

inflammatory role of IL-10 is clearly distinct. Despite the common transcription 

mechanisms, IL-10 expression must need something different from TNFα and IL-6 

expression. For example, Maf and Mafb gene expression is elevated in CXCL2- AMs 
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(Figure 14). High expression of MafB and c-Maf TFs may at least in part explain the 

CXCL2- AM-specific gene expression since these TFs can upregulate C1qa, C1qb, C1qc 

gene expression (Tran et al., 2017) and Il10 (S. Cao et al., 2005), respectively. It would be 

interesting to learn if differential MafB and c-Maf protein expression pre-exist in 

homeostatic AMs before Cn stimulation which further give rise to C1q+ CXCL2- AMs. 

Our single-cell level analysis also confirmed the heterogeneous gene expression 

among AMs. The data from unbiased high-dimensional single-cell RNA-seq analysis 

also clearly indicated that Cxcl2 transcript is indeed a robust marker for identifying AM 

heterogeneity. Congruent to CXCL2-GFP reporter flow cytometry data, some responder 

AMs resisted expressing Cxcl2 (Figure 21B). These Cxcl2lo mRNA AM responders in the 

R2 cluster show enrichment in genes that are known to inhibit cell cycle progression 

(Cdkn1a), inhibit MAPK signaling (Dusp3), and inhibit Rho GTPase signaling (Arhgdia). I 

expected to identify C1q genes in the R2 cluster AMs, but their gene expression 

threshold was below the detection levels in the single-cell RNA-seq method due to the 

nature of single-cell RNA-seq with reduced detection sensitivity compared to bulk 

RNAseq.  

Both CXCL2-based bulk RNA-seq and no-marker-assisted unbiased single-cell 

RNA-seq method reached the same conclusion that AMs have heterogenous gene 

expression profile upon Cn instillation. In addition, CXCL2 is a good marker that can 

distinguish the AM subpopulations based on their global gene expression. AMs 
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populations differentiated by CXCL2 express functionally opposite inflammatory 

cytokines which could imply their opposite functions during fungal-mediated 

inflammation. 

 

5.8.2. Mechanisms regulating CXCL2- and CXCL2+ AMs gene 
expression 

Our data indicated that CXCL2+ and CXCL2- AMs co-exist in the lung, and 

CXCL2- AMs are not the intermediate population at a snapshot of time. Then, how are 

the two AM subpopulations differentially generated? I speculate the involvement of 

distinct stages of regulation in the two AM subpopulations. CXCL2- AMs are 

characterized by high expression of  C1q subunit-encoding genes and protein complex. 

The chromatin structure at the promoter regions of C1q genes usually are closed in 

homeostatic AMs during steady state. During Cn instillation these promoters became 

readily accessible only in CXCL2- AMs but not in CXCL2+ AMs (Figure 24B). Thus, the 

differential gene expression of C1q in CXCL2- AMs were regulated at the epigenetics 

level. In contrast, promoters of Cxcl2, Il6, and Tnf loci in CXCL2+ AM are constantly 

accessible for transcription factor binding regardless the fungal stimulation status or AM 

population (Figure 24C). This indicated that these pro-inflammatory cytokines highly 

expressed in CXCL2+ AMs were not regulated at the epigenetics level. Instead CXCL2, 

IL-6, and TNFα depends on the transcription factor activities to shape define CXCL2+ 

AMs as proinflammatory AMs. For example, ATAC-seq analysis suggested that the 
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accessible loci of CXCL2+ AMs were enriched with AP-1 and NFκB binding motifs 

(Figure 22B). AP-1 transcription factors Jun and Fos were highly expressed in CXCL2+ 

AMs (Figure 21B, C).  In addition, CXCL2+ AMs have higher nuclear expression of NFκB 

p65 (Figure 23A). These data suggested that the gene expression in CXCL2+ and CXCL2- 

AMs were regulated at the levels of transcription and epigenetics, respectively. 

 

5.8.3. CXCL2-poised AMs from naïve mice 

In contrast to the R2 Cxcl2lo mRNA responders, some homeostatic AMs even 

express Cxcl2 mRNA, indicated as the H1 cluster from our single-cell RNA-seq data 

(Figure 21C). CXCL2-poised AMs in naïve mice were also identified in publicly available 

single-cell RNAseq data, an independent acquisition from ours (Scott et al., 2018) (our 

re-analyzed data is shown in Figure 25 as cluster 2 identified with high Cxcl2 mRNA). 

The Cxcl2+ cells identified in AMs from naïve mice can be confirmed by mRNA 

hybridization flow cytometry method (Figure 24B). However, these CXCL2-posied AMs 

were still present in naïve germ-free mice, suggesting the synthesis of Cxcl2 in AMs was 

independent of microbial stimulation. These evidences suggested that such “CXCL2-

poised AMs” accumulate Cxcl2 transcripts but not generating CXCL2 protein (Figure 

5C).  

It is likely that CXCL2-poised AMs are hypersensitive sentinel cells. Unpublished 

results suggest AMs can induce CXCL2 expression in response even to relatively mild 

mechanical stimuli without substantial proinflammatory responses and the 
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hypersensitive AMs could well be the CXCL2-poised AMs. However, without tangible 

ligation through PRRs, it appears that CXCL2-poised AMs simply “use up” their stored 

Cxcl2 mRNA with mild mechanical stimuli, and the biological impact of CXCL2 is 

insubstantial. I speculate that the H1 CXCL2-poised AMs serve as the utmost forefront 

sentinels, but their “idling” in Cxcl2 transcription is wasted without real infections or 

insults. It would make sense for the hypersensitive AMs not to complete CXCL2 

production without real threats because our immune system does not want to fully 

respond to false alarms. These new findings at the single-cell level brought new aspects 

and questions, which were not previously explored in the AM biology.  

In addition, CXCL2-poised homeostatic AMs highly upregulated AP-1 

transcription factor mRNAs which were also seen highly expressed in Cn- responsive 

Cxcl2hi AMs. It is possible that homeostatic CXCL2-poised AMs could give rise to 

CXCL2+ AMs upon fungal stimulation. However, due to the lack of fate-mapping tracing 

tools, I could not differentiate CXCL2-poised AMs precursors once they become 

activated. These new findings at the single-cell level brought new aspects about cell 

states before and after fungal stimulation which were not previously explored in the AM 

biology. 

Further question remained unknown as how some AMs are pre-loaded with 

Cxcl2 during steady state. Several speculations are brought up here: 1) Lung is 

constantly exposed to environmental stimuli which could induce some AMs to produce 
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Cxcl2 mRNA in response to mechanical breathing of dusts. 2) AMs harvested through 

lung tissue digestion caused some AMs to become stimulated. As Cxcl2 promoter is 

readily accessible, tissue digestion process induced the transcription of Cxcl2. Further 

experiments, such as the usage of in-situ mRNA hybridization coupled with PCLS to 

identify Cxcl2hi AMs in naïve mice, are needed to explore these possibilities. Cxcl2 

mRNA tracing system could also provide more insight into whether these homeostatic 

Cxcl2hi AMs could give rise to responsive CXCL2+ AMs after in vivo fungal stimulation.  
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6. AM subpopulations functions, fate and plasticity 
In the previous chapter, I have showed that CXCL2- and CXCL2+ AMs from Cn-

instilled mice have differentially expressed gene profile, which were regulated by 

differential chromatin remodeling and transcription factor activation. However, the 

functions of these AM subpopulations are unknown. Here I examined the functions, fate 

and plasticity of AMs during short-term in vitro and long-term in vivo. 

 

6.1. AMs phagocytosis  

I sought to evaluate whether AMs subpopulations isolated from 9 hpi CXCL2-

GFP mice were functionally different. First, CXCL2+ AMs and CXCL2- AMs displayed 

similar bead phagocytic activity (Figure 27A). As Ex vivo M1-polarized macrophages are 

considered to be less phagocytic than M2 macrophages (Mendoza-Coronel & Ortega, 

2017; D. Schulz, Severin, Zanotelli, & Bodenmiller, 2019; Tarique et al., 2015), this further 

suggested that CXCL2- AMs and CXCL2+ AMs did not fit into the M1/M2 paradigm, 

affirming the previous results (Figure 15).  

Reflecting the reduced mitochondrial biogenesis and quiescent metabolic energy 

state (Figure 16A, B) , CXCL2- AMs were small in size (Figure 27B) when they were 

seeded in vitro for 2 days. Although CXCL2- AMs showed comparable phagocytic ability 

of beads (Figure 27A), CXCL2- AMs endocytosed less numbers of opsonized-Cn yeasts 

per cell compared to CXCL2+ AMs (Figure 27B, C). Fc receptors, which are required for 
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antibody-mediated phagocytosis, is expressed comparably between CXCL2- and CXCL2+ 

AMs (Figure 27D). This suggests that the weaker phagocytic capacity in CXCL2- AMs 

was not due to the difference of Fc receptor between CXCL2- and CXCL2+ AMs. 

Furthermore, we also observed CXCL2+ AM could also phagocytize more Candida albican 

(Ca) conidia per macrophage than CXCL2- AM without the assistance of antibody 

(Figure 27C, E). These results suggested CXCL2+ AMs possess greater phagocytic 

capacity than CXCL2- AMs independent of surface receptor signaling. 
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Figure 27: Phagocytosis functions and phagocytic capacity in CXCL2- and 
CXCL2+ AMs 

(A) Phagocytosis of latex beads (green) by CXCL2+ AMs, CXCL2- AMs, and monocytes 
from CXCL2-GFP reporter mice at 16-hpi with Cn. FACS-sorted cells were co-cultured 
with beads for 4 hours (macrophage: beads = 1:2). Scale bar represents 10μm. (B, C, E) In 
vitro seeded AMs were co-cultured with either opsonized Cn yeasts or heat-killed Ca 
conidia. (B) Representative images of AM cultured alone, with Cn yeast or Ca conidia 
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(MOI of 5). Cn yeasts were opsonized with anti-GXM antibody. Fungal cells were 
incubated with AMs for 2 hours. Statistical analysis of Cn yeast (C) or Ca conidia (E) 
numbers engulfed by each AM. One well consists of AMs pooled from 3-4 mice. (D) 
Reads Per Kilobase of transcript, per Million mapped reads (RPKM) of RNA-seq results 
for the expression of genes encoding Fc receptors in homeostatic, CXCL2-, CXCL2+ AMs 
isolated from mice at 9-hpi with Cn. *: FDR<0.05, n.s.: not significant, hpi: hours post 
instillation. Due to small numbers of sorted AMs, one well consists of AMs pooled from 
3-4 mice. One data point denotes a result from an individual well (A) or a single-cell (C, 
E).  
 

 

6.2. AMs is plastic in Cxcl2 expression but not in C1q  

6.2.1. AM subpopulation in vitro culture gene expression 

I next evaluated the survival of AM subpopulations because the longevity of cells 

could determine the functions and identities of AMs. Our GSEA data indicated low 

expression of apoptosis-related genes in CXCL2+ AMs, compared to CXCL2- AMs 

(Figure 12A). Although CXCL2+ AMs have less Annexin-V+7-AAD+ cells compared to 

CXCL2- AMs at 16-hpi with Cn (Figure 28A), no difference in apoptosis was found once 

AMs were FACS harvested and incubated in tissue culture for 2 days (Figure 28B).  

Next, I found that the CXCL2 expression ability could also be reset in both AM 

subpopulations by isolating them from the in vivo environment. Here, FACS-isolated 

CXCL2- and CXCL2+ AMs (designated as “pre-CXCL2-” and “pre-CXCL2+ AMs”, 

respectively) were plated in tissue culture for 2 days. Pre-CXCL2- also expressed CXCL2 

after seeding in tissue culture for 2 days ex vivo but with less proportions of CXCL2-

positive AMs compared to pre-CXCL2+ AMs did (Figure 28C). Interestingly, pre-CXCL2+ 

AMs did not maintain CXCL2 expression in all the cells (Figure 28C). These results 
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suggested that, although CXCL2 expression patterns are preserved to some extent, 

neither pre-CXCL2- AMs nor pre-CXCL2+ AMs from Cn-instilled mice were committed 

to their CXCL2 expression.  

I further sought to examine whether in vitro re-stimulation by heat-killed Cn 

could induce differential gene expression between pre-CXCL2- and pre-CXCL2+ AMs 

(sorted from Cn-16-hpi mice) after 2 days in tissue culture and 6 hours re-simulation (no 

sorting after ex vivo stimulation). qPCR results indicated that pre-CXCL2- and pre-

CXCL2+ AMs no longer had clear difference in expression levels of Cxcl2, Tnf, Il1b and 

Arg1 (Figure 28D). Yet, notably, expression of C1qa, C1qb, C1qc, and Il10 remained high 

in CXCL2- AMs (Figure 28D), suggesting some gene expression was preserved in 

CXCL2- AM to some extent. This ex vivo data suggested that isolation and incubation of 

AMs were sufficient to reset the heterogeneous gene expression profiles, except for C1q 

genes and Il10. The better restoration of CXCL2- AM signature gene expression might 

reflect the preserved open chromatin statues specific to CXCL2- AMs, as seen in three 

C1q loci (Figure 24B).  
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Figure 28: Plasticity of CXCL2- and CXCL2+ AMs in vitro 

(A) Evaluating apoptosis between CXCL2- and CXCL2+ AMs at 16-hpi with Cn 
(104 yeast cells/mouse).  Representative flow panels and statistical data summary are 
shown. (B, C) Evaluating apoptosis and CXCL2(GFP) expression between CXCL2- and 
CXCL2+ AMs in vitro. CXCL2- and CXCL2+ AMs were FACS-sorted from reporter mice at 
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16-hpi with Cn, then cultured in vitro for 2 days. Representative flow panels and 
statistical data summary are shown to detect apoptosis (B), and CXCL2-GFP expression 
(C). (D) CXCL2- or CXCL2+ AMs were FACS-sorted from 16hr-Cn-instilled mice, seeded 
in vitro tissue culture for 2 days, then re-stimulated for 6 hours with heat-killed Cn yeasts 
(MOI of 5). Expression of indicated genes were evaluated by qPCR. Each data point 
reflects one mouse (A), one well from one mouse (B, C), or one well pooled from at least 
3 mice (D). Paired (A-C) and un-paired (D) Student’s t-test were used for statistical 
evaluation. *: p<0.05, **: p<0.01, n.s.: not significant, n.d.: not detectable. 
 

6.2.2. AM subpopulations in vivo phenotype post transfer 

I next sought to determine the long-term fate of CXCL2- and CXCL2+ AMs in vivo. 

Because the CXCL2-GFP reporter system is not a lineage tracing model, I used a 

pulmonary macrophage transfer (PMT) system (Suzuki et al., 2014; van de Laar et al., 

2016) to determine the longevity and functions of these AM populations in the original 

tissue environment by reconstituting AM subpopulations in Csf2rb-/- mice, which lacks 

AMs. As previously reported (Suzuki et al., 2014), we confirmed that AMs were lacking 

in Csf2rb-/- mice (Figure 29A). To perform the reconstitution, CXCL2-, CXCL2+, and 

homeostatic AMs (CD45.1/45.2) from Cn-instilled mice were intranasally transferred to 

Csf2rb-/- neonatal mice (CD45.2) and allowed to colonize the alveolar niche in the 

recipient lung for 6 weeks (Figure 29B). AMs subpopulations (designated as “pre-

CXCL2-” and “pre-CXCL2+ AMs” based on their CXCL2 status when isolated from 16hr-

Cn-instilled mice) successfully colonized the alveolar niche of Csf2rb-/- mice, as shown 

with the presence of CD45.1/45.2 double-positive AMs (Figure 29C). The number of 

colonizing CXCL2- and CXCL2+ AMs donor cells are comparable with homeostatic AMs, 
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although they are much lower than total AMs in GM-CSFR competent WT mice (Figure 

29D). The result again suggested that CXCL2- AMs colonize in the lung as potent as 

CXCL2+ AMs, once survived.  

 

Figure 29: Donor AM subpopulations reconstituted from recipient mice 
through pulmonary macrophage transfer (PMT) 

(A) Numbers of various cell types in the lung of naïve WT or Csf2rb-/- mice. Each 
bar graph represent mean ± SEM from at least 3 mice. (B) Schematic diagram of PMT to 
reconstitute Csf2rb-/- recipient lungs with homeostatic, CXCL2-, or CXCL2+ AMs. CXCL2- 
and CXCL2+ AMs are obtained from mice 16-hpi with Cn. More details are described in 
Methods. (C, D) Confirmation of AMs reconstitution 6 weeks after PMT. (C) 
Representative flow panels indicating the presence of transferred AMs. (D) Numbers of 
reconstituted donor AMs. Un-paired Student’s t-test was used for statistical evaluation.  
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Each data point reflects one mouse (A, D). Un-paired Student’s t-test (A, D) were used 
for statistical evaluation. **: p<0.01. n.s.: not significant. 

 
 
To examine the plasticity of AM population gene expression, we first examined 

the CXCL2 expression of donor pre-CXCL2- and pre-CXCL2+ AMs recovered from the 

Csf2rb-/- recipient mice. After 6 weeks post transfer, pre-CXCL2- AM donor cells also 

expressed CXCL2(GFP) to the similar level compared with pre-CXCL2+ AMs (Figure 

30A, B). This is similar to the phenotype seen ex vivo that both AM subpopulations are 

not committed to their initial CXCL2 expression state and can be reset after isolating 

from the initial environment. I further re-stimulated donor AM groups in vivo by 

instilling recipient mice with Cn for 16 hours after the initial 6 week reconstitution. I still 

did not observe any differences in CXCL2(GFP) protein expression (Figure 30C, D). The 

number of neutrophils in the recipient lungs were also comparable between the pre-

CXCL2- and pre-CXCL2+ AM donor groups (Figure 30E). The in vivo result is reminiscent 

of the ex vivo result that both AM subpopulations reset CXCL2 expression after being 

isolated out of the host (Figure 28C). Interestingly, we again identified that C1qa 

expression can still be upregulated highly by pre-CXCL2- AMs after 6-week 

reconstitution in recipients and 16 hpi of Cn (Figure 30F). These results suggested that 

pro-inflammatory cytokine gene expression were not committed by neither of the AM 

populations in the long term. Despite the plasticity of most gene expression, CXCL2- 

donor AMs maintained the capacity to upregulate C1qa both ex vivo and in vivo. The 
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difference may come from distinct transcription regulation mechanisms at different loci: 

the Cxcl2, Il6 and Tnf promoters were constantly accessible in all the AM populations 

regardless the stimulation condition (Figure 24B), while the C1qa promoters were 

accessible only in CXCL2- AMs upon Cn instillation (Figure 24C).  

 
 

 

Figure 30: Plasticity of CXCL2- or CXCL2+ donor AMs gene expression after Cn 
re-stimulation in vivo 
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Csf2rb-/- recipient lungs were reconstituted with CXCL2- or CXCL2+ AMs. CXCL2- 

and CXCL2+ AMs were obtained from mice 16-hpi with Cn. (A, B) Representative 

histograms and MFI of CXCL2(GFP) expression of reconstituted AMs 6 weeks after 

PMT. Recipients did not have any manipulation except for PMT. (C-F) Csf2rb-/- recipients 

transferred with donor AMs for 6 weeks were further instilled with Cn for 16 hours. (C, 

D) Representative histograms and MFI of CXCL2(GFP) expression of reconstituted 

donor AMs in Csf2rb-/- recipients re-stimulated with Cn. (E) Number of neutrophils from 

reconstituted recipients either unstimulated or re-instilled with HK-Cn for additional 

16hr in vivo. Mixed effects model (REML) was used to compare stimulation effects. Un-

paired Student’s t-test was used to compare donor AM groups. (F) Cn-in-vivo re-

stimulated donor AMs from recipient mice were FACS-sorted and evaluated for gene 

expression levels by qPCR. Each data point reflects one mouse (B, D-F). Un-paired 

Student’s t-test (B, D-F) were used for statistical evaluation. *: p<0.05, **: p<0.01. n.s.: not 

significant, n.d.: not detectable. 

 

6.3. Impact of AM subpopulation on cytokine production by T 
helper cells 

CD4+ T helper (Th) cells are essential immune cell in the mammalian adaptive 

immune system, facilitating B cell responses, regulating CD8+ T cells and recruiting 

innate immune components (Zhu & Paul, 2008). Upon activation through antigen-

presenting cells (APC), naïve Th cells undergo clonal expansion and differentiation into 
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effector cells. Depending on the cytokine microenvironment during Th activation, Th 

can differentiate into Th1, Th2, Th17, Foxp3+ T regulatory cells (Zhu & Paul, 2008). Th1 

cells secret interferon-γ (IFN-γ) and regulate cellular immunity, while Th2 cells secrete 

interleukin-4 (IL-4), IL-5, and IL-13 regulating humoral and anti-parasite immunity. A 

third Th subset, Th17 cells, producing the canonical cytokine IL-17A, is actively involved 

in antitumor immunity and multiple autoimmune diseases (Tesmer, Lundy, Sarkar, & 

Fox, 2008).  

Data from the PMT experiment reconstituted with AM subpopulation showed 

that IFNγ level is higher in BALF of recipient mice transferred with CXCL2- AMs donor 

cells than that of CXCL2+ AMs donors isolated from 16 hpi of Cn (Figure 31A, B). It is 

intriguing to learn whether AM subpopulation has differential effects on T helper cell 

differentiation and polarization due to the higher IFNγ level detected in CXCL2- AM 

donor constituted lung. AMs on their own are known to be incapable of antigen 

presentation (van de Laar et al., 2016) or stimulating T cell proliferation or cytokine 

production (Thomas et al., 2018). Thus, I co-cultured CXCL2- and CXCL2+ AM from 16 

hpi of Cn with DCs first and then tested the impact of AM subpopulations on DC-

mediated naïve OT-II T cell proliferation and differentiation in a AM: DC: T cell 3-way 

co-culture system (Figure 31C). The presence of AMs in DC-T cell culture increased the 

proliferation of T cells (Figure 33D, E). However, no difference on T-cell proliferation 

was seen between CXCL2- AMs and CXCL2+ AMs (Figure 31D, E).  



 

123 

As OT-II T cell stimulation by OVA-processed DC could not induce T helper cell 

differentiation (data not shown), I added Th skewing cytokine and antibody combo to 

the co-culture medium and investigated the impact of AM subpopulation on 

differentiated Th cell cytokine production. Addition of CXCL2- AMs to the DC-skewed T 

cell culture enhanced the type 1 cytokine production by T cells as suggested by the 

elevated IFNγ+ cell percentage in Th1 skewing condition (Figure 31F, G), as compared to 

no AM group or CXCL2+ AM group. In contrast, IL-17A cytokine production in T cell 

under Th17 skewing were not affected by the addition of either AM subpopulation 

(Figure 31H, I). Here, IFNγ is not detected in T cells differentiated by Th17 skewing 

condition. These data suggest that at least in this ex vivo experimental system, CXCL2- 

AMs can selectively promote the IFNγ cytokine production by Th1 cells which were 

activated by peptide-mediated antigen presenting DCs. 
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Figure 31: CXCL2- AM co-culturing with DCs promotes antigen-specific CD4+ 
T cells type 1 differentiation 

(A-B) Csf2rb-/- neonatal recipients were reconstituted with CXCL2- or CXCL2+ 
AMs (obtained from 16hr-Cn-instilled donor mice) for 6 weeks and instilled with Cn for 
another 16hr. (A) Secreted cytokines evaluated in the BALF of AM-reconstituted 
recipient mice by multiplex beads flow cytometry. (B) Bar graph showing statistically 
comparison of IFNγ between recipient groups. (C-I) CXCL2- or CXCL2+ AMs (obtained 
from 16hr-Cn-instilled donor mice) or bone-marrow macrophages were co-cultured with 
DCs for 1 day, then OT-II CD4+ T cells were added into the AM-DC culture. OVA 
peptide and T helper cell differentiation cytokines were added subsequently. (C) 
Diagram showing the 3-way culturing timeline. (D) Histogram showing cell tracer dye 
staining of proliferating OT-II CD4+ T cells co-cultured with DCs and AMs without 
skewing cytokines. (E) Bar graph comparing percentage of proliferating T cells co-
cultured with different AM groups. (F) Expression of IL-17A and IFNγ expression in 
CD4+ T cells differentiated by Th1 skewing condition. (G) Bar graph showing percentage 
of IFNγ+ cells out of total CD4+ T cells comparing different 3-way co-culture groups. (H) 
Expression of IL-17A and IFNγ expression in CD4+ T cells differentiated by Th17 
skewing condition. (I) Bar graph showing percentage of IL-17A+ cells out of total CD4+ T 
cells comparing different 3-way co-culture groups. Each data point reflects one mouse 
(A, B) or one well pooled from minimum 3 mice (E, G, I). Unpaired t test with Welch’s 
correction (B) and un-paired Student’s t-test (G, I) were used for statistical evaluation. *: 
p<0.05, **: p<0.01. n.s.: not significant. 

 

6.4. C1q function during Cryptococcus infection 

Although C1q is known as a subunit of the complement complex C1, 

independent of other complement components C1q is synthesized by macrophages in 

response to tissue injury to resolve inflammation by reducing inflammatory cytokine 

production (Fraser et al., 2006; D. Shah et al., 2015) and clearance of apoptotic cells 

(Bohlson, Fraser, & Tenner, 2007; Fraser, Laust, Nelson, & Tenner, 2009; Fraser, 

Pisalyaput, & Tenner, 2010). To understand the functions of C1q in the context of Cn 

infection, I infected C1q deficient mice with Cn and evaluate long-term impact of C1q. 
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I have shown that the distinct ability of CXCL2- AMs in producing C1q during 

Cn infection is enhanced by open chromatin in promoters of C1q loci. Elevated C1q 

levels were previously reported in human cerebrospinal fluid from individual with 

cryptococcal meningitis (Shen et al., 2017), and we also observed elevated C1q protein 

levels in the BALF after Cn instillation (Figure 32A). Nevertheless, the function of C1q 

has not been studied in Cn infection. Thus, we used C1qa-/- mice, which do not form the 

complete C1q complex, to examine the role of C1q in Cn pulmonary infection. First, the 

absence of C1qa in AMs did not alter CXCL2 production and CXCL2+ AM generation 

(Figure 32B, C). However, results clearly indicated the protective role of C1q, as 

demonstrated by C1qa-/- mice more susceptible in survival and weight loss (Figure 33A, 

B). Here, fungal burdens in the lung, spleen, and brain of C1q-/- mice were comparable to 

those in WT mice (Figure 33C), in addition to no significant change in numbers of AMs, 

DCs, monocytes, and eosinophils (Figure 33D). However, C1qa-/- mice heightened 

inflammation as demonstrated by increased neutrophil infiltration in the lung (Figure 

33E) and increased levels of proinflammatory cytokines in the lung BALF (Figure 33F) 

by Cn infection. These findings support the idea that C1q inhibits excessive 

inflammation to protect infected hosts. The results suggested that CXCL2- AMs express 

C1q to control the inflammation triggered by CXCL2+ AMs and achieve the balance of 

host immunity. 



 

127 

 

Figure 32: Comparison of WT vs. C1qa-/- mice during early Cn infection 

(A) C1q complex protein levels in BALF of WT mice instilled with Cn (104 yeast 
cells/mouse) at indicated timepoints. (B) CXCL2-GFP expression in WT and C1qa-/- 
CXCL2-GFP mice at 16-hpi with Cn (104 yeast cells/mouse). (C) Cell number of CXCL2-
positive AMs at 16-hpi with Cn. Each data point reflects the average of three mouse (A) 
or one individual mouse (C-E) Unpaired Student’s t-test was used for statistical 
analyses. n.s.: not significant. 
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Figure 33: Analysis of C1q-deficient mice during Cn infection 

C1qa-/- and WT mice were instilled with Cn at 105 cells/mouse. Survival (A) and 
weight loss (B) of WT (n=4) and C1qa-/- (n=6) mice. (C-F) Fungal burden on 25-dpi (D) 
and numbers of indicated cell types in the lung (D) in WT and C1qa-/- mice. Cell numbers 
of neutrophils (E) and levels of pro-inflammatory cytokines levels (F) in BALF at 14-dpi. 
Cytokine levels were analyzed with Legendplex bead-based immunoassay. One data 
point reflects a data from one mouse in (D, E). Error bars denote mean ± SEM. Unpaired 
Student’s t-test results are indicated as, *; p<0.05, **; p<0.001, n.s.; not significant, dpi: 
days post infection.  
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6.5. Discussion  

6.5.1. AMs phagocytic capacity 

It is well known that encapsulated Cn cannot be easily phagocytosed by non-

polarized macrophages (Kozel & Gotschlich, 1982) and I also could not detect 

phagocytosis of encapsulated Cn by AMs in vivo or in vitro (Figure 8A; Figure 10G). 

However during the course of infection phagocytosis of Cn can occur with the assistance 

of opsonic antibodies that targets the primary capsule component GXM of Cn (Kozel & 

Follette, 1981; Schlageter & Kozel, 1990).  To facilitate Cn phagocytosis, I opsonized the 

fungal cells with ant-GXM antibody before co-culturing fungi with CXCL2- and CXCL2+ 

AMs. The macrophage phagocytosis of Cn reported in this study here was mediated 

through Fc receptor binding to opsonizing antibody. Although the Fc receptor levels 

were similar between AM subpopulations, phagocytic capacity was found to be higher 

in CXCL2+ AMs. Because the phagocytic capacity is limited by the amount of available 

membrane (Cannon & Swanson, 1992) and I observed CXCL2+ AMs having a more 

spread shape than CXCL2- AMs (Figure 27B), the higher phagocytic capacity of CXCL2+ 

AM could due to their wider cellular shape. The same phagocytic capacity was also 

observed when AMs were co-cultured with Ca, which did not require antibody to 

mediate phagocytosis. This suggested that the more energetic metabolic profile in 

CXCL2+ AMs also provides functional advantage in anti-fungal defense by 
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phagocytosing a greater number of fungal yeast cells compared to the quiescent CXCL2- 

AMs.   

 

6.5.2. Cell fate and gene expression plasticity  

CXCL2 was used as a marker to identify AMs subpopulations. The percentage of 

CXCL2-expressing AMs peaked at 16 hpi of Cn, thus 16 hr was used most frequently in 

this study to differentiate CXCL2- and CXCL2+ AMs. In order to study the functions of 

CXCL2-differentiated AMs, AMs had to be isolated ex vivo in either for cell culture or 

transfer to recipient lung to mimic the original tissue environment. It is not surprising 

that the gene expression differences found between pre-CXCL2- and pre-CXCL2+ AM at 

9hpi and 16hpi were gone after ex vivo culture or in vivo colonization in the lung because 

even CXCL2 is not constantly expressed in any specific AM population. CXCL2 protein 

level indeed decreased after 24 hpi of Cn (Figure 5D). The differential transcriptional 

profile observed between CXCL2- and CXCL2+ AM suggested the heterogenous gene 

expression states rather than determined lineages of cells. Plasticity is indeed an 

important feature of macrophages. By regulating the gene expression and cellular profile, 

they could easily adapt to the new relevant environments. However, one exemption 

goes to C1q. Pre-CXCL2- AMs somehow maintained the expression capability of C1q 

and highly express C1q genes even 6 weeks after transfer to recipient lungs. This could 

be due to the gene expression regulation at the chromatin level which have a long-

lasting impact on C1q expression in pre-CXCL2- AMs. Future studies could explore how 
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Cn instillation induces the opening of chromatin at promoters of C1q only in CXCL2- 

AM but not in CXCL2+ AM. C1q-reporter mice could also be used to trace this specific 

AMs subpopulation and examine the long-term function of C1q+ AMs. 

 

6.5.3. AM impact on T helper cell cytokine production 

Based on the gene expression profile analysis, CXCL2- AMs and CXCL2+ AMs 

have comparable Ifng mRNA level. The only difference observed between pre-CXCL2- 

AMs and pre-CXCL2+ AMs after ex vivo culture or in vivo colonization was the 

expression of C1q. Interestingly, IFNγ in BALF of recipient mice transferred with pre-

CXCL2- AMs was higher than mice transferred with pre-CXCL2+ AMs (Figure 31A). But 

IFNγ was undetectable in AMs cultured ex vivo (data not shown), suggesting the source of 

IFNγ in BALF of recipient mice was unlikely from AMs directly. Then what is the source 

of elevated IFNγ in BALF? And how pre-CXCL2- AMs donor cells induce higher IFNγ in 

vivo? It was known that C1q can enhance IFNγ production by antigen-specific T cells via 

DCs (Baruah et al., 2009). Because AMs could not directly induce T cell proliferation and 

differentiation, I added AMs into DC-T cell co-culture to evaluate the impact of AMs on 

T cell cytokine production. IFNγ production by T cells was indeed found to be higher in 

pre-CXCL2- AMs culture group. This 3-way culturing system suggested that there is still 

functional differences between CXCL2- and CXCL2+ AMs by indirectly affecting antigen-

specific T helper cell cytokine production. It will be interesting for future research to 
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examine whether this CXCL2- AMs-enhanced IFNγ production by T cells was indeed 

mediated by C1q only via comparing with C1q-deficient CXCL2- AMs. 
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7. Conclusion 
 With the technological development in chemokine in vivo reporter, multi-color 

fluorescence assisted cell sorting, next generation sequencing and high-dimensional 

single-cell analysis, my understanding of TRMs, especially AMs as a fundamental cell of 

innate immunity has been greatly advanced. Host immune response to fungal infection 

is a rising field of interest as the increasing cases of fungi-induced mortality can be 

found in immunocompromised individuals. How host innate immune cells respond to 

fungal invasion is critical to disease control. This thesis shed light on two aspects of the 

TRMs heterogeneity during early fungal infection: Firstly, TRMs from various tissue can 

have distinct sentinel responses to fungal stimulation. Secondly, AMs in the lung can 

diverge into distinct populations with heterogenous cell states upon Cn stimulation.   

To further understand the heterogeneity phenotype of TRMs, I explored the 

mechanisms that gave rise to the heterogeneity. My studies revealed that differential 

chromatin status of Cxcl2 gene promoter was present in homeostatic TRMs from 

different tissues which could give rise to the differential CXCL2 response to early fungal 

infections. Among these TRMs AMs have constantly accessible Cxcl2 promoters. 

However, some AMs were still unable to express CXCL2. In fact, differential 

transcription factor binding motif enrichment and activities were also found between the 

distinct populations of AMs based on CXCL2 expression after Cn stimulation. 

Chromatin accessibilities of some CXCL2- AM signature gene promoters were also 
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different between the AM populations. Together, these suggested multiple layers of 

mechanisms that regulated the heterogeneity of gene expression among TRMs and 

within AMs.  

Various new tools have been developed by biologists to deconstruct the 

complexity of cell identity. The CXCL2-GFP reporter system enabled me to dissect 

CXCL2- and CXCL2+ AMs post Cn stimulation. In situ fluorescent imaging, lineage 

tracing and system biology tools helped me to evaluate whether the CXCL2- and CXCL2+ 

AMs are distinct cell types or cell states. Although the location and ontogeny of CXCL2- 

and CXCL2+ AMs were comparable, gene and protein expression were differential 

between these populations: CXCL2- and CXCL2+ AMs tend to upregulate pro- and anti-

inflammatory molecules, respectively. However, the identity of cell populations cannot 

be solely defined by the phenotype captured at a snapshot. Hence, I sought to examine 

the long-term functions and fate of these heterogenous AM populations. Most of the 

differential pro-inflammatory genes and CXCL2 expressions captured earlier were reset 

after CXCL2- and CXCL2+ AMs were isolated from in vivo. Once CXCL2- and CXCL2+ 

AMs were removed from the original environment, even re-introduction to lung 

environment by in vivo transfer could not rescue the original gene expression 

differences. These results together indicated that the co-existing CXCL2- and CXCL2+ 

AMs found during Cn stimulation were plastic in nature and likely represent different 

states of AMs.  
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However, there was one exception: C1q genes which were highly expressed by 

CXCL2- AMs isolated from Cn instilled mice remain high in pre-CXCL2- AMs even after 

re-stimulation in vitro and re-introduction into in vivo recipients. In addition, C1q 

promoters were only induced to become accessible in CXCL2- AMs upon Cn stimulation 

but not in CXCL2+ AMs. C1q could represent a new cell marker to identify certain AM 

population since C1q promoters were regulated at the epigenetics level and obtained 

long-lasting impact on gene expression. Although CXCL2 marker turns out to be plastic 

and can be reset in AMs, this unique C1q expression phenotype could not be uncovered 

without the CXCL2-GFP reporter model. Future studies could take advantage of this 

unique marker to understand the related functions of C1q+ AMs. 

Fungal infections are difficult to be cleared and often long-lasting; thus, tissue 

collateral damages are critical issues in patients. CXCL2+ and CXCL2- AM states may be 

required to protect hosts by eliciting pro-inflammatory immunity, as well as to control 

hyperinflammation. Meanwhile, most of the AMs transcriptome maintain plastic and 

adjusts rapidly in response to changes in environmental. Pharmacological approaches to 

tip the balance of AM co-existing states might be considered as a novel intervention to 

treat fungal infections. 



 

136 

References 
Aguirre, K., & Miller, S. (2002). MHC class II-positive perivascular microglial cells 
mediate resistance to Cryptococcus neoformans brain infection. Glia, 39(2), 184-188. 
doi:10.1002/glia.10093 

Amemiya, H. M., Kundaje, A., & Boyle, A. P. (2019). The ENCODE Blacklist: 
Identification of Problematic Regions of the Genome. Sci Rep, 9(1), 9354. 
doi:10.1038/s41598-019-45839-z 

Aran, D., Looney, A. P., Liu, L., Wu, E., Fong, V., Hsu, A., . . . Bhattacharya, M. (2019). 
Reference-based analysis of lung single-cell sequencing reveals a transitional profibrotic 
macrophage. Nat Immunol, 20(2), 163-172. doi:10.1038/s41590-018-0276-y 

Austyn, J. M., & Gordon, S. (1981). F4/80, a monoclonal antibody directed specifically 
against the mouse macrophage. Eur J Immunol, 11(10), 805-815. 
doi:10.1002/eji.1830111013 

Bain, C. C., Bravo-Blas, A., Scott, C. L., Gomez Perdiguero, E., Geissmann, F., Henri, S., . . 
. Mowat, A. M. (2014). Constant replenishment from circulating monocytes maintains 
the macrophage pool in the intestine of adult mice. Nat Immunol, 15(10), 929-937. 
doi:10.1038/ni.2967 

Baker, A. D., Malur, A., Barna, B. P., Ghosh, S., Kavuru, M. S., Malur, A. G., & 
Thomassen, M. J. (2010). Targeted PPAR{gamma} deficiency in alveolar macrophages 
disrupts surfactant catabolism. J Lipid Res, 51(6), 1325-1331. doi:10.1194/jlr.M001651 

Balish, E., Wagner, R. D., Vazquez-Torres, A., Jones-Carson, J., Pierson, C., & Warner, T. 
(1999). Mucosal and systemic candidiasis in IL-8Rh-/- BALB/c mice. J Leukoc Biol, 66(1), 
144-150.  

Baruah, P., Dumitriu, I. E., Malik, T. H., Cook, H. T., Dyson, J., Scott, D., . . . Botto, M. 
(2009). C1q enhances IFN-gamma production by antigen-specific T cells via the CD40 
costimulatory pathway on dendritic cells. Blood, 113(15), 3485-3493. doi:10.1182/blood-
2008-06-164392 

Bhatia, S., Fei, M., Yarlagadda, M., Qi, Z., Akira, S., Saijo, S., . . . Ray, P. (2011). Rapid 
host defense against Aspergillus fumigatus involves alveolar macrophages with a 
predominance of alternatively activated phenotype. PLoS One, 6(1), e15943. 
doi:10.1371/journal.pone.0015943 



 

137 

Blasi, E., Barluzzi, R., Mazzolla, R., Tancini, B., Saleppico, S., Puliti, M., . . . Bistoni, F. 
(1995). Role of nitric oxide and melanogenesis in the accomplishment of anticryptococcal 
activity by the BV-2 microglial cell line. J Neuroimmunol, 58(1), 111-116.  

Bohlson, S. S., Fraser, D. A., & Tenner, A. J. (2007). Complement proteins C1q and MBL 
are pattern recognition molecules that signal immediate and long-term protective 
immune functions. Mol Immunol, 44(1-3), 33-43. doi:10.1016/j.molimm.2006.06.021 

Boley, N., Kundaje, A., Bickel, Peter J., & Lee, J. (2014). Irreproducible Discovery Rate. 
Retrieved from https://github.com/kundajelab/idr 

Botto, M., Dell'Agnola, C., Bygrave, A. E., Thompson, E. M., Cook, H. T., Petry, F., . . . 
Walport, M. J. (1998). Homozygous C1q deficiency causes glomerulonephritis associated 
with multiple apoptotic bodies. Nat Genet, 19(1), 56-59. doi:10.1038/ng0598-56 

Boyer, S. W., Schroeder, A. V., Smith-Berdan, S., & Forsberg, E. C. (2011). All 
hematopoietic cells develop from hematopoietic stem cells through Flk2/Flt3-positive 
progenitor cells. Cell Stem Cell, 9(1), 64-73. doi:10.1016/j.stem.2011.04.021 

Braedel, S., Radsak, M., Einsele, H., Latge, J. P., Michan, A., Loeffler, J., . . . Hebart, H. 
(2004). Aspergillus fumigatus antigens activate innate immune cells via toll-like 
receptors 2 and 4. Br J Haematol, 125(3), 392-399. doi:10.1111/j.1365-2141.2004.04922.x 

Braem, S. G., Rooijakkers, S. H., van Kessel, K. P., de Cock, H., Wosten, H. A., van Strijp, 
J. A., & Haas, P. J. (2015). Effective Neutrophil Phagocytosis of Aspergillus fumigatus Is 
Mediated by Classical Pathway Complement Activation. J Innate Immun, 7(4), 364-374. 
doi:10.1159/000369493 

Brown, G. D., Denning, D. W., Gow, N. A., Levitz, S. M., Netea, M. G., & White, T. C. 
(2012). Hidden killers: human fungal infections. Sci Transl Med, 4(165), 165rv113. 
doi:10.1126/scitranslmed.3004404 

Buchanan, K. L., & Murphy, J. W. (1998). What makes Cryptococcus neoformans a 
pathogen? Emerg Infect Dis, 4(1), 71-83. doi:10.3201/eid0401.980109 

Butovsky, O., Jedrychowski, M. P., Moore, C. S., Cialic, R., Lanser, A. J., Gabriely, G., . . . 
Weiner, H. L. (2014). Identification of a unique TGF-beta-dependent molecular and 
functional signature in microglia. Nat Neurosci, 17(1), 131-143. doi:10.1038/nn.3599 

Cai, B., Thorp, E. B., Doran, A. C., Subramanian, M., Sansbury, B. E., Lin, C. S., . . . Tabas, 
I. (2016). MerTK cleavage limits proresolving mediator biosynthesis and exacerbates 



 

138 

tissue inflammation. Proc Natl Acad Sci U S A, 113(23), 6526-6531. 
doi:10.1073/pnas.1524292113 

Cailhier, J. F., Partolina, M., Vuthoori, S., Wu, S., Ko, K., Watson, S., . . . Lang, R. A. 
(2005). Conditional macrophage ablation demonstrates that resident macrophages 
initiate acute peritoneal inflammation. J Immunol, 174(4), 2336-2342.  

Cain, D. W., O'Koren, E. G., Kan, M. J., Womble, M., Sempowski, G. D., Hopper, K., . . . 
Kelsoe, G. (2013). Identification of a tissue-specific, C/EBPbeta-dependent pathway of 
differentiation for murine peritoneal macrophages. J Immunol, 191(9), 4665-4675. 
doi:10.4049/jimmunol.1300581 

Cannon, G. J., & Swanson, J. A. (1992). The macrophage capacity for phagocytosis. J Cell 
Sci, 101 ( Pt 4), 907-913.  

Cao, Q., Wang, Y., Wang, X. M., Lu, J., Lee, V. W., Ye, Q., . . . Harris, D. C. (2015). Renal 
F4/80+ CD11c+ mononuclear phagocytes display phenotypic and functional 
characteristics of macrophages in health and in adriamycin nephropathy. J Am Soc 
Nephrol, 26(2), 349-363. doi:10.1681/ASN.2013121336 

Cao, S., Liu, J., Song, L., & Ma, X. (2005). The protooncogene c-Maf is an essential 
transcription factor for IL-10 gene expression in macrophages. J Immunol, 174(6), 3484-
3492. doi:10.4049/jimmunol.174.6.3484 

Cavaillon, J. M. (2011). The historical milestones in the understanding of leukocyte 
biology initiated by Elie Metchnikoff. J Leukoc Biol, 90(3), 413-424. doi:10.1189/jlb.0211094 

Charrad, Malika, Ghazzali, Nadia, Boiteau, Véronique, & Niknafs, Azam. (2014). 
NbClust: An R Package for Determining the Relevant Number of Clusters in a Data Set. 
2014, 61(6), 36. doi:10.18637/jss.v061.i06 

Chelen, C. J., Fang, Y., Freeman, G. J., Secrist, H., Marshall, J. D., Hwang, P. T., . . . 
Umetsu, D. T. (1995). Human alveolar macrophages present antigen ineffectively due to 
defective expression of B7 costimulatory cell surface molecules. J Clin Invest, 95(3), 1415-
1421. doi:10.1172/JCI117796 

Chen, G., Tan, C. S., Teh, B. K., & Lu, J. (2011). Molecular mechanisms for synchronized 
transcription of three complement C1q subunit genes in dendritic cells and 
macrophages. J Biol Chem, 286(40), 34941-34950. doi:10.1074/jbc.M111.286427 



 

139 

Cramer-Morales, K., Heer, C. D., Mapuskar, K. A., & Domann, F. E. (2015). SOD2 
targeted gene editing by CRISPR/Cas9 yields Human cells devoid of MnSOD. Free Radic 
Biol Med, 89, 379-386. doi:10.1016/j.freeradbiomed.2015.07.017 

Cross, C. E., & Bancroft, G. J. (1995). Ingestion of acapsular Cryptococcus neoformans 
occurs via mannose and beta-glucan receptors, resulting in cytokine production and 
increased phagocytosis of the encapsulated form. Infect Immun, 63(7), 2604-2611.  

Dague, E., Alsteens, D., Latge, J. P., & Dufrene, Y. F. (2008). High-resolution cell surface 
dynamics of germinating Aspergillus fumigatus conidia. Biophys J, 94(2), 656-660. 
doi:10.1529/biophysj.107.116491 

Dahl, R., Ramirez-Bergeron, D. L., Rao, S., & Simon, M. C. (2002). Spi-B can functionally 
replace PU.1 in myeloid but not lymphoid development. EMBO J, 21(9), 2220-2230. 
doi:10.1093/emboj/21.9.2220 

Davies, L. C., Jenkins, S. J., Allen, J. E., & Taylor, P. R. (2013). Tissue-resident 
macrophages. Nat Immunol, 14(10), 986-995. doi:10.1038/ni.2705 

Davis, M. J., Tsang, T. M., Qiu, Y., Dayrit, J. K., Freij, J. B., Huffnagle, G. B., & Olszewski, 
M. A. (2013). Macrophage M1/M2 polarization dynamically adapts to changes in 
cytokine microenvironments in Cryptococcus neoformans infection. MBio, 4(3), e00264-
00213. doi:10.1128/mBio.00264-13 

Denning, D. W. (1998). Invasive aspergillosis. Clin Infect Dis, 26(4), 781-803; quiz 804-785.  

Dobin, A., Davis, C. A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., . . . Gingeras, T. 
R. (2013). STAR: ultrafast universal RNA-seq aligner. Bioinformatics, 29(1), 15-21. 
doi:10.1093/bioinformatics/bts635 

Dubourdeau, M., Athman, R., Balloy, V., Huerre, M., Chignard, M., Philpott, D. J., . . . 
Ibrahim-Granet, O. (2006). Aspergillus fumigatus induces innate immune responses in 
alveolar macrophages through the MAPK pathway independently of TLR2 and TLR4. J 
Immunol, 177(6), 3994-4001.  

Epelman, S., Lavine, K. J., & Randolph, G. J. (2014). Origin and Functions of Tissue 
Macrophages. Immunity, 41(1), 21-35. doi:10.1016/j.immuni.2014.06.013 

Epelman, Slava, Lavine, Kory J., Beaudin, Anna E., Sojka, Dorothy K., Carrero, Javier A., 
Calderon, Boris, . . . Mann, Douglas L. (2014). Embryonic and Adult-Derived Resident 
Cardiac Macrophages Are Maintained through Distinct Mechanisms at Steady State and 
during Inflammation. Immunity, 40(1), 91-104. doi:10.1016/j.immuni.2013.11.019 



 

140 

Erwig, Lars P., & Gow, Neil a R. (2016). Interactions of fungal pathogens with 
phagocytes. Nature Reviews Microbiology, 14(3), 163-176. doi:10.1038/nrmicro.2015.21 

Fels, A. O., & Cohn, Z. A. (1986). The alveolar macrophage. J Appl Physiol (1985), 60(2), 
353-369.  

Fraser, D. A., Bohlson, S. S., Jasinskiene, N., Rawal, N., Palmarini, G., Ruiz, S., . . . 
Tenner, A. J. (2006). C1q and MBL, components of the innate immune system, influence 
monocyte cytokine expression. J Leukoc Biol, 80(1), 107-116. doi:10.1189/jlb.1105683 

Fraser, D. A., Laust, A. K., Nelson, E. L., & Tenner, A. J. (2009). C1q differentially 
modulates phagocytosis and cytokine responses during ingestion of apoptotic cells by 
human monocytes, macrophages, and dendritic cells. J Immunol, 183(10), 6175-6185. 
doi:10.4049/jimmunol.0902232 

Fraser, D. A., Pisalyaput, K., & Tenner, A. J. (2010). C1q enhances microglial clearance of 
apoptotic neurons and neuronal blebs, and modulates subsequent inflammatory 
cytokine production. J Neurochem, 112(3), 733-743. doi:10.1111/j.1471-4159.2009.06494.x 

Fulurija, Alma, Ashman, Robert B., & Papadimitriou, John M. (1994). Systemic and 
Vaginal Candidiasis in Mice , and in Mechanisms of Host Resistance. (1 996), 3487-3496.  

Gautier, E. L., Shay, T., Miller, J., Greter, M., Jakubzick, C., Ivanov, S., . . . Immunological 
Genome, Consortium. (2012). Gene-expression profiles and transcriptional regulatory 
pathways that underlie the identity and diversity of mouse tissue macrophages. Nat 
Immunol, 13(11), 1118-1128. doi:10.1038/ni.2419 

Gersuk, G. M., Underhill, D. M., Zhu, L., & Marr, K. A. (2006). Dectin-1 and TLRs permit 
macrophages to distinguish between different Aspergillus fumigatus cellular states. J 
Immunol, 176(6), 3717-3724.  

Ginhoux, F., Greter, M., Leboeuf, M., Nandi, S., See, P., Gokhan, S., . . . Merad, M. (2010). 
Fate mapping analysis reveals that adult microglia derive from primitive macrophages. 
Science, 330(6005), 841-845. doi:10.1126/science.1194637 

Ginhoux, F., & Jung, S. (2014). Monocytes and macrophages: developmental pathways 
and tissue homeostasis. Nat Rev Immunol, 14(6), 392-404. doi:10.1038/nri3671 

Goldman, D., Song, X., Kitai, R., Casadevall, A., Zhao, M. L., & Lee, S. C. (2001). 
Cryptococcus neoformans induces macrophage inflammatory protein 1alpha (MIP-
1alpha) and MIP-1beta in human microglia: role of specific antibody and soluble 



 

141 

capsular polysaccharide. Infect Immun, 69(3), 1808-1815. doi:10.1128/IAI.69.3.1808-
1815.2001 

Gomez Perdiguero, Elisa, Klapproth, Kay, Schulz, Christian, Busch, Katrin, Azzoni, 
Emanuele, Crozet, Lucile, . . . Rodewald, Hans-Reimer. (2014). Tissue-resident 
macrophages originate from yolk-sac-derived erythro-myeloid progenitors. Nature, 
518(7540), 547-551. doi:10.1038/nature13989 

Goodman, J. S., Kaufman, L., & Koenig, M. G. (1971). Diagnosis of cryptococcal 
meningitis. Value of immunologic detection of cryptococcal antigen. N Engl J Med, 
285(8), 434-436. doi:10.1056/NEJM197108192850804 

Gosselin, D., Link, V. M., Romanoski, C. E., Fonseca, G. J., Eichenfield, D. Z., Spann, N. 
J., . . . Glass, C. K. (2014). Environment drives selection and function of enhancers 
controlling tissue-specific macrophage identities. Cell, 159(6), 1327-1340. 
doi:10.1016/j.cell.2014.11.023 

Gottfredsson, M., & Perfect, J. R. (2000). Fungal meningitis. Semin Neurol, 20(3), 307-322. 
doi:10.1055/s-2000-9394 

Griffin, F. M., Jr. (1981). Roles of macrophage Fc and C3b receptors in phagocytosis of 
immunologically coated Cryptococcus neoformans. Proc Natl Acad Sci U S A, 78(6), 3853-
3857.  

Gross, O., Gewies, A., Finger, K., Schafer, M., Sparwasser, T., Peschel, C., . . . Ruland, J. 
(2006). Card9 controls a non-TLR signalling pathway for innate anti-fungal immunity. 
Nature, 442(7103), 651-656. doi:nature04926 [pii] 

10.1038/nature04926 

Guilliams, M., De Kleer, I., Henri, S., Post, S., Vanhoutte, L., De Prijck, S., . . . Lambrecht, 
B. N. (2013). Alveolar macrophages develop from fetal monocytes that differentiate into 
long-lived cells in the first week of life via GM-CSF. J Exp Med, 210(10), 1977-1992. 
doi:10.1084/jem.20131199 

Guillot, L., Carroll, S. F., Homer, R., & Qureshi, S. T. (2008). Enhanced innate immune 
responsiveness to pulmonary Cryptococcus neoformans infection is associated with 
resistance to progressive infection. Infect Immun, 76(10), 4745-4756. 
doi:10.1128/IAI.00341-08 

Habibian, J. S., Jefic, M., Bagchi, R. A., Lane, R. H., McKnight, R. A., McKinsey, T. A., . . . 
Ferguson, B. S. (2017). DUSP5 functions as a feedback regulator of TNFalpha-induced 



 

142 

ERK1/2 dephosphorylation and inflammatory gene expression in adipocytes. Sci Rep, 
7(1), 12879. doi:10.1038/s41598-017-12861-y 

Hafemeister, Christoph, & Satija, Rahul. (2019). Normalization and variance stabilization 
of single-cell RNA-seq data using regularized negative binomial regression. bioRxiv, 
576827. doi:10.1101/576827 

Haldar, Malay, Kohyama, Masako, So, Alex Yick-Lun, Kc, Wumesh, Wu, Xiaodi, 
Briseño, Carlos G, . . . Murphy, Kenneth M. (2014). Heme-Mediated SPI-C Induction 
Promotes Monocyte Differentiation into Iron-Recycling Macrophages. Cell, 156(6), 1223-
1234. doi:10.1016/j.cell.2014.01.069 

Hasenberg, M., Behnsen, J., Krappmann, S., Brakhage, A., & Gunzer, M. (2011). 
Phagocyte responses towards Aspergillus fumigatus. Int J Med Microbiol, 301(5), 436-444. 
doi:10.1016/j.ijmm.2011.04.012 

Hashimoto, D., Chow, A., Noizat, C., Teo, P., Beasley, M. B., Leboeuf, M., . . . Merad, M. 
(2013). Tissue-resident macrophages self-maintain locally throughout adult life with 
minimal contribution from circulating monocytes. Immunity, 38(4), 792-804. 
doi:10.1016/j.immuni.2013.04.004 

Haslett, C. (1999). Granulocyte apoptosis and its role in the resolution and control of 
lung inflammation. Am J Respir Crit Care Med, 160(5 Pt 2), S5-11. 
doi:10.1164/ajrccm.160.supplement_1.4 

Hebecker, B., Vlaic, S., Conrad, T., Bauer, M., Brunke, S., Kapitan, M., . . . Jacobsen, I. D. 
(2016a). Corrigendum: Dual-species transcriptional profiling during systemic 
candidiasis reveals organ-specific host-pathogen interactions. Sci Rep, 6, 39423. 
doi:10.1038/srep39423 

Hebecker, B., Vlaic, S., Conrad, T., Bauer, M., Brunke, S., Kapitan, M., . . . Jacobsen, I. D. 
(2016b). Dual-species transcriptional profiling during systemic candidiasis reveals 
organ-specific host-pathogen interactions. Sci Rep, 6, 36055. doi:10.1038/srep36055 

Hickey, W. F., & Kimura, H. (1988). Perivascular microglial cells of the CNS are bone 
marrow-derived and present antigen in vivo. Science, 239(4837), 290-292.  

Hill, J. O., & Aguirre, K. M. (1994). CD4+ T cell-dependent acquired state of immunity 
that protects the brain against Cryptococcus neoformans. J Immunol, 152(5), 2344-2350.  



 

143 

Hochheiser, K., Heuser, C., Krause, T. A., Teteris, S., Ilias, A., Weisheit, C., . . . Kurts, C. 
(2013). Exclusive CX3CR1 dependence of kidney DCs impacts glomerulonephritis 
progression. J Clin Invest, 123(10), 4242-4254. doi:10.1172/JCI70143 

Hoeffel, G., Chen, J., Lavin, Y., Low, D., Almeida, F. F., See, P., . . . Ginhoux, F. (2015). C-
Myb(+) erythro-myeloid progenitor-derived fetal monocytes give rise to adult tissue-
resident macrophages. Immunity, 42(4), 665-678. doi:10.1016/j.immuni.2015.03.011 

Hoeffel, G., Wang, Y., Greter, M., See, P., Teo, P., Malleret, B., . . . Ginhoux, F. (2012). 
Adult Langerhans cells derive predominantly from embryonic fetal liver monocytes 
with a minor contribution of yolk sac-derived macrophages. J Exp Med, 209(6), 1167-
1181. doi:10.1084/jem.20120340 

Hoeffel, Guillaume, Chen, Jinmiao, Lavin, Yonit, Low, Donovan, Almeida, Francisca F, 
See, Peter, . . . Ginhoux, Florent. (2015). C-Myb+ Erythro-Myeloid Progenitor-Derived 
Fetal Monocytes Give Rise to Adult Tissue-Resident Macrophages. Immunity, 42(4), 665-
678. doi:10.1016/j.immuni.2015.03.011 

Hohl, T. M., & Feldmesser, M. (2007). Aspergillus fumigatus: principles of pathogenesis 
and host defense. Eukaryot Cell, 6(11), 1953-1963. doi:10.1128/EC.00274-07 

Hohl, T. M., Rivera, A., Lipuma, L., Gallegos, A., Shi, C., Mack, M., & Pamer, E. G. 
(2009). Inflammatory monocytes facilitate adaptive CD4 T cell responses during 
respiratory fungal infection. Cell Host Microbe, 6(5), 470-481. 
doi:10.1016/j.chom.2009.10.007 

Hohl, T. M., Van Epps, H. L., Rivera, A., Morgan, L. A., Chen, P. L., Feldmesser, M., & 
Pamer, E. G. (2005). Aspergillus fumigatus triggers inflammatory responses by stage-
specific beta-glucan display. PLoS Pathog, 1(3), e30. doi:10.1371/journal.ppat.0010030 

Huang, S. C., Everts, B., Ivanova, Y., O'Sullivan, D., Nascimento, M., Smith, A. M., . . . 
Pearce, E. J. (2014). Cell-intrinsic lysosomal lipolysis is essential for alternative activation 
of macrophages. Nat Immunol, 15(9), 846-855. doi:10.1038/ni.2956 

Huber, W., Carey, V. J., Gentleman, R., Anders, S., Carlson, M., Carvalho, B. S., . . . 
Morgan, M. (2015). Orchestrating high-throughput genomic analysis with Bioconductor. 
Nat Methods, 12(2), 115-121. doi:10.1038/nmeth.3252 

Hume, D. A., & Gordon, S. (1983). Mononuclear phagocyte system of the mouse defined 
by immunohistochemical localization of antigen F4/80. Identification of resident 
macrophages in renal medullary and cortical interstitium and the juxtaglomerular 
complex. J Exp Med, 157(5), 1704-1709.  



 

144 

Hume, D. A., Perry, V. H., & Gordon, S. (1984). The mononuclear phagocyte system of 
the mouse defined by immunohistochemical localisation of antigen F4/80: macrophages 
associated with epithelia. Anat Rec, 210(3), 503-512. doi:10.1002/ar.1092100311 

Hussell, T., & Bell, T. J. (2014). Alveolar macrophages: plasticity in a tissue-specific 
context. Nat Rev Immunol, 14(2), 81-93. doi:10.1038/nri3600 

Ibrahim-Granet, O., Philippe, B., Boleti, H., Boisvieux-Ulrich, E., Grenet, D., Stern, M., & 
Latge, J. P. (2003). Phagocytosis and intracellular fate of Aspergillus fumigatus conidia in 
alveolar macrophages. Infect Immun, 71(2), 891-903.  

Italiani, P., & Boraschi, D. (2014). From Monocytes to M1/M2 Macrophages: 
Phenotypical vs. Functional Differentiation. Front Immunol, 5, 514. 
doi:10.3389/fimmu.2014.00514 

Jablonski, K. A., Amici, S. A., Webb, L. M., Ruiz-Rosado Jde, D., Popovich, P. G., Partida-
Sanchez, S., & Guerau-de-Arellano, M. (2015). Novel Markers to Delineate Murine M1 
and M2 Macrophages. PLoS One, 10(12), e0145342. doi:10.1371/journal.pone.0145342 

Jaillon, S., Peri, G., Delneste, Y., Fremaux, I., Doni, A., Moalli, F., . . . Mantovani, A. 
(2007). The humoral pattern recognition receptor PTX3 is stored in neutrophil granules 
and localizes in extracellular traps. J Exp Med, 204(4), 793-804. doi:10.1084/jem.20061301 

Jhingran, A., Kasahara, S., Shepardson, K. M., Junecko, B. A., Heung, L. J., Kumasaka, D. 
K., . . . Hohl, T. M. (2015). Compartment-specific and sequential role of MyD88 and 
CARD9 in chemokine induction and innate defense during respiratory fungal infection. 
PLoS Pathog, 11(1), e1004589. doi:10.1371/journal.ppat.1004589 

Kaissling, B., Hegyi, I., Loffing, J., & Le Hir, M. (1996). Morphology of interstitial cells in 
the healthy kidney. Anat Embryol (Berl), 193(4), 303-318.  

Kanayama, M., Inoue, M., Danzaki, K., Hammer, G., He, Y. W., & Shinohara, M. L. 
(2015). Autophagy enhances NFkappaB activity in specific tissue macrophages by 
sequestering A20 to boost antifungal immunity. Nat Commun, 6, 5779. 
doi:10.1038/ncomms6779 

Kaufmann, S. H. (2008). Immunology's foundation: the 100-year anniversary of the 
Nobel Prize to Paul Ehrlich and Elie Metchnikoff. Nat Immunol, 9(7), 705-712. 
doi:10.1038/ni0708-705 

Kechichian, T. B., Shea, J., & Del Poeta, M. (2007). Depletion of alveolar macrophages 
decreases the dissemination of a glucosylceramide-deficient mutant of Cryptococcus 



 

145 

neoformans in immunodeficient mice. Infect Immun, 75(10), 4792-4798. 
doi:10.1128/IAI.00587-07 

Kelly, C. J., Hussien, K., Fokas, E., Kannan, P., Shipley, R. J., Ashton, T. M., . . . Muschel, 
R. J. (2014). Regulation of O2 consumption by the PI3K and mTOR pathways contributes 
to tumor hypoxia. Radiother Oncol, 111(1), 72-80. doi:10.1016/j.radonc.2014.02.007 

Keren-Shaul, H., Spinrad, A., Weiner, A., Matcovitch-Natan, O., Dvir-Szternfeld, R., 
Ulland, T. K., . . . Amit, I. (2017). A Unique Microglia Type Associated with Restricting 
Development of Alzheimer's Disease. Cell, 169(7), 1276-1290 e1217. 
doi:10.1016/j.cell.2017.05.018 

Kielian, T. (2006). Toll-like receptors in central nervous system glial inflammation and 
homeostasis. J Neurosci Res, 83(5), 711-730. doi:10.1002/jnr.20767 

Kim, D. S., Han, J. H., & Kwon, H. J. (2003). NF-kappaB and c-Jun-dependent regulation 
of macrophage inflammatory protein-2 gene expression in response to 
lipopolysaccharide in RAW 264.7 cells. Mol Immunol, 40(9), 633-643. 
doi:10.1016/j.molimm.2003.07.001 

Kim, M. G., Boo, C. S., Ko, Y. S., Lee, H. Y., Cho, W. Y., Kim, H. K., & Jo, S. K. (2010). 
Depletion of kidney CD11c+ F4/80+ cells impairs the recovery process in 
ischaemia/reperfusion-induced acute kidney injury. Nephrol Dial Transplant, 25(9), 2908-
2921. doi:10.1093/ndt/gfq183 

Kleinschmidt-DeMasters, B. K. (2002). Central nervous system aspergillosis: a 20-year 
retrospective series. Hum Pathol, 33(1), 116-124.  

Koh, A. Y., Kohler, J. R., Coggshall, K. T., Van Rooijen, N., & Pier, G. B. (2008). Mucosal 
damage and neutropenia are required for Candida albicans dissemination. PLoS Pathog, 
4(2), e35. doi:07-PLPA-RA-0460 [pii] 

10.1371/journal.ppat.0040035 

Kopf, M., Schneider, C., & Nobs, S. P. (2015). The development and function of lung-
resident macrophages and dendritic cells. Nat Immunol, 16(1), 36-44. doi:10.1038/ni.3052 

Kozel, T. R., & Follette, J. L. (1981). Opsonization of encapsulated Cryptococcus 
neoformans by specific anticapsular antibody. Infect Immun, 31(3), 978-984.  



 

146 

Kozel, T. R., & Gotschlich, E. C. (1982). The capsule of cryptococcus neoformans 
passively inhibits phagocytosis of the yeast by macrophages. J Immunol, 129(4), 1675-
1680.  

Kubota, Y., Iwasaki, Y., Harada, H., Yokomura, I., Ueda, M., Hashimoto, S., & 
Nakagawa, M. (2001). Role of alveolar macrophages in Candida-induced acute lung 
injury. Clin Diagn Lab Immunol, 8(6), 1258-1262. doi:10.1128/CDLI.8.6.1258-1262.2001 

Langmead, B., & Salzberg, S. L. (2012). Fast gapped-read alignment with Bowtie 2. Nat 
Methods, 9(4), 357-359. doi:10.1038/nmeth.1923 

Larsen, P. H., Holm, T. H., & Owens, T. (2007). Toll-like receptors in brain development 
and homeostasis. Sci STKE, 2007(402), pe47. doi:10.1126/stke.4022007pe47 

Latge, J. P. (1999). Aspergillus fumigatus and aspergillosis. Clin Microbiol Rev, 12(2), 310-
350.  

Lavin, Y., Winter, D., Blecher-Gonen, R., David, E., Keren-Shaul, H., Merad, M., . . . 
Amit, I. (2014). Tissue-resident macrophage enhancer landscapes are shaped by the local 
microenvironment. Cell, 159(6), 1312-1326. doi:10.1016/j.cell.2014.11.018 

Lavin, Yonit, Winter, Deborah, Blecher-Gonen, Ronnie, David, Eyal, Keren-Shaul, 
Hadas, Merad, Miriam, . . . Amit, Ido. (2014). Tissue-Resident Macrophage Enhancer 
Landscapes Are Shaped by the Local Microenvironment. Cell, 159(6), 1312-1326. 
doi:10.1016/j.cell.2014.11.018 

Lee, Y. J., Han, J. Y., Byun, J., Park, H. J., Park, E. M., Chong, Y. H., . . . Kang, J. L. (2012). 
Inhibiting Mer receptor tyrosine kinase suppresses STAT1, SOCS1/3, and NF-kappaB 
activation and enhances inflammatory responses in lipopolysaccharide-induced acute 
lung injury. J Leukoc Biol, 91(6), 921-932. doi:10.1189/jlb.0611289 

Li, Qunhua, Brown, James B., Huang, Haiyan, & Bickel, Peter J. (2011). Measuring 
reproducibility of high-throughput experiments. Ann. Appl. Stat., 5(3), 1752-1779. 
doi:10.1214/11-AOAS466 

Liao, Y., Smyth, G. K., & Shi, W. (2014). featureCounts: an efficient general purpose 
program for assigning sequence reads to genomic features. Bioinformatics, 30(7), 923-930. 
doi:10.1093/bioinformatics/btt656 

Liberzon, A., Birger, C., Thorvaldsdottir, H., Ghandi, M., Mesirov, J. P., & Tamayo, P. 
(2015). The Molecular Signatures Database (MSigDB) hallmark gene set collection. Cell 
Syst, 1(6), 417-425. doi:10.1016/j.cels.2015.12.004 



 

147 

Lionakis, M. S. (2014). New insights into innate immune control of systemic candidiasis. 
Med Mycol, 52(6), 555-564. doi:10.1093/mmy/myu029 

Lionakis, M. S., Lim, J. K., Lee, C. C., & Murphy, P. M. (2011). Organ-specific innate 
immune responses in a mouse model of invasive candidiasis. J Innate Immun, 3(2), 180-
199. doi:10.1159/000321157 

Lionakis, M. S., & Netea, M. G. (2013). Candida and host determinants of susceptibility 
to invasive candidiasis. PLoS Pathog, 9(1), e1003079. doi:10.1371/journal.ppat.1003079 

Lionakis, M. S., Swamydas, M., Fischer, B. G., Plantinga, T. S., Johnson, M. D., Jaeger, M., 
. . . Murphy, P. M. (2013). CX3CR1-dependent renal macrophage survival promotes 
Candida control and host survival. J Clin Invest, 123(12), 5035-5051. doi:10.1172/JCI71307 

Liu, Hui-Fang, Zhang, Hui-Jie, Hu, Qi-Xian, Liu, Xiao-Yan, Wang, Zhi-Quan, Fan, Jia-
Yan, . . . Chen, Feng-Ling. (2012). Altered polarization, morphology, and impaired 
innate immunity germane to resident peritoneal macrophages in mice with long-term 
type 2 diabetes. Journal of biomedicine & biotechnology, 2012, 867023-867023. 
doi:10.1155/2012/867023 

Lohmann-Matthes, M. L., Steinmuller, C., & Franke-Ullmann, G. (1994). Pulmonary 
macrophages. Eur Respir J, 7(9), 1678-1689.  

Love, M. I., Huber, W., & Anders, S. (2014). Moderated estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome Biol, 15(12), 550. doi:10.1186/s13059-
014-0550-8 

Luo, Y., Cook, E., Fries, B. C., & Casadevall, A. (2006). Phagocytic efficacy of 
macrophage-like cells as a function of cell cycle and Fcgamma receptors (FcgammaR) 
and complement receptor (CR)3 expression. Clin Exp Immunol, 145(2), 380-387. 
doi:10.1111/j.1365-2249.2006.03132.x 

Luo, Y., Tucker, S. C., & Casadevall, A. (2005). Fc- and complement-receptor activation 
stimulates cell cycle progression of macrophage cells from G1 to S. J Immunol, 174(11), 
7226-7233.  

Lyons-Cohen, M. R., Thomas, S. Y., Cook, D. N., & Nakano, H. (2017). Precision-cut 
Mouse Lung Slices to Visualize Live Pulmonary Dendritic Cells. J Vis Exp(122). 
doi:10.3791/55465 

Madan, T., Eggleton, P., Kishore, U., Strong, P., Aggrawal, S. S., Sarma, P. U., & Reid, K. 
B. (1997). Binding of pulmonary surfactant proteins A and D to Aspergillus fumigatus 



 

148 

conidia enhances phagocytosis and killing by human neutrophils and alveolar 
macrophages. Infect Immun, 65(8), 3171-3179.  

Maneu, V., Noailles, A., Megias, J., Gomez-Vicente, V., Carpena, N., Gil, M. L., . . . 
Cuenca, N. (2014). Retinal microglia are activated by systemic fungal infection. Invest 
Ophthalmol Vis Sci, 55(6), 3578-3585. doi:10.1167/iovs.14-14051 

Maneu, V., Yanez, A., Murciano, C., Molina, A., Gil, M. L., & Gozalbo, D. (2011). Dectin-
1 mediates in vitro phagocytosis of Candida albicans yeast cells by retinal microglia. 
FEMS Immunol Med Microbiol, 63(1), 148-150. doi:10.1111/j.1574-695X.2011.00829.x 

Mansour, M. K., & Levitz, S. M. (2002). Interactions of fungi with phagocytes. Curr Opin 
Microbiol, 5(4), 359-365.  

Marr, K. A., Koudadoust, M., Black, M., & Balajee, S. A. (2001). Early events in 
macrophage killing of Aspergillus fumigatus conidia: new flow cytometric viability 
assay. Clin Diagn Lab Immunol, 8(6), 1240-1247. doi:10.1128/CDLI.8.6.1240-1247.2001 

McQuiston, T. J., & Williamson, P. R. (2012). Paradoxical roles of alveolar macrophages 
in the host response to Cryptococcus neoformans. J Infect Chemother, 18(1), 1-9. 
doi:10.1007/s10156-011-0306-2 

McQuiston, T., Luberto, C., & Del Poeta, M. (2011). Role of sphingosine-1-phosphate 
(S1P) and S1P receptor 2 in the phagocytosis of Cryptococcus neoformans by alveolar 
macrophages. Microbiology, 157(Pt 5), 1416-1427. doi:10.1099/mic.0.045989-0 

Mehrad, B., Wiekowski, M., Morrison, B. E., Chen, S. C., Coronel, E. C., Manfra, D. J., & 
Lira, S. A. (2002). Transient lung-specific expression of the chemokine KC improves 
outcome in invasive aspergillosis. Am J Respir Crit Care Med, 166(9), 1263-1268. 
doi:10.1164/rccm.200204-367OC 

Mendoza-Coronel, E., & Ortega, E. (2017). Macrophage Polarization Modulates 
FcgammaR- and CD13-Mediated Phagocytosis and Reactive Oxygen Species Production, 
Independently of Receptor Membrane Expression. Front Immunol, 8, 303. 
doi:10.3389/fimmu.2017.00303 

Mildner, Alexander, & Jung, Steffen. (2014). Development and Function of Dendritic Cell 
Subsets. Immunity, 40(5), 642-656. doi:10.1016/j.immuni.2014.04.016 

Mills, C. D., Kincaid, K., Alt, J. M., Heilman, M. J., & Hill, A. M. (2000). M-1/M-2 
macrophages and the Th1/Th2 paradigm. J Immunol, 164(12), 6166-6173. 
doi:10.4049/jimmunol.164.12.6166 



 

149 

Mircescu, M. M., Lipuma, L., van Rooijen, N., Pamer, E. G., & Hohl, T. M. (2009). 
Essential role for neutrophils but not alveolar macrophages at early time points 
following Aspergillus fumigatus infection. J Infect Dis, 200(4), 647-656. 
doi:10.1086/600380 

Monari, C., Bistoni, F., Casadevall, A., Pericolini, E., Pietrella, D., Kozel, T. R., & 
Vecchiarelli, A. (2005). Glucuronoxylomannan, a microbial compound, regulates 
expression of costimulatory molecules and production of cytokines in macrophages. J 
Infect Dis, 191(1), 127-137. doi:10.1086/426511 

Ngo, L. Y., Kasahara, S., Kumasaka, D. K., Knoblaugh, S. E., Jhingran, A., & Hohl, T. M. 
(2014). Inflammatory monocytes mediate early and organ-specific innate defense during 
systemic candidiasis. J Infect Dis, 209(1), 109-119. doi:10.1093/infdis/jit413 

Okabe, Y., & Medzhitov, R. (2014). Tissue-specific signals control reversible program of 
localization and functional polarization of macrophages. Cell, 157(4), 832-844. 
doi:10.1016/j.cell.2014.04.016 

Ost, K. S., Esher, S. K., Leopold Wager, C. M., Walker, L., Wagener, J., Munro, C., . . . 
Alspaugh, J. A. (2017). Rim Pathway-Mediated Alterations in the Fungal Cell Wall 
Influence Immune Recognition and Inflammation. MBio, 8(1). doi:10.1128/mBio.02290-16 

Osterholzer, J. J., Milam, J. E., Chen, G. H., Toews, G. B., Huffnagle, G. B., & Olszewski, 
M. A. (2009). Role of dendritic cells and alveolar macrophages in regulating early host 
defense against pulmonary infection with Cryptococcus neoformans. Infect Immun, 77(9), 
3749-3758. doi:10.1128/IAI.00454-09 

Philippe, B., Ibrahim-Granet, O., Prevost, M. C., Gougerot-Pocidalo, M. A., Sanchez 
Perez, M., Van der Meeren, A., & Latge, J. P. (2003). Killing of Aspergillus fumigatus by 
alveolar macrophages is mediated by reactive oxidant intermediates. Infect Immun, 71(6), 
3034-3042.  

Quinlan, A. R. (2014). BEDTools: The Swiss-Army Tool for Genome Feature Analysis. 
Curr Protoc Bioinformatics, 47, 11 12 11-34. doi:10.1002/0471250953.bi1112s47 

Rambach, G., Dum, D., Mohsenipour, I., Hagleitner, M., Wurzner, R., Lass-Florl, C., & 
Speth, C. (2010). Secretion of a fungal protease represents a complement evasion 
mechanism in cerebral aspergillosis. Mol Immunol, 47(7-8), 1438-1449. 
doi:10.1016/j.molimm.2010.02.010 



 

150 

Rambach, G., Hagleitner, M., Mohsenipour, I., Lass-Florl, C., Maier, H., Wurzner, R., . . . 
Speth, C. (2005). Antifungal activity of the local complement system in cerebral 
aspergillosis. Microbes Infect, 7(13), 1285-1295. doi:10.1016/j.micinf.2005.04.014 

Ritchie, M. E., Phipson, B., Wu, D., Hu, Y., Law, C. W., Shi, W., & Smyth, G. K. (2015). 
limma powers differential expression analyses for RNA-sequencing and microarray 
studies. Nucleic Acids Res, 43(7), e47. doi:10.1093/nar/gkv007 

Robb, L., Drinkwater, C. C., Metcalf, D., Li, R., Kontgen, F., Nicola, N. A., & Begley, C. G. 
(1995). Hematopoietic and lung abnormalities in mice with a null mutation of the 
common beta subunit of the receptors for granulocyte-macrophage colony-stimulating 
factor and interleukins 3 and 5. Proc Natl Acad Sci U S A, 92(21), 9565-9569.  

Robinson, M. D., McCarthy, D. J., & Smyth, G. K. (2010). edgeR: a Bioconductor package 
for differential expression analysis of digital gene expression data. Bioinformatics, 26(1), 
139-140. doi:10.1093/bioinformatics/btp616 

Schaffner, A., Douglas, H., & Braude, A. (1982). Selective protection against conidia by 
mononuclear and against mycelia by polymorphonuclear phagocytes in resistance to 
Aspergillus. Observations on these two lines of defense in vivo and in vitro with human 
and mouse phagocytes. J Clin Invest, 69(3), 617-631.  

Schlageter, A. M., & Kozel, T. R. (1990). Opsonization of Cryptococcus neoformans by a 
family of isotype-switch variant antibodies specific for the capsular polysaccharide. 
Infect Immun, 58(6), 1914-1918.  

Schulz, C., Gomez Perdiguero, E., Chorro, L., Szabo-Rogers, H., Cagnard, N., Kierdorf, 
K., . . . Geissmann, F. (2012). A lineage of myeloid cells independent of Myb and 
hematopoietic stem cells. Science, 336(6077), 86-90. doi:10.1126/science.1219179 

Schulz, D., Severin, Y., Zanotelli, V. R. T., & Bodenmiller, B. (2019). In-Depth 
Characterization of Monocyte-Derived Macrophages using a Mass Cytometry-Based 
Phagocytosis Assay. Sci Rep, 9(1), 1925. doi:10.1038/s41598-018-38127-9 

Scott, C. L., T'Jonck, W., Martens, L., Todorov, H., Sichien, D., Soen, B., . . . Guilliams, M. 
(2018). The Transcription Factor ZEB2 Is Required to Maintain the Tissue-Specific 
Identities of Macrophages. Immunity, 49(2), 312-325 e315. 
doi:10.1016/j.immuni.2018.07.004 

Serbina, N. V., Jia, T., Hohl, T. M., & Pamer, E. G. (2008). Monocyte-mediated defense 
against microbial pathogens. Annu Rev Immunol, 26, 421-452. 
doi:10.1146/annurev.immunol.26.021607.090326 



 

151 

Serbulea, V., Upchurch, C. M., Schappe, M. S., Voigt, P., DeWeese, D. E., Desai, B. N., . . . 
Leitinger, N. (2018). Macrophage phenotype and bioenergetics are controlled by 
oxidized phospholipids identified in lean and obese adipose tissue. Proc Natl Acad Sci U 
S A, 115(27), E6254-E6263. doi:10.1073/pnas.1800544115 

Sergushichev, Alexey A. (2016). An algorithm for fast preranked gene set enrichment 
analysis using cumulative statistic calculation. bioRxiv, 060012. doi:10.1101/060012 

Shah, D., Romero, F., Zhu, Y., Duong, M., Sun, J., Walsh, K., & Summer, R. (2015). C1q 
Deficiency Promotes Pulmonary Vascular Inflammation and Enhances the Susceptibility 
of the Lung Endothelium to Injury. J Biol Chem, 290(49), 29642-29651. 
doi:10.1074/jbc.M115.690784 

Shah, V. B., Huang, Y., Keshwara, R., Ozment-Skelton, T., Williams, D. L., & Keshvara, 
L. (2008). Beta-glucan activates microglia without inducing cytokine production in 
Dectin-1-dependent manner. J Immunol, 180(5), 2777-2785.  

Shah, V. B., Ozment-Skelton, T. R., Williams, D. L., & Keshvara, L. (2009). Vav1 and PI3K 
are required for phagocytosis of beta-glucan and subsequent superoxide generation by 
microglia. Mol Immunol, 46(8-9), 1845-1853. doi:10.1016/j.molimm.2009.01.014 

Shen, L., Zheng, J., Wang, Y., Zhu, M., Zhu, H., Cheng, Q., & Li, Q. (2017). Increased 
activity of the complement system in cerebrospinal fluid of the patients with Non-HIV 
Cryptococcal meningitis. BMC Infect Dis, 17(1), 7. doi:10.1186/s12879-016-2107-9 

Shi, C., & Pamer, E. G. (2011). Monocyte recruitment during infection and inflammation. 
Nat Rev Immunol, 11(11), 762-774. doi:10.1038/nri3070 

Shoham, S., & Levitz, S. M. (2005). The immune response to fungal infections. Br J 
Haematol, 129(5), 569-582. doi:10.1111/j.1365-2141.2005.05397.x 

Sibille, Y., & Reynolds, H. Y. (1990). Macrophages and polymorphonuclear neutrophils 
in lung defense and injury. Am Rev Respir Dis, 141(2), 471-501. 
doi:10.1164/ajrccm/141.2.471 

Sieweke, M. H., & Allen, J. E. (2013). Beyond stem cells: self-renewal of differentiated 
macrophages. Science, 342(6161), 1242974. doi:10.1126/science.1242974 

Solomon, L. A., Li, S. K., Piskorz, J., Xu, L. S., & DeKoter, R. P. (2015). Genome-wide 
comparison of PU.1 and Spi-B binding sites in a mouse B lymphoma cell line. BMC 
Genomics, 16, 76. doi:10.1186/s12864-015-1303-0 



 

152 

Spellberg, B., Ibrahim, A. S., Edwards, J. E., Jr., & Filler, S. G. (2005). Mice with 
disseminated candidiasis die of progressive sepsis. J Infect Dis, 192(2), 336-343. 
doi:10.1086/430952 

Spivia, W., Magno, P. S., Le, P., & Fraser, D. A. (2014). Complement protein C1q 
promotes macrophage anti-inflammatory M2-like polarization during the clearance of 
atherogenic lipoproteins. Inflamm Res, 63(10), 885-893. doi:10.1007/s00011-014-0762-0 

Stempin, C. C., Dulgerian, L. R., Garrido, V. V., & Cerban, F. M. (2010). Arginase in 
parasitic infections: macrophage activation, immunosuppression, and intracellular 
signals. J Biomed Biotechnol, 2010, 683485. doi:10.1155/2010/683485 

Stuart, T., Butler, A., Hoffman, P., Hafemeister, C., Papalexi, E., Mauck, W. M., 3rd, . . . 
Satija, R. (2019). Comprehensive Integration of Single-Cell Data. Cell, 177(7), 1888-1902 
e1821. doi:10.1016/j.cell.2019.05.031 

Subramanian, A., Tamayo, P., Mootha, V. K., Mukherjee, S., Ebert, B. L., Gillette, M. A., . 
. . Mesirov, J. P. (2005). Gene set enrichment analysis: a knowledge-based approach for 
interpreting genome-wide expression profiles. Proc Natl Acad Sci U S A, 102(43), 15545-
15550. doi:10.1073/pnas.0506580102 

Suzuki, T., Arumugam, P., Sakagami, T., Lachmann, N., Chalk, C., Sallese, A., . . . 
Trapnell, B. C. (2014). Pulmonary macrophage transplantation therapy. Nature, 
514(7523), 450-454. doi:10.1038/nature13807 

Syme, R. M., Bruno, T. F., Kozel, T. R., & Mody, C. H. (1999). The capsule of 
Cryptococcus neoformans reduces T-lymphocyte proliferation by reducing 
phagocytosis, which can be restored with anticapsular antibody. Infect Immun, 67(9), 
4620-4627.  

Tarique, A. A., Logan, J., Thomas, E., Holt, P. G., Sly, P. D., & Fantino, E. (2015). 
Phenotypic, functional, and plasticity features of classical and alternatively activated 
human macrophages. Am J Respir Cell Mol Biol, 53(5), 676-688. doi:10.1165/rcmb.2015-
0012OC 

Taylor, P. R., Martinez-Pomares, L., Stacey, M., Lin, H. H., Brown, G. D., & Gordon, S. 
(2005). Macrophage receptors and immune recognition. Annu Rev Immunol, 23, 901-944. 
doi:10.1146/annurev.immunol.23.021704.115816 

Tesmer, L. A., Lundy, S. K., Sarkar, S., & Fox, D. A. (2008). Th17 cells in human disease. 
Immunol Rev, 223, 87-113. doi:10.1111/j.1600-065X.2008.00628.x 



 

153 

Thomas, S. Y., Whitehead, G. S., Takaku, M., Ward, J. M., Xu, X., Nakano, K., . . . Cook, 
D. N. (2018). MyD88-dependent dendritic and epithelial cell crosstalk orchestrates 
immune responses to allergens. Mucosal Immunol, 11(3), 796-810. doi:10.1038/mi.2017.84 

Tran, M. T. N., Hamada, M., Jeon, H., Shiraishi, R., Asano, K., Hattori, M., . . . Takahashi, 
S. (2017). MafB is a critical regulator of complement component C1q. Nat Commun, 8(1), 
1700. doi:10.1038/s41467-017-01711-0 

van de Laar, Lianne, Saelens, Wouter, De Prijck, Sofie, Martens, Liesbet, Scott, Charlotte 
L., Van Isterdael, Gert, . . . Guilliams, Martin. (2016). Yolk Sac Macrophages, Fetal Liver, 
and Adult Monocytes Can Colonize an Empty Niche and Develop into Functional 
Tissue-Resident Macrophages. Immunity, 44(4), 755-768. 
doi:10.1016/j.immuni.2016.02.017 

van Furth, R., Cohn, Z. A., Hirsch, J. G., Humphrey, J. H., Spector, W. G., & Langevoort, 
H. L. (1972). The mononuclear phagocyte system: a new classification of macrophages, 
monocytes, and their precursor cells. Bull World Health Organ, 46(6), 845-852.  

Varol, C., Mildner, A., & Jung, S. (2015). Macrophages: development and tissue 
specialization. Annu Rev Immunol, 33, 643-675. doi:10.1146/annurev-immunol-032414-
112220 

Vats, D., Mukundan, L., Odegaard, J. I., Zhang, L., Smith, K. L., Morel, C. R., . . . Chawla, 
A. (2006). Oxidative metabolism and PGC-1beta attenuate macrophage-mediated 
inflammation. Cell Metab, 4(1), 13-24. doi:10.1016/j.cmet.2006.05.011 

Winter, Deborah R., & Amit, Ido. (2014). The role of chromatin dynamics in immune cell 
development. Immunological Reviews, 261(1), 9-22. doi:10.1111/imr.12200 

Xu, S., & Shinohara, M. L. (2017). Tissue-Resident Macrophages in Fungal Infections. 
Front Immunol, 8, 1798. doi:10.3389/fimmu.2017.01798 

Yona, S., Kim, K. W., Wolf, Y., Mildner, A., Varol, D., Breker, M., . . . Jung, S. (2013). Fate 
mapping reveals origins and dynamics of monocytes and tissue macrophages under 
homeostasis. Immunity, 38(1), 79-91. doi:10.1016/j.immuni.2012.12.001 

Yu, Y. R., O'Koren, E. G., Hotten, D. F., Kan, M. J., Kopin, D., Nelson, E. R., . . . Gunn, M. 
D. (2016). A Protocol for the Comprehensive Flow Cytometric Analysis of Immune Cells 
in Normal and Inflamed Murine Non-Lymphoid Tissues. PLoS One, 11(3), e0150606. 
doi:10.1371/journal.pone.0150606 



 

154 

Zaragoza, O., Taborda, C. P., & Casadevall, A. (2003). The efficacy of complement-
mediated phagocytosis of Cryptococcus neoformans is dependent on the location of C3 
in the polysaccharide capsule and involves both direct and indirect C3-mediated 
interactions. Eur J Immunol, 33(7), 1957-1967. doi:10.1002/eji.200323848 

Zhang, H. J., Qu, J. M., Shao, C. Z., Zhang, J., He, L. X., & Yuan, Z. H. (2008). Aspergillus 
fumigatus conidia upregulates NOD2 protein expression both in vitro and in vivo. Acta 
Pharmacol Sin, 29(10), 1202-1208. doi:10.1111/j.1745-7254.2008.00860.x 

Zhang, L., & Wang, C. C. (2014). Inflammatory response of macrophages in infection. 
Hepatobiliary Pancreat Dis Int, 13(2), 138-152.  

Zhou, Q., Gault, R. A., Kozel, T. R., & Murphy, W. J. (2007). Protection from direct 
cerebral cryptococcus infection by interferon-gamma-dependent activation of microglial 
cells. J Immunol, 178(9), 5753-5761.  

Zhu, J., & Paul, W. E. (2008). CD4 T cells: fates, functions, and faults. Blood, 112(5), 1557-
1569. doi:10.1182/blood-2008-05-078154 



 

155 

Biography 
Shengjie Xu graduated from Purdue University in 2013 with a Bachelor of 

Science in Biology with honor thesis focusing on the impact of plant Myosin on the 

subcellular localization of Agrobacterium virulence proteins. After undergraduate 

education, she enrolled in the Cell and Molecular Biology program at Duke University 

and joined the Shinohara lab affiliated with the Department of Immunology. She has co-

authored the following peer-reviewed articles: 

Xu-Vanpala, S., Deerhake, ME., Wheaton, JD., Parker, ME., Juvvadi, PR., 
MacIver, N., Ciofani, M. and Shinohara, ML. (2020) “Heterogeneity and plasticity of 
alveolar macrophage populations during Cryptococcus infections.” In revision. 

Thak, EJ., Lee, SB., Xu-Vanpala, S., Lee, DJ., Chung, SY., Bahn, YS., Oh, DB., 
Shinohara, ML. and Kang, HA. (2020) “Core N-glycan Structures are Critical for the 
Pathogenicity of Cryptococcus neoformans by Modulating Host Cell Death.” mBio, In 
print.  

Ide, S., Yahara, Y., Kobayashi, Y., Strausser, S. A., Ide, K., Watwe, A., Xu-
Vanpala, S., Privratsky, J. R., Crowley, S. D., Shinohara, M. L., Alman, B. A., & Souma, 
T. (2020). Yolk-sac-derived macrophages progressively expand in the mouse kidney 
with age. eLife, 9, e51756.  

Xu, S and Shinohara, ML. (2017) “Tissue-resident macrophages in fungal 
infection.” Frontier Immunol. 8:1798. 

Kanayama, M., Xu, S., Danzaki K., Gibson, J., Inoue, M, Gregory, SG. and 
Shinohara, ML. (2017) “Skewing of the population balance of lymphoid and myeloid 
cells by secreted and intracellular Osteopontin.” Nature Immunol. 18(9):973-84. 

 


	Abstract
	Contents
	List of Tables
	List of Figures
	Acknowledgements
	1. Introduction
	1.1. Overview of tissue-resident macrophage identities0F
	1.1.1. Developmental origins of tissue-resident macrophages
	1.1.2. Tissue-resident macrophages shaped by organ-specific microenvironments
	1.1.3. Identifying TRMs using surface and oncogenic marker

	1.2. Functions of tissue-resident macrophages during fungal infection
	1.2.1. Fungi-induced innate immunity
	1.2.2. Lung - Alveolar macrophages
	1.2.3. CNS - Microglia
	1.2.4. Kidney – renal macrophages

	1.3.  Plasticity of AMs functions during pathological conditions
	1.4. Discussion

	2.  Materials and Methods
	2.1. Animal usage
	2.2. Experiment with fungal infection
	2.3. Isolating tissue resident cells for flow cytometry analysis and FACS
	2.3.1. Lung
	2.3.2. Liver and kidney
	2.3.3. Peritoneum
	2.3.4. Brain

	2.4. Precision-cut mouse lung slices (PCLS) and immunostaining
	2.5. Cellular assays
	2.5.1. Obtaining AMs for RNA-seq and tissue culture experiments
	2.5.2. Seahorse analysis of AMs
	2.5.3. Phagocytosis assay
	2.5.4. AM, DC, T cell 3-way culture

	2.6. Molecular assays
	2.6.1. Determining soluble protein concentration
	2.6.2. Quantitative RT–PCR

	2.7. Pulmonary macrophage transfer assay
	2.8. High-throughput system biology assays
	2.8.1. ATAC-seq data analysis of TRMs
	2.8.2. RNA-seq sample preparation and data analysis
	2.8.3. ATAC sample preparation and ATAC-seq data analysis
	2.8.4. scRNA-seq sample processing and data analysis
	2.8.4.1. scRNA-seq library preparation
	2.8.4.2. Single-cell RNA-seq statistical analysis methods4F



	3.  Tissue resident macrophages have differential CXCL2 expression during fungal infections
	3.1. CXCL2 expression in TRMs during early fungal infection
	3.1.1. Candida albicans infection
	3.1.2. Cryptococcus neoformans infection
	3.1.2.1. Microglia
	3.1.2.2. Alveolar macrophages


	3.2. Distinct Cxcl2 gene promoter accessibility among TRMs
	3.3. Discussion

	4.  Some AMs cannot produce CXCL2 during fungal infection
	4.1. CARD9 signaling is involved in AMs CXCL2 expression
	4.2. AMs locations do not explain the presence of CXCL2- AMs
	4.3. Ontogenic origins of AMs do not explain the heterogeneity of CXCL2 expression in AMs
	4.4. Discussion

	5.  CXCL2+ AMs have typical pro-inflammatory phenotype, while CXCL2- AMs highly express anti-inflammatory C1q
	5.1. CXCL2+ and CXCL2- AMs have qualitatively distinct gene expression patterns
	5.2. CXCL2+ and CXCL2- AMs are metabolically energetic and quiescent, respectively
	5.3. AMs responses to Cryptococcus are Heterogeneous of at single-cell level
	5.4. Cxcl2 mRNA is a robust marker for AM
	5.5. CXCL2- and CXCL2+ AMs have distinct chromatin accessibility
	5.6. CXCL2- and CXCL2+ AMs gene expressions are regulated by distinct mechanisms
	5.7.  Some homeostatic AMs are CXCL2-poised
	5.8. Discussion
	5.8.1. Distinct CXCL2- and CXCL2+ AMs gene expression during fungal infection
	5.8.2. Mechanisms regulating CXCL2- and CXCL2+ AMs gene expression
	5.8.3. CXCL2-poised AMs from naïve mice


	6.  AM subpopulations functions, fate and plasticity
	6.1. AMs phagocytosis
	6.2. AMs is plastic in Cxcl2 expression but not in C1q
	6.2.1. AM subpopulation in vitro culture gene expression
	6.2.2. AM subpopulations in vivo phenotype post transfer

	6.3. Impact of AM subpopulation on cytokine production by T helper cells
	6.4. C1q function during Cryptococcus infection
	6.5.  Discussion
	6.5.1. AMs phagocytic capacity
	6.5.2. Cell fate and gene expression plasticity
	6.5.3. AM impact on T helper cell cytokine production


	7.  Conclusion
	References
	Biography

