Sentinel Functions of Tissue Resident Macrophages During Early Fungal Infections
by
Shengjie Xu
Department of Immunology

Duke University

Date:

Approved:

Mari Shinohara, Supervisor

You-Wen He

Gianna Hammer

Michael Dee Gunn

Jorn Coers

Dissertation submitted in partial fulfillment of
the requirements for the degree of
Doctor of Philosophy in the
Department of Immunology in the
Graduate School of Duke University

2020



ABSTRACT
Sentinel Functions of Tissue Resident Macrophages During Early Fungal Infections
by
Shengjie Xu
Department of Immunology

Duke University

Date:

Approved:

Mari Shinohara, Supervisor

You-Wen He

Gianna Hammer

Michael Dee Gunn

Jorn Coers

Dissertation submitted in partial fulfillment of
the requirements for the degree of
Doctor of Philosophy in the
Department of Immunology in the
Graduate School of Duke University

2020



Copyright by
Shengjie Xu
2020



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 | found
that TRMs are potent producers of neutrophil chemokine CXCL2. | 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 naive 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.



Among the CXCL2-expressing TRMs, heterogeneous transcriptional states were
identified within alveolar macrophages (AMSs) 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
Clg molecule, expressed only by the pre-CXCL2- AMs. Promoters of C1g 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. | 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



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, | will review the current
understanding of TRMs including their identities and functions during early fungal

infection.

1.1. Overview of tissue-resident macrophage identities’

Macrophages were initially discovered in the late 19t 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 (TRMSs) 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, TRMSs are considered to have specific functions shaped by various tissue
microenvironments (Gosselin et al., 2014; Y. Lavin et al., 2014).

In this section, | 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



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 CXsCR1 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 CXsCR1 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



replaces the population with MDMs (Slava Epelman et al., 2014). These murine studies
strongly suggested that TRMSs, 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-3 (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
4



(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).



Table 1: Surface markers used to identify tissue resident macrophages

Tissue Macrophage Functions during Phenotypic
physiological conditions Markers

CNS Microglia Brain development, immune F4/80ni, CD45low,
surveillance, synaptic CD11b*
remodeling

Liver Kupffer cells Toxin removal, lipid F4/80n, CD11blow,
metabolism, iron recycling, CD169+, CD68*,
erythrocytes clearance, etc. Galectin-3*

Lung Alveolar Surfactant clearance, SiglecF+, CD11cM,

macrophages surveillance for inhaled CD11btow, F4/80tw,

pathogens, etc. CD64+, CD24-

Spleen Red pulp mac Erythrocyte clearance, iron F4/80n, CD11b'ew
processing, capture of microbes
from blood

Peritoneum | Large peritoneum | Phagocytosis of apoptotic cell F4/80n, CD11b"

macrophages

and tissue repair

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,

6




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, | 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



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, 3-glucan, and mannan are the major pathogen associated molecular
patterns (PAMPSs) 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



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.,



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 Fcy
receptors (FcyR) 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 FcyR 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 (Argl), 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 Argl-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 Argl 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 (3-glucans on the fungal cell surface (Dague, Alsteens,
Latge, & Dufrene, 2008; Hohl et al., 2005) and stimulates the production of
proinflammatory cytokines TNFa, 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-y, 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 TNF«a
(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, | 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 -glucans through dectin-1, resulting in
phosphorylation of Syk (V. B. Shah et al., 2008) and activation of Vavl 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).

13



In contrast to Candida, Cn spores are not effectively cleared by microglia. Thus,
microglia require other immune cells and mechanisms to effectively combat Crn 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-1a, and CCL4/MIP-13, but
the response is also known to be inhibited by cryptococcal capsular polysaccharides
(Goldman et al., 2001). In addition to antibodies, LPS and IFNy 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 IFNy 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, IFNy 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 IFNy 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). CXsCR1-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 naive mice are shown to kill Candida conidia in tissue
culture (Lionakis & Netea, 2013). Besides their endogenous fungal-killing ability, kidney
F4/80M 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 Fcy 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 TNFa, CXCL1, CXCL2,
CCL2 and IL-1f (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 4f 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 B-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-
CDl1c" 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 B-glucan through
Dectin-1 and activate Syk, Vavl, 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"Tbal* microglia in situ or
CD45"CD11b*"MHC-IT*
microglia by flow cytometry
(Maneu et al., 2014)

C. neoformans

Produce chemokines, MCP-1, MIP-1a
and MIP-1f 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 IFNy or LPS priming to
eliminate Cn through nitric oxide

production (Blasi et al., 1995)
17
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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
SSC°’CD45'Ly6G
CD11b"F4/80" 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 TNFa 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
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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 TRMSs 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). Fit3¢¢ mice have been previously
described (Slava Epelman et al., 2014) and kindly provided by Dr. K. Lavine
(Washington University in St. Loius). CIga’- 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 Lst-tiTemato 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 30°C 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 — 10¢ Cn yeasts/mouse in 50 ul of PBS. In some
experiment, Cn yeasts were heat-killed for 1 hr at 100 °C 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 37°C overnight and harvested by washing with PBS twice.
Mice of 6-8 weeks old were intravenous (i.v.) injected with 10° 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 °C 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 37°C. 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 CO.. After the opening of mice chest cavity, the lungs
were inflated intratracheally with a digestion solution containing 60 pug/ml liberase TM
(Roche) and 6,500 Dornase units/ml DNase | (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/ Clone Conjugate Company Catalog #
Target

CD45 30-F11 APC/Cy7 Biolegend 103116
CD45 30-F11 BUV 395 BD Horizon 564279
Fixable dead cell stain kit Violet Invitrogen L34955
CDl11b M1/70 APC/Cy7 Biolegend 101226
CD11b M1/70 BV711 Biolegend 101242
CDl11c N418 BV510 Biolegend 117338
Ly6G 1A8 PE Biolegend 127608
Ly6G 1A8 BVv421 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 BVv421 BD 562681
CD326 G8.8 APC Biolegend 118213
CDha31 390 PerCP-Cy5.5 Biolegend 102419
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Figure 1: Gating strategy to identify myeloid cells in the lung

2.3.2. Liver and kidney

Mice were euthanized with CO: 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 37°C 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 CO.. 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 CO.. The brain was collected by cutting open the
skull and placed into tissue digestion solution. Tissues were incubated at 37°C for 1 hour
and vortexed every 10-15 minutes. Upon completion of digestion, brain tissue yielded
single cell suspension and filtered through 70um 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 COz, 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 um thickness with Compresstome® (VF-200-0Z, Precisionary)
in ice cold PBS. PCLS were stained with an antibody cocktail for 1 hour at 4 °C 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 10* 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 uM oligomycin
and 1 puM FCCP. Mitochondria stress assays were performed by adding 1 uM
oligomycin and 1 uM FCCP, and Rotenone/Antimycin A at 0.5 UM 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-1I mice and were tested positive for T
cell receptor VB5. 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
pg/ml) were also added to the medium together with T cells. For Thl skewing condition,
IL-12 (5 ng/ml) and anti-1L-4 (10ug/ml) were added. For Th17 skewing condition, TGF(
(5ng/ml), IL-6 (20ng/ml), IL-23 (100ng/ml), anti-IL-4 antibody (10ug/ml) and anti-IFNy

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 C1lg 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-a, IL-1p3,

IL-1ax, 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 qgScript cDNA synthesis kit (Quantabio). Standard
guantitative RT-PCR (qRT-PCR) was performed using SYBR FAST gPCR 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 -
AACt 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 CGACA
Reverse CTGGGTCATCTTTTC ACGGT

Cxcl2 Forward CCACCAACCACCAGGCTAC
Reverse GCT TCA GGG TCA AGG GCA AA

Clga Forward AGCATCCAGTTTGATCGGAC
Reverse CTTCAGCCACTGTCCATACTAG

Clgb Forward AGAAGCATCACAGAACACCAG
Reverse ACATGGAGAAAACCTAGAAGCAG

Clgc Forward GTCTCTGTGATTAGGCCTGAAG
Reverse AGCAGGCAAAGTCCACATG

I1l6 Forward GAG GAT ACCACTCCCAACAGACC
Reverse AAG TGC ATC ATC GTT GTT CAT ACA

Tnfa Forward CATCTTCTCAAAATTCGAGTGACAA
Reverse TGGGAGTAGACAAGGTACAACCC

Argl Forward GGA TTG GCA AGG TGA TGG AA
Reverse AGT CCT GAA AGG AGC CCTGT
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1110 Forward GGT TGC CAA GCCTTATCG GA
Reverse ACCTGCTCCACTGCCTTGCT

111b Forward CGCAGCAGCACATCAACAAGAGC
Reverse TGTCCTCATCCTGGAAGGTCCACG

2.7. Pulmonary macrophage transfer assay

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 105~2x10°
FACS-sorted CD45.1* CD45.2* AMs were administered intranasally in a volume of less
than 15ul 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 windowv.

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

2.8. High-throughput system biology assays

2.8.1. ATAC-seq data analysis of TRMs

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. CxcI2 gene were visualized using IGV browser.

ATAC-seq data of various TRMs isolated from naive mice were downloaded
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2.8.2. RNA-seq sample preparation and data analysis

FIt3-FM*, FIt3-FM-, CXCL2- and CXCL2* AMs were obtained from the lung Cxcl2-
Egfp;Fit3¢r;R26!5-dTemate mice at 9-hpi with Cn by FACS sorting. Homeostatic AM samples
(FIt3-FM+* and FIt3-FM-), which are all CXCL2-GFP-negative, were obtained from naive
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 Kitby Duke Sequencing and Genomic Technologies Shared Resource
facility. RNA libraries were sequenced on an Illumina HiSeg4000 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 FIt3-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 FIt3-FM* and FIt3-
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 FIt3-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 gPCR 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 Illlumina NextSeqg500 using a 42-bp paired-end
mode at a depth of 30-50 million reads per sample.

Raw ATAC-seq reads?® were trimmed to remove adapter sequences and low-
guality 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
naive 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 x : 98 °C for 15, 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 x
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
guantitative 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 flowecell (Illumina, San Diego, CA,

4scRNAseq 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 methods®

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 mml0 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 naive 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 naive 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.

42



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 F4/80" 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 F4/80'ow
myeloid cells. However, the pattern recognition receptor levels on F4/80" TRMs (spleen
and peritoneum) are comparable to F4/80w 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, | explored the chemokine CXCL2 expression response of TRMs
(considered as one of the “sentinel” functions) using various fungal infection models. |
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 F4/80" macrophages from
peritoneum and spleen can produce high levels of chemoattractant CXCL2 than F4/80'ow
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 TRMSs, | 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 naive CXCL2-GFP reporter mice were isolated
and stimulated with Pam,CSK, 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, | 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). F4/80" 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). | found that F4/80" 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, | 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. | found that liver F4/80" 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 F4/80" 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 F4/80" 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 31). However, | could
not detect CXCL2 expression in spleen F4/80" 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 F4/80" macrophages was
reported to have higher CXCL2 production than F4/80'w myeloid cells post Candida
infection (Kanayama et al., 2015).

The CXCL2 protein expression in F4/80" macrophages from peritoneum
confirmed the CXCL2 protein and mRNA data reported via ELISA and gPCR methods,

respectively, during the early hours of Candida infection (Kanayama et al., 2015). In
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addition to peritoneum TRMs, | also detected CXCL2 expression in liver and kidney
F4/80" TRMs, which is the novel knowledge that could not be acquired without the

CXCL2-GFP reporter mice.
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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 2.5x108
conidia/mouse (i.p.) (A-C) or 10¢ 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) F4/80" macrophages after 6 (E, H) or 12 hours (B, K) post Ca infection.
Number or percentage of neutrophils in peritoneum (C), liver (F), kidney (), 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 ¢-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 Crn 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, | 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), | used
an ontological marker to further help with the identification of microglia. FIt3 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 (FIt3cret), whereas microglia

are yolk-sac derived and did not go through the expression of FIt3 during development
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(Epelman, Lavine, & Randolph, 2014). | crossed FIt3¢e mice (lineage tracing of FIt3
expression) to Rosa26tTemate reporter mice to track cell development lineage through FIt3
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 “FIt3ce*) cells.

The FIt3¢exRosa26tTmat |ineage tracing reporter line was further crossed with
CXCL2-GFP reporter line to examine the CXCL2 expression in lineage traced cells. | first
gated microglia as CD11b* Ly6C- Ly6G- CD64* cells. With the FIt3 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, | infected the
reporter mice with intravenous injection through retro-orbital route. | 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.0.) at 10° 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

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

natural course of infection, Cn spores enter the host through
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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, | 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, | 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- SiglecFh 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 | 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 CXCLZ2, 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 CxcI2 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 naive 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) (10*
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 gPCR in FACS-sorted epithelial (CD45 CD326*) and endothelial cells
(CD45- CD31) from naive 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, | sought to examine the accessibility of Cxcl2 gene promoters in
various TRMs.

| analyzed ATAC-seq dataset of TRMs of naive 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 F4/80" macrophages, Kupffer cells and AMs expressed CXCL2 during Ca
and Cn infection, respectively, while spleen F4/80" macrophages and microglia were
unable to produce CXCL2 even though neutrophil recruitment occurred in the
corresponding tissue. In addition, F4/80'°w myeloid cells in these tissues were all unable

to express CXCL2 during early fungal infection. F4/80'w 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
F4/80w 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.
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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. | uncovered some TRMSs 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 | 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 naive 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, | 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 CxcI2 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, | 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, |
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, | 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) (10
conidia/mouse) or zymosan (100pg/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 Pam:CSK4 (12.5ug/mouse) or LPS
(12.5png/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, |
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examined whether the presence of CXCL2-non expressing AMs were due to insufficient
fungal stimulation in vivo. So, | 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 Pam2CSKa4 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 naive 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 20um. (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 Pam.CSKa4 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. CARDS9 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 CARD?9 (Gross et al., 2006),
I instilled Cn in Card9/”- CXCL2-GFP reporter mice to determine whether CARD9 is
involved in CXCL2 expression in AMs. | found both percentage of CXCL2* AMs and
expression intensity of CXCL2 were significantly lower in Card9- AMs (Figure 9 A-C)
Without CARDY, 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.
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Figure 9: CARD9 signaling is involved in AMs CXCL2 expression
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(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. | 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 ¢-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), CD11lc (red),
CD326/EpCAM(white). White bars denote 500 um (A, G), 100 um (B, D), 20 um (C and E)
or 50 pm(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). | 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 Fit3¢* 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 FIt3¢* FM recombination (Slava Epelman et
al., 2014). Fit3¢ Rosa26 LsL-taTemato 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;

Fit3¢r Rosa26 Lsi-dTomato 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 FIt3-FM give rise to the heterogeneous AMs, | sequenced
MRNA of AM population differentiated by FIt3-FM and CXCL2-GFP reporter. AMs
from Cn-instilled mice showed a dramatic differentially expressed transcriptional profile
from AMs from naive mice. However, the difference between CXCL2- and CXCL2* AMs
were not notably contributed by FIt3-FM (Figure 11C). Thus, the ontogenic origin does

not appear to be critical to separate CXCL2+*and CXCL2- AMs.
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Figure 11: Heterogeneity of CXCL2 expression in AMs is independent of
ontogenic origins fate mapped by FIt3

(A-C) CXCL2-GFP; FIt3creR26L5L-tdTomato mijce were instilled with Cn (10*
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 FIt3-
FM- and FIt3-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 FIt3-FM* and FIt3-FM- AMs from naive 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, | 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. | 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 CXCL2is particularly interesting
because zymosan stimulates TLR2, as well as Dectin-1. Because zymosan is particulate,
while Pam:CSK4 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 | 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 Runx1¢<ER, CsfIrceER, Cx3cr1¢ R, and FIt3¢ (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. Runx1¢<ER, CsflrceER and
Cx3cr1ceER mapping strategy identify yolk-sac derived macrophages, while Fit3cr
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), Runx1¢rER,
CsfIrceER and Cx3cr1€<ER mapping strategies could not label homeostatic AMs. On the

other side, FIt3¢e 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, | chose Fit3¢ strategy to examine AMs population. Nevertheless, |
still observed about 30% homeostatic AMs that are Fit3¢ (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). | also
observed limited gene expression variations between homeostatic FIt3¢ and Flt3¢ AM
(Figure 11C), indicating AMs with differential Cre recombination efficiency are not
genetically different.

Another advantage of FIt3¢¢ 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 FIt3¢++ (Slava Epelman et al.,
2014), 1 can use the system to learn whether AMs were replenished from bone marrow
monocytes based on the percentage change of Fit3¢+ and Flt3¢+, To my surprise, FIt3¢r
AM percentage did not increase but decreased post Crn instillation (Figure 11A),
suggesting that FI/t3¢= monocyte-derived macrophages did not contribute to AM
population post Cn instillation. In addition, gene expression profile comparing

stimulated FIt3¢= and Flt3¢ 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. | 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 Fit3¢-differentiated ontogenic origins.
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5.CXCL2* AMs have typical pro-inflammatory
phenotype, while CXCL2- AMs highly express anti-
inflammatory C1q

As | 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 CARD?9, | confirmed that the CXCL2
expression in some AMs indeed requires CARD9 to produce fully-fledged level of
CXCL2 protein. | further found that the heterogenous CXCL2 expression in AMs is also
independent of the ontogenic origins fate mapped by FIt3 FM system.

To understand the difference between CXCL2- and CXCL2* AMs and the
mechanism that regulates the gene expression of AM subpopulations, | 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, | 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 1110 and the Clg
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.
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Figure 12: Distinct gene expression between CXCL2- and CXCL2+ AMs
identified by RNAseq.

CXCL2 and CXCL2* AMs were isolated from either CXCL2-GFP reporter naive
mice or mice instilled with Cn (10 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

CXCL2* AMs highly express pro-inflammatory cytokine Tnf and Il6 mRNA and

protein, which can be confirmed by gPCR (Figure 13A) and ELISA (Figure 13B). In
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contrast, CXCL2- AMs have higher production of IL10 and Clq subunits. Zymosan in
vivo instillation also induced a similar gene expression pattern between CXCL2* and
CXCL2- AMs (Figure 13C), except for 1110. Of note, CXCL2- AMs from Cn-instilled mice
highly secreted IL-10 and Clq (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 1/10 and C1g 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 gPCR. RNA lysates for gPCR 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 naive mice. Each data
point reflects data from one mouse. (B) Protein expression was evaluated by multiplex
beads flow cytometry, except for Clq 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.
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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 naive 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 | 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 Argl (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.
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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, | 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 naive 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 (OXPHQOS) 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

AMSs,
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Figure 16: Distinct metabolic profiles between CXCL2- and CXCL2* AMs

(A-D) Three AM groups (homeostatic AMs from naive 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 mTORCL 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, |
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 | sought to address with single-cell RNA sequencing (scCRNA-seq):
(1) Are there distinct activated and homeostatic AM subpopulations expressing no or
low Cxcl2 mRNA (denoted as “Cxcl2> mRNA AMs” hereafter) after Cn instillation? (2)
Are activated Cxcl2°> mRNA AMs an intermediate state between naive and stimulated
Cxcl2" 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 nheutrophil-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 (sScCRNA-seq) of
total lung immune cells from mice at 9 hpi of Cn and naive controls. We obtained high
quality CD45* single cells from lung homogenates using MACS bead isolation, and
processed samples for sScRNA-seq using the 10X Genomics Chromium platform (Figure
19A, B). We analyzed 4,586 cells from naive 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 naive 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 (CD1lc* (Itgax),
CD206* (Mrcl), CD1lb (Itgam), CX3CR1- (Cx3crl)) 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 naive
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 naive 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 naive-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
(I11b) 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).
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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 naive 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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scRNAseq data
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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).
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Figure 19: Filtering out putative mutiplets of AMs scRNAseq data.

(A) Plot of average expression (color) and percent expressed (size) for signature
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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 naive and stimulated
conditions within the proliferating cell subset. (F) Hierarchical clustering of AM
populations, following filtering of proliferating cells and putative multiplets.
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Figure 20: Clustering of homeostasis and Cn-stimulated AMs based on
scRNAseq analysis

(A) Uniform manifold approximation and projection (UMAP) of AMs from naive
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, | sought to profile heterogeneity in CxcI2 mRNA expression across AM
subpopulations. Notably, CxcI2 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 Cxcl2"
MRNA (R1, R3) and CxcI2°» 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 Cxcl2> mRNA AMs in
the R2 cluster are neither naive-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 Cxcl2> mRNA R2 cluster is distinct from
the H cluster branch (Figure 19F). These results strongly suggested that Cxcl2> mRNA
R2 AM subpopulation are in fact activated but have an alternative activation phenotype
distinct from Cxcl2" mRNA (R1, R3) AMs.

I analyzed differential gene expression and gene-set enrichment within R
clusters, specifically comparing Cxcl2" mRNA (R1, R3) and Cxci2> mRNA (R2)
populations (Figure 20B, Figure 21D). By GSEA, we found that Cxcl2" mRNA
responders (R1, R3) were enriched in pathways including TNF«a signaling via NFkB

(Rhob, Jun, Kif2, Cxcl2, Egrl; Figure 21B, D), consistent with GSEA pathway analysis
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from Cxcl2* bulk RNA sequencing data (Figure 12A). In contrast, Cxcl2? mRNA
responders (R2) showed enrichment in pathways including adipogenesis (Angptl4,
Dgat1, Abcal), protein secretion (Cltc, Abcal, Arfl), and glycolysis (Cd44, Taldol, Me2,
Mertk), indicating distinct functional programs for these subpopulations (Figure 21B). In
addition, CxcI2* 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 CxcI2 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-Io (R2) populations and (B) homeostatic Cxcl2
mRNA-hi (H1) and Cxcl2 mRNA-Io (H2-6) populations. (D) Gene set enrichment analysis
(GSEA) of comparing Cxci2" mRNA (R1, R3) and Cxcl2» mRNA (R2) AM populations.
Heatmap of normalized enrichment score (NES).

5.5. CXCLZ2 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. |
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sought to explore if the differential expression can be regulated at the epigenetic level.
Here, | 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). | 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 NK«kB-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 C1g 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 (naive), 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 NF«xB
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. CXCLZ2 and CXCL2* AMs gene expressions are regulated
by distinct mechanisms

In addition to have enriched binding motifs in CXCL2* AMs (Figure 22B), NFxB-
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 NF«xB-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 Cxcl2" responsive group R1 from the previous scRNA-
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seq data (Figure 21B). However, | 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 |
examined was likely much later and c-Jun has already return to the cytoplasm.
Homeostatic AMs from naive mice also suggested that c-Jun stays in cytoplasm during
steady state (Figure 23B), which is different from NFxB-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, | could not examine c-Jun

activity in AM populations before the protein was synthesized.
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Figure 23: Transcription factor expression in the nucleus of AM
subpopulations

(A) Nuclear expression NFkB-p65 subunit in homeostatic (naive), CXCL2-, and
CXCL2* AMs from CXCL2-GFP reporter mice at 9 Hpi with Cn. A Representative images
(left) and integrated fluorescent intensity of NF«B-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: 10pum. Analyzed by unpaired Student’s ¢-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 ClIga, Clgb, and Clgc. Indeed, the Clq loci were more accessible in CXCL2-

AMs than CXCL2* AMs (Figure 24B). With all the genes forming the Clq 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, |

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 Clg’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 C1g molecules through enhanced chromatin

accessibility, while CXCL2+* AMs upregulates proinflammatory genes through active and

possibly highly expressed TF NFxB 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 C1g subunit gene loci. Highlighted are significantly accessible
regions (FDR<0.05) (B). Accessible regions in Cxcl2, 1l6, 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 RN Aseq) 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, | 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 naive that may suggest a
progenitor population for CxcI2" 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, | noticed that
the H1 cluster showed elevated Cxcl2 mRNA compared to the remaining H clusters
(Figure 21A). | reanalyzed a previously published data (Scott et al., 2018) and confirmed
the presence of a homeostatic AM subpopulation expressing elevated Cxcl2 mRNA in
naive 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 mMRNA by
flow cytometry, confirmed Cxcl2 mRNA were indeed pre-loaded in some AMs from
naive 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 naive mice. To determine whether resident microbiome contributes to the pre-

loaded Cxcl2 mRNA in homeostatic AMs, we examined AMs from naive 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, | 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 Cxcl2" 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 Cxcl2" mRNA R1/R3
AMs after stimulation, we would predict that the H1 population size would be reduced
after stimulation. In fact, | 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 naive 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.
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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 naive 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 naive 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 | 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, | 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 CxcI2
MRNA (CxcI2> 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 Clq and IL-10
(Figure 13B), despite their metabolically quiescent status. In this context, it is particularly
interesting that the expression of 1L-10, a potent anti-inflammatory cytokine, does not
need the active metabolism as proinflammatory cytokines, such as TNFa and IL-6, do.
1110, Tnf, and I1I6 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 TNFa 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 Clga, Clgb, Clgc
gene expression (Tran et al., 2017) and 1I10 (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 C1lg* 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 CxcI2 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 Cxcl2> mRNA AM responders in the
R2 cluster show enrichment in genes that are known to inhibit cell cycle progression
(Cdkn1la), inhibit MAPK signaling (Dusp3), and inhibit Rho GTPase signaling (Arhgdia). |
expected to identify Clg 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? | 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 Clq 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, 116, 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 TNFa depends on the transcription factor activities to shape define CXCL2*

AMs as proinflammatory AMs. For example, ATAC-seq analysis suggested that the

107



accessible loci of CXCL2* AMs were enriched with AP-1 and NFxB 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 NFxB
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 naive mice

In contrast to the R2 Cxcl2» 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 naive 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 naive mice can be confirmed by mRNA
hybridization flow cytometry method (Figure 24B). However, these CXCL2-posied AMs
were still present in naive 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. | 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
CxcI2" 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 mMRNA hybridization coupled with PCLS to
identify Cxcl2" AMs in naive mice, are needed to explore these possibilities. Cxcl2
MRNA tracing system could also provide more insight into whether these homeostatic

Cxcl2" 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, | 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 | 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 10um. (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, | 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 wvivo stimulation). gPCR results indicated that pre-CXCL2 and pre-
CXCL2* AMs no longer had clear difference in expression levels of Cxcl2, Tnf, Il1b and
Argl (Figure 28D). Yet, notably, expression of Clga, Cigb, Clgc, and 1110 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 Clqg

genes and //10. The better restoration of CXCL2- AM signature gene expression might
reflect the preserved open chromatin statues specific to CXCL2- AMs, as seen in three

Clg 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, | 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.
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Figure 29: Donor AM subpopulations reconstituted from recipient mice
through pulmonary macrophage transfer (PMT)

(A) Numbers of various cell types in the lung of naive 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 ¢-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. | further re-stimulated donor AM groups in vivo by
instilling recipient mice with Cn for 16 hours after the initial 6 week reconstitution. | 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 Clga
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 Clga both ex vivo and in vivo. The
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difference may come from distinct transcription regulation mechanisms at different loci:
the Cxcl2, 116 and Tnf promoters were constantly accessible in all the AM populations
regardless the stimulation condition (Figure 24B), while the Clga promoters were

accessible only in CXCL2- AMs upon Cn instillation (Figure 24C).
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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 gPCR. 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), naive 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 Thl, Th2, Thl7, Foxp3*T regulatory cells (Zhu & Paul, 2008). Thl
cells secret interferon-y (IFN-y) 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 IFNy 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 IFNy 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, | 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 naive 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).

122



As OT-II T cell stimulation by OVA-processed DC could not induce T helper cell
differentiation (data not shown), | 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 IFNvy* cell percentage in Thl 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 Thl7 skewing were not affected by the addition of either AM subpopulation
(Figure 31H, 1). Here, IFNYy 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 IFNy cytokine production by Thl 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 IFNy 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-1l 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 IFNy expression in
CD4+ T cells differentiated by Thl skewing condition. (G) Bar graph showing percentage
of IFNy~ cells out of total CD4* T cells comparing different 3-way co-culture groups. (H)
Expression of IL-17A and IFNy expression in CD4* T cells differentiated by Thi17
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 ¢-test (G, 1) 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 Clq in the context of Cn

infection, | 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 Clg loci. Elevated Clq
levels were previously reported in human cerebrospinal fluid from individual with
cryptococcal meningitis (Shen et al., 2017), and we also observed elevated Clqg protein
levels in the BALF after Cn instillation (Figure 32A). Nevertheless, the function of Clq
has not been studied in Cn infection. Thus, we used CIga’ mice, which do not form the
complete C1g complex, to examine the role of C1qg in Cn pulmonary infection. First, the
absence of Clga in AMs did not alter CXCL2 production and CXCL2* AM generation
(Figure 32B, C). However, results clearly indicated the protective role of Clq, as
demonstrated by CIga’- mice more susceptible in survival and weight loss (Figure 33A,
B). Here, fungal burdens in the lung, spleen, and brain of C1gmice 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, Clga’ 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 Clq 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.
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Figure 32: Comparison of WT vs. Clga’- mice during early Cn infection

(A) Clg complex protein levels in BALF of WT mice instilled with Cn (10* yeast
cells/mouse) at indicated timepoints. (B) CXCL2-GFP expression in WT and Clga”
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 Clq-deficient mice during Cn infection

Clga’- and WT mice were instilled with Cn at 105 cells/mouse. Survival (A) and
weight loss (B) of WT (n=4) and Clga’ (n=6) mice. (C-F) Fungal burden on 25-dpi (D)
and numbers of indicated cell types in the lung (D) in WT and C1ga’ 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 | 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, | 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 | 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-

AMSs,

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 Clg. Pre-CXCL2- AMs somehow maintained the expression capability of Clq
and highly express Clq 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. Clg-reporter mice could also be used to trace this specific

AMs subpopulation and examine the long-term function of C1g* 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 Clq. Interestingly, IFNy in BALF of recipient mice transferred with pre-
CXCL2- AMs was higher than mice transferred with pre-CXCL2+* AMs (Figure 31A). But
IFNY was undetectable in AMs cultured ex vivo (data not shown), suggesting the source of
IFNYy in BALF of recipient mice was unlikely from AMs directly. Then what is the source
of elevated IFNy in BALF? And how pre-CXCL2- AMs donor cells induce higher IFNy in
vivo? It was known that C1q can enhance IFNy production by antigen-specific T cells via
DCs (Baruah et al., 2009). Because AMs could not directly induce T cell proliferation and
differentiation, | added AMs into DC-T cell co-culture to evaluate the impact of AMs on
T cell cytokine production. IFNy 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 IFNy production by T cells was indeed

mediated by C1q only via comparing with C1g-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, | 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 signhature 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, | 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: C1g 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, Clg
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 CI1g 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.
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