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Summary

The lung is one of the largest barrier tissues of our body, and is constantly exposed to the
environment. By inhaling, the lungs do not only take up oxygen, which is crucial for cellular
respiration, but also a plethora of pathogens and particulate matter from ambient air.
Adaptation of pulmonary mononuclear phagocytes to these inhaled external stressors ensures
the host’s fitness by increased pathogen clearance and tissue resilience. However, how the
pulmonary immune system integrates this exposure to the environment on a cellular and
molecular level remains elusive. B-Glucan, a naturally occurring polysaccharide of fungal cell
walls, is abundant in ambient air and has been linked to low-grade inflammation and innate
immune training. In this thesis, we aim to investigate the effect of an acute or chronic 3-glucan
exposure on the murine pulmonary myeloid cell compartment and how this environmental
adaptation is regulated on a cellular and molecular level. Single-cell transcriptomic and flow
cytometric analyses revealed a CCR2-dependent recruitment of monocyte-derived CD11b*
alveolar macrophages (AM) to the alveolar space up to 21 days after exposure. Furthermore,
the B-glucan mediated recruitment of CD11b* AM to the alveolar space is dependent on the
Dectin-1 — CARDS9 signaling axis. CD11b* AM expressed high levels of genes previously linked
to a lipid-associated inflammatory monocyte-derived macrophage signature, such as Apoe,
Cd63, Sppl, Gpnmb and Trem2, and were therefore termed ApoE*CD11b* AM. Upon ex vivo
restimulation with Lipopolysaccharide (LPS), ApoE*CD11b* AM secreted increased levels of
interleukin-6 (IL-6) compared to bona fide AM. Transfer of ApoE*CD11b* AM to naive mice
preserved the increased IL-6 secretion indicating that the functional rewiring is taking place on
the macrophage level. Myeloid cell-specific ApoE ablation impeded CD11b* AM survival
between day 3 to day 7 after B-glucan exposure by promoting excessive cholesterol
accumulation. Further experiments showed a specific accumulation of cholesterol in the
endoplasmic reticulum (ER) in ApoE-deficient CD11b* AM, thus inhibiting autocrine M-CSF
secretion into the alveolar space and lastly promoting cell death. Functionally, the B-glucan
mediated environmental adaptation increased the phagocytic capacity of AM and thereby
reduced the bacterial burden in an acute Legionella pneumophila infection. Furthermore, the
B-glucan mediated environmental adaptation ameliorated fibrosis severity in an organoid
model in vitro. Repetitive exposure to [(-glucan increased the cellular abundance of
ApoE*CD11b" AM compared to a single exposure without introducing major changes in other
immune cell populations. Collectively, we provide evidence of a macrophage-centric tissue-
specific adaptation mechanism improving host fitness and resilience via integration of low-

grade inflammation eliciting environmental cues.
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Introduction

[. Introduction

I.I. Lung: Function, architecture and immune cell composition

[.I.I. Function and architecture of the lung

The respiratory system consists of the upper and lower airways that ensure efficient filtering
and uptake of air into the lungs. From the upper airways, the air flows into the trachea, which
has a thick wall made of cartilage and smooth muscles, to conduct air down the bronchial tree
of the lung. The bronchial tree splits up into two main branches and each of these branches
can be further subdivided into lobes and lobules. Within these lobes, dichotomous branching
of the airways from the bronchioles into the alveoli decreases the velocity of aspirated air and
increases the surface for gas exchange (1). The delicate 0.3 um thin interface of the alveoli
consists of type | and Il alveolar epithelial cells (AEC) (1, 2). Type | AEC make up for 95% of
the lining of the respiratory zone, while type Il AEC are less numerous, sit at the junctions of
alveolar septa and produce surfactant. The alveolar epithelium acts as a closed barrier with
tight junctions between epithelial cells to prevent leakage of molecules and pathogens. Close
contact of the alveolar epithelium with the capillary endothelium of blood vessels ensures a
rapid oxygen and carbon dioxide diffusion. “Leaky” junctions between the endothelial cells of
the capillaries facilitate molecule exchange between the blood stream and the lung interstitium,

the space between the alveolar epithelium and the capillary endothelium (1).

To ensure homeostasis during gas exchange, the lung has to overcome two challenges:
defence against the environment and the mechanical stress on the tissue while being inflated
(1). Uptake of oxygen from the environment renders the lung susceptible to pollutants and
pathogens present in the 1x10* litres of ambient air inhaled daily (2). The respiratory surface
of the lung is covered in mucus and surfactant produced by goblet cells and type Il AEC forming
a mucociliary clearance system together with the ciliated epithelium to remove incoming
pollutants and pathogens (1). Excessive production and the inability to clear mucus results in
the loss of organ function and oxygen uptake (3). Additionally, regular inflation of the lung
causes mechanical stress on the thin epithelium leading to constant need for tissue repair (1).
Innate phagocytes like monocytes, macrophages and dendritic cells (DCs) are therefore an
integral component of the pulmonary immune system to ensure efficient and rapid clearance
of mucus, dead cells and pathogens to re-establish tissue homeostasis (2). This has to be
tightly regulated and balanced as overshooting immune responses could damage the delicate

alveolocapillary interface (2).
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[.I.1l. Immune cell composition of the lung

The antigen-rich environment of the lung shapes the composition of tissue-resident innate and
adaptive immune cells (4). The innate myeloid compartment of pulmonary immune cells
consists of macrophages, monocytes, granulocytes and DCs (5). At the air-exposed interface,
alveolar macrophages (AM) form the first line of cellular defence constantly patrolling the
luminal side of the alveoli and phagocytosing pathogens, mucus and dead cells (2, 6).
Epithelial cells and AM rapidly secrete pro-inflammatory mediators like monocyte
chemoattractant protein 1 (MCP-1) attracting neutrophils and monocytes for host defence
during inflammation and infection (7, 8). Moreover, it has become evident that monocytes and
neutrophils also fulfil homeostatic functions (9-11). In particular, monocytes show a broad
heterogeneity in terms of phenotype and location that goes beyond the identification of
classical, migratory Ly6¢c* and non-classical, patrolling Ly6c™ monocytes (10). Due to their
plasticity, monocytes can be found in all compartments of the lung and give rise to monocyte-
derived interstitial macrophages (IM) or AM in steady state and inflammation (10, 12, 13). IM
on the other hand are exclusively found in the interstitium, where at least two known
subpopulations guard the interstitial space and the vasculature (14). DCs are located in the
interstitial space and sit closely attached to the epithelial lining performing luminal sampling
with their dendrites (15). Upon uptake for foreign antigens, they can rapidly induce adaptive
immune responses via migration to lymphatic vessels in close proximity to the alveoli and
capillaries (1). Pulmonary DCs can be separated into conventional DC type 1 and 2 (cDC1,
cDC2) and newly discovered DC3 (16, 17). Each of these subtypes sits at specific locations
and induces different T cell activation and polarization programs to modulate the adaptative
response according to the type of the invading pathogen (18-20). Besides lymphocytes
patrolling through the lymph vessels and interacting with the local DC network, the lung also
harbours a plethora of tissue-resident lymphoid cells. Innate lymphoid cells (ILC), natural killer
(NK) cells, regulatory T cells and ydT cells are the most prominent populations in the lung,

completing a functionally specialized network shaped by its exposure to the environment (4).

l.Il. Macrophages: General overview

The classification of macrophages has been extensively discussed in the last decade due to
their dynamic heterogeneity in regards to origin, phenotype and function. Developmentally,
macrophages established during embryogenesis are considered tissue-resident, while the
ones that stem from adult bone marrow are monocyte-derived. During prenatal development,
macrophage progenitors (pMac) of the yolk sac colonize the embryo as early as embryonic

development day 9 and further differentiate into tissue-resident macrophages that are integral
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to all organs (21, 22). The core functions of tissue-resident macrophages are efferocytosis,
non-opsonic and receptor-dependent phagocytosis and complement system activation. Each
of these core function is established by expression of genes like Timd4 and Mertk for
efferocytosis, Cd36, Clec7a and Mrcl for non-opsonic phagocytosis, a variety of Fc receptor
genes and ltgam for receptor-dependent phagocytosis and C1lgb and Clqgc for complement
activation (21). After seeding different tissues, macrophages acquire a tissue-specific
transcriptional profile on top of their core function profiles to establish their identity and fulfil
their homeostatic and immune sentinel function (23). Tissue-resident macrophages usually
maintain their population by self-renewal with no or low input of hematopoetic stem cell-derived
monocytes. However, distinct macrophage populations across the body require input of
monocytes during post-natal tissue maturation and some populations are even exclusively
dependent on constant replenishment by monocytes (13, 24). Both embryonically and adult-
derived macrophages are able to co-exist in the same tissue and contribute to tissue function
during steady state and inflammation (23). A recent publication identified three macrophage
populations across organs: embryonically derived long-lived Tim4*Lyve-1"Folr2*
macrophages, monocyte-derived short-lived CCR2* macrophages and MHCII" macrophages
with mixed origin and longevity (25). The following chapters will be focused on macrophage

heterogeneity, origin and function in the murine lung.

l.Il.I. Alveolar macrophages

AM are the most abundant macrophage subtype in the lung, although only one AM can be
found in every third alveolus (6). They can rapidly migrate from one alveolus to another by
squeezing through the pores of Kohn that interconnect the alveoli to effero- or phagocytose
cellular debris and foreign particles (26). To maintain homeostasis, AM efferocytose apoptotic
cells and surfactant via Marco and Axl in an immunologically silent way without triggering
inflammation (27, 28). When AM reach their maximal phagocytic capacity limit, they can induce
inflammation by secretion of pro-inflammatory cytokines like TNF-a and IL-1 to locally recruit
monocytes and granulocytes (29, 30). AM also secrete immunoregulatory cytokines like TGF-
B to resolve inflammation and protect the alveolar epithelium from damage (31). AM are
categorized into tissue-resident or monocyte-derived AM according to their ontogeny. Tissue-
resident AM (trAM) stem from fetal monocytes that reach the niche in response to the actin
binding protein L-plastin to colonize the alveoli (32). Postnatal differentiation of fetal monocytes
into AM is dependent on granulocyte-macrophage colony stimulating factor (GM-CSF)
secreted by type Il AEC (33, 34) and TGF-B (35). GM-CSF signalling in combination with
epithelial derived and autocrine TGF-f3 triggers expression of peroxisome proliferator-activated

receptor y (PPARY), one of the major transcription factors for macrophage development (31,
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36). Other transcription factors like Egr2, Bhih40 and Bhlh41l and MafB ensure their self-
renewal and identity (21, 37, 38) (Figure 1).

{Egrz, MafB\
/Bhlh40/41 |

fetal
monocyte

endothelial
cell

Figure 1: Pre- and postnatal development of alveolar macrophages. During embryonic
development, fetal monocytes migrate from the vasculature into the alveolar space around day E18.5.
At birth, GM-CSF produced by type Il AEC, L-plastin and autocrine TGF-f signalling induce expression
of PPARy committing towards the AM fate. After birth, immature trAM develop into AM and expression
of transcription factors like PPARy, Egr2, MafB and Bhlh40/41 ensures their identity. During adulthood,
monocytes from the bone marrow egress from the blood vessel into the alveolus and differentiate into
moAM. MoAM are dependent on M-CSF during development and co-exist in the niche together with
fetal-derived trAM. Adapted from (2).

Recent approaches delineating the origin of AM in adult mice showed that approximately 20%
are monocyte-derived under homeostatic conditions (13). Loss of trAM during ageing, sterile
inflammation, lung injury and infections can lead to proliferation of trAM (30, 39) or further
emergence of monocyte-derived AM (moAM) to replenish the niche and to restore lung function
(12, 13, 40, 41). CCR2'Ly6c" classical monocytes enter the alveolar space and differentiate
into moAM that are dependent on M-CSF (42) (Figure 1). However, the signals that trigger
monocyte influx and differentiation into macrophages remain elusive. MOAM and trAM share
the expression of common macrophage markers as CD64, MerTk, CD11c and SiglecF, but
mostly differ in their transcriptional and functional phenotype (41). The altered cellular functions
of moAM can positively or negatively influence disease settings depending on the context.

MoAM secrete higher levels of pro-inflammatory cytokines like IL-6, which confer to a better
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clearance of secondary Streptococcus pneumoniae infections or protection against allergic
asthma (12, 43), but on the other hand accelerate tissue damage and fibrosis (44). These
studies show that experienced infections and adaptation to the environment diversifies the AM

compartment in the lung, yet a full understanding is still lacking.

L.ILII. Interstitial macrophages

IM reside in the interstitial space between the alveolar epithelium and the endothelium of the
blood vessels. IM across the body share a similar transcriptional profile, which is most likely
determined by their conserved function (25, 45). Pulmonary IM are maintained by M-CSF
signalling and there are at least two to three subpopulations that differ in their spatial
localization and function (14, 45, 46). Nerve bundle associated Lyve-1°"MHCII"" IM express
pro-inflammatory mediators like IL-1B and Cxcll2 and regulate immune responses upon
inflammatory exposure (14, 46). Blood vessel associated Lyve-1""MHCII'" IM are the
gatekeepers of the vasculature and have an immunoregulatory signature defined by Tgfb2,
Plaur and Fcna (14). Depletion of Lyve-1""MHCII™ IM increased vascular leakage and
worsened bleomycin fibrosis (14). The origin of IM is still not fully understood. Current literature
suggest that IM originate from fetal precursors with self-renewal capacities. Depending on the

subpopulation, monocytes partially and gradually replace IM during adulthood (2).

[.III. Influence of environmental exposure on lung immunity
l.IIl.I. General overview

Diversity of innate immune cells in the lung is driven by the close contact to the environment
and by the inhalation of aerosols, particulate matter, pathogens and immunomodulatory
substances of pathogens. The environmental pollutants inhaled by humans are mainly gases
like carbon monoxide. Particulate matter only accounts for ~5% of environmental pollutants,
and the majority is derived from transportation and fuel combustion (1). Recent studies have
highlighted that sterile low-grade inflammation induced by inhaled particulate matter reshapes
the macrophage compartment (47), impedes recovery after lung injury (48) and even promotes
lung adenocarcinoma (49). These negative health effects of inhaled substances are
juxtaposed by positive effects upon exposure to different substances. For example,
immunomodulatory pathogen-derived substances like endotoxin have been associated with a
low incidence of allergies and asthma (50) and protection from secondary bacterial infections
(51). These immunomodulatory pathogen-derived substances are macromolecules shed from
the surface of bacteria and fungi, mostly polysaccharides from the cell wall that act as
pathogen-associated molecular patterns (PAMPs) (52). These PAMPs are recognized by

pattern recognition receptors (PRR) expressed on innate immune cells in the lung (53). One
10
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heavily investigated bacterial and fungal derived polysaccharide is B-glucan, which is
omnipresent in ambient air and has been linked to airway inflammation, allergy and asthma
and the formation of an immune memory in monocytes and macrophages (54-57). Fungal
species like Cladospora and Aspergillus are the major sources for aerial B-glucan
concentrations, although other species also contribute (58). Aerial concentrations of B-glucan
display seasonal differences with the majority of molecules detected during summer months
in urban and agricultural areas, while indoor concentrations are usually low (59, 60). Studies
showed that concentrations of fungal fragments are up to 320x higher than actual fungal

spores, and therefore contribute to the majority of fungal antigens present in ambient air (61).

L.IIL.II. B-Glucan: structure, receptor signalling and immune-modulatory impact

B-Glucans are glucose-based polysaccharides that form a layer on top of the cell wall of
bacteria, fungi, algae and different cereals such as oats and wheat (62, 63). Structurally, -
glucans form linear polymers with a p-(1,3), -(1,4) or -(1,6) glycosidic backbone and side
branches mostly in (1,6) conformation (62). In general, a higher complexity determined by the
degree of branching, the tertiary structure and charge of the -glucan molecule potentiates the
receptor activation and their resultant immunomodulatory effects (64). B-Glucans are
recognized by a broad range of cell surface receptors, such as Dectin-1, complement receptor
3 (CR3), CD5, CD36, lactosylceramide and Toll-like receptors (TLR) 2, 4 and 6. From these
receptors, Dectin-1 and CR3 have been extensively studied in the context of innate immune
cells (52). Dectin-1 is expressed on macrophages and to a lesser extent on granulocytes (65),
while CR3 can mainly be found on neutrophils, monocytes and NK cells (52). Besides their
differential expression, Dectin-1 detects B-glucan in a direct fashion, while CR3 only detects
opsonized B-glucan particles prior to phagocytosis (66). As Dectin-1 is the main receptor
detecting fungal B-glucans (67), its intracellular signal transduction in the cytoplasm and its
transcriptional targets have been well studied. Dectin-1 is a type Il C lectin-like membrane PRR
encoded by the Clec7a gene with an intracellular hemi-immunoreceptor tyrosine-based
activation motif (hemITAM) (68, 69). Upon ligand binding, a conformational change in the
receptor leads to the clustering of these hemITAM at the cytoplasmic tail, which triggers
hemITAM phosphorylation at two tyrosine residues by Src kinases (70). These phosphorylation
sites act as docking sites for spleen tyrosine kinase (Syk), which has to be phosphorylated as
well to achieve full activation (70, 71). Syk can activate three main downstream targets:
Caspase recruitment domain-containing protein 9 (CARD9), phosphoinositide 3 kinase/protein
kinase B (PI3K/AKT) and phosphatidylinositol-specific phospholipase Cy2 (PLCy2) (70).
Signalling via CARD9 leads to the formation of a trimolecular complex together with B cell
lymphoma 10 (BCL10) and Mucosa associated lymphoid tissue 1 (MALT1), which
subsequently activates NF-kB and the production of IL-6, pro-IL-1B and TNF-a (72). CARD9

11
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can also engage with interferon regulatory factor 5 (IRF5), which stimulates production of type
| interferons (73). Signalling via PISK/AKT mainly leads to reactive oxygen species (ROS)
production via the NADPH oxidase and cytokine production (74). PLCy2 activation leads to
Nuclear factor of activated T cells (NFAT) and Extracellular response kinase (ERK) activation,
which induce IL-2, IL-10 and ROS production (75, 76). Interestingly, Syk-independent Dectin-
1 signalling via Raf-1 stimulates phagocytosis and elevates NF-kB expression (77-79).
Additionally, Raf-1 dependent activation of mammalian target of rapamycin (mTOR) and
hypoxia inducible factor a (HIF-1a) leads to chromatin modifications and initiates immune
memory formation (80, 81) (Figure 2). Functionally, it has been shown that the expression of
pro-inflammatory cytokines and immune memory formation after adaptation to B-glucan

protects against a secondary Candida albicans infection (80).
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Figure 2: B-Glucan mediated signalling via Dectin-1 and its main downstream signalling
pathways. Phosphorylation of Dectin-1 by Src upon ligand binding leads to activation of Syk, which
then triggers PLCy2, PI3K/AKT or CARD9/MALT1/BCL10 downstream cascades. Depending on the
pathway, this leads to IL-2, IL-10 and ROS production, NF-kB mediated IL-6, pro-IL-13 and TNF-a or
IRF5 mediated IFN-I production. Syk-independent Dectin-1 signalling leads to Raf-1 activation, which
triggers phagocytosis, NF-kB activation and mTOR/HIF-1a mediated epigenetic remodelling. Adapted
from (70).

12



Introduction

[.IV. Apolipoprotein E: Expression, function and relevance for immune

responses

Apolipoprotein E (ApoE) is a versatile and polymorphic protein that belongs to the family of
apolipoproteins, which are integral components of high-, low- and very low-density lipoproteins
(HDL, LDL and VLDL) to maintain their stability (82). The human Apoe gene exists as three
common major allele variants Apoe2, Apoe3 and Apoe4 and several other isoforms, while only
one isoform exist in mice (83, 82). The majority of ApoE protein is synthesised and secreted
by hepatocytes in the liver and then released into the blood and lymph fluid to exert its function
(84, 85). In peripheral tissues, macrophages are the main source of ApoE (83). Transcription
of Apoe is driven by transcription factors belonging to nuclear hormone receptor family, namely
liver-X-receptors (Lxr) a and 3, that also control other genes involved in cholesterol and fatty
acid metabolism (86). The main purpose of ApoE is transport, (re)distribution and metabolism
of lipids and lipoproteins, as well as cholesterol efflux (82). Therefore, ApoE is one of the major
regulators of blood lipid balance by control of metabolism of endogenous and endogenous
lipids, such as cholesterol and triglycerides, in the liver. Endogenous lipids synthesised in the
liver are directly bound to ApoE and then released into the blood stream to supply tissues with
energy, a process called conventional cholesterol transport (87). In contrast, exogenous lipids
from the intestine or macrophages in the periphery are bound to ApoE and transported to the
liver via the lymph system and vasculature, known as reverse cholesterol transport (82, 87).
After breakdown of triglycerides, cholesterol will be taken up by hepatocytes via the low-density
lipoprotein receptor (LDLR) or low-density lipoprotein receptor-related protein 1 (LRP1) (82).

ApoE~ deficient mice develop hypercholesterolemia and atherosclerosis (88), which can be
even aggravated by ablation of ApoE and Lxra in combination (89). Activation of Lxrf signalling
using synthetic ligands reverses the cholesterol overload in ApoE” Lxra” mice mainly by
reducing the cholesterol content in macrophages (89). Besides its implication in cardiovascular
diseases, dysregulation of ApoE function and lipid homeostasis has also been associated with
neurodegenerative diseases like Alzheimer’s (reviewed in (90)), which can be explained by its
high expression in astrocytes of the central nervous system (91). However, the role of ApoE
during inflammation, infection and cancer has not been fully understood. Infection studies
found that ApoE deficiency increased the susceptibility to Klebsiella pneumoniae, Listeria
monocytogenes and Mycobacterium tuberculosis (92—-95). In the setting of cancer, ApoE has
been linked to tumour-associated macrophages promoting immunosuppression in the
pancreas (96). Further literature describes a dual role of ApoE in other types of cancers, such
as melanoma (97), ovarian cancer, lung cancer and glioblastoma (98). Recent studies
revealed a distinct lipid associated gene signature marked by high Apoe expression in
monocytes that extravasate into lung or adipose tissue and subsequently differentiate into
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macrophages (12, 99). In summary, these studies highlight the function of ApoE in balancing
lipids and cholesterol in a multitude of different disease settings and reveal modulatory

properties of ApoE on immune responses.
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[.V. Aim of the thesis

As the first line of defence against incoming pollutants and pathogens, pulmonary mononuclear
phagocytes, especially alveolar macrophages, are in close and constant contact with the
environment. Recent studies highlighted the immunomodulatory effect of pathogen-derived
cell wall components like B-glucan, which are omnipresent in ambient air that have been linked
to low-grade inflammation and to the formation of an immune memory in monocytes and
macrophages. However, it remains elusive how the fine-tuned heterogeneous network of lung
mononuclear phagocytes, especially alveolar macrophages, adapts to ambient B-glucan. The
aim of this project is to decipher this adaptation process using a mouse model of a single
intranasal (-glucan inoculation. We will first establish a reliable tool to resolve the
heterogeneity of pulmonary mononuclear phagocytes by flow cytometry and then characterize
the quantitative immune cell dynamics post B-glucan inoculation over time. Furthermore, we
will assess if glucan stimulation induces changes in canonical alveolar macrophage functions,
such as cytokine production and phagocytosis. Transcriptomic analysis will be utilized to reveal
how this environmental adaptation is regulated on the gene expression level. Lastly, as B-
glucan has been linked to the formation of an innate immune memory, we will investigate if this
adaptation in the lung has an effect on a secondary challenge. In summary, a mouse model of
a single B-glucan dose will be used to mimic adaptation of pulmonary mononuclear phagocytes
to low-grade inflammation inducing environmental cues and innovative techniques will

investigate this process from a cellular, functional and transcriptional angle.

15



Material and methods

[l. Material and methods

[I.I. Materials

[1.I.I. Animal models

Table 1: The following transgenic mouse lines were used in the study.

Mouse Strain Provider Identifier
Ail4 The Jackson Laboratory JAX: 007914
ApoE flox Prof. J. Heeren -
C57BL/6J LIMES GRC -
CARD9 ko Prof. J. Ruland -
CCR2 ko The Jackson Laboratory JAX: 004999
CD45.1 The Jackson Laboratory JAX: 002014
Dectin-1 ko Prof. D. Brown JAX: 012337
LysM Cre Prof. I. Forster JAX: 004781
Ms4a3 Cre Prof. F. Ginhoux -
Ms4a3 CreERT2 Prof. F. Ginhoux -

[I.I.1l. Consumables

Table 2: Consumables used in the study and their supplier.
Product Supplier
1.5 ml microcentrifuge tubes Sarstedt
15 ml Falcon tubes Sarstedt
2 ml microcentrifuge tubes Sarstedt
5 ml microcentrifuge tubes Greiner Bio-One
50 ml Falcon tubes Sarstedt

70 ym Easy strainer

CELLLSTAR® 6, 48 or 96 Well Cell Culture Multiwell
Plates

Disposable syringe Inject® With Luer fitting, 5 or 20 mL
FACS tubes Santo

Microscope slides

PCR tubes

Serological pipettes

Sterican disposable needles 19G

Sterican disposable needles 22G

TT Cryomolds

[l.I.IIl. Chemicals and reagents

Greiner Bio-One
Greiner Bio-One

B. Braun

Sarstedt

Thermo Fisher Scientific
VWR

Sarstedt

B. Braun

B. Braun

Science Services

Table 3: Chemicals and reagents used in this study and their supplier.

Product Supplier Cat. No.
16% Paraformaldehyde Electron Microscopy Sciences 15710
Albumin Bovine Fraction V, pH 7.0 SERVA 11930
BODIPY ThermoFisher Scientific D3922

BS3 crosslinker ThermoFisher 21580
Collagenase IV Sigma-Aldrich C5138-100MG
D-(+)-Sucrose Sigma-Aldrich SA84100
DNase | Sigma-Aldrich D4263-5VL
Donkey Serum PAN Biotech P30-0101
DPBS (10x) Carl Roth 9130.2
DRAQ5 ThermoFisher Scientific 62254
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DRAQ7

EDTA

Endotoxin-free Dulbecco’s PBS (1x)
FCS

Filipin

Fluoromount G

Fructose

GlutaMAX

Glycerol

HBSS with Ca, Mg

Heparin solution

Hoechst 33342 Trihydrochloride
Insulin-Transferrin-Selenium
GlutaMAX

LPS (E. coli 0111:B4)

Matrigel

MEM non-essential amino acids
MitoTracker Green

Na2COs3

NH4ClI

Nuclear stain

Penicillin/ Streptomycin
Penicillin/Streptomycin

Precision Count Beads
RPMI1640

RTU Animal-Free Block and Diluent
Sodium Pyruvate

Staining buffer

Storing buffer

TGF-B

Tissue-Tek O.C.T.

Triton X-100

Triton-X-100

Zombie NIR™ Fixable Viability Kit
a-MEM

B-1,3 glucan from Candida albicans
B-Mercaptoethanol

II.I.IV. Commercial assays and kits

BioLegend
Invitrogen
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
ThermoFisher
ThermoScientific
Gibco
ThermoScientific
PAN Biotech
Stemcell Technologies
ThermoFisher
ThermoFisher
ThermoFisher
Sigma-Aldrich
Corning
Sigma-Aldrich
ThermoFisher Scientific
Carl Roth

Carl Roth

Akoya Biosciences
ThermoFisher
Gibco

BioLegend

PAN Biotech
VECTOR

Gibco

Akoya Biosciences
Akoya Biosciences
Miltenyi Biotech
Sakura Finetek
Sigma-Aldrich
ThermoScientific
BioLegend
ThermoFisher
provided by Prof. D Wiliams
Gibco

Table 4. Commercial assays and kits used in this study and their supplier.

Product

Supplier

424001
15576-028
TMS-012-A
F7524-500ML
F4767
00-4958-02
Al17718
35050061
A16205
P04-32505
07980
H21492
41400045
35050061
LPS25
354230
M7145-100ML
M7514
6885.2
K298.1
7000003
15070063
10378016
424902
P04-16500
SP-5035-100
11360070
7000008
232107
130-095-066
4583

T9284
A16046
423106
41061029

21985023

Cat. No.

actb mouse Type4 AF488 Probe PrimeFlow
apoE mouse Typel AF647 Probe PrimeFlow

BD Cytofix/Cytoperm kit

CyQUANT NF Cell Quantification Assay Kit

GoTaq gPCR master mix

Mouse IL-6 ELISA Kit

MiniElute kit

miRNeasy Micro Kit

Mouse Apolipoprotein E ELISA Kit
Mouse GM-CSF DuoSet ELISA
Mouse M-CSF DuoSet ELISA
pHrodo S. aureus Bioparticles
PrimeFlow RNA Assay Kit
QuantiTect Reverse Transcription Kit

ThermoFisher Scientific
ThermoFisher Scientific
BD Biosciences
Thermo Fisher Scientific
Promega

eBioscience

Qiagen

Qiagen

Abcam

R&D Systems

R&D Systems
Sartorius
ThermoFisher Scientific

Qiagen

VB4-10432-PF
VB1-10244-PF
554714

C7026

A6002
88-7064-88
28004

217084
ab215086
DY415-05
DY416-05
4619

88-18005
205311
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[1.1.VV. Antibodies

Table 5: Antibodies used in this study. Clone, fluorophore and supplier are listed.

Antibody Fluorophore | Supplier Cat. No.
Anti-mouse ApoE, Clone: EPR19392 - Abcam ab183597
Anti-mouse CD115, Clone: AFS98 PE-CF594 BioLegend 135528
Anti-mouse CD115, Clone: AFS98 PE-Cy7 BioLegend 135523
Anti-mouse CD115, Clone: T38-320 BUV496 BD Biosciences 749974
Anti-mouse CD117, Clone: 2B8 PE-Cy7 BioLegend 105814
Anti-mouse CD11b, Clone: M1/70 Bv421 BioLegend 101236
Anti-mouse CD11b, Clone: M1/70 BUV737 BD Biosciences 612800
Anti-mouse CD11b, Clone: M1/70 - BioLegend 101202
Anti-mouse CD11c, Clone: N418 PerCp-Cy5.5 BioLegend 117328
Anti-mouse CD11c, Clone: N418 BV605 BioLegend 117333
Anti-mouse CD11c, Clone: N418 BV510 BioLegend 117338
Anti-mouse CD11c, Clone: N418 BV510 BioLegend 117302
Anti-mouse CD131, Clone: JORO50 PE BD Bioscience 559920
Anti-mouse CD135, Clone: A2F10 PE-CF594 BD Biosciences 562537
Anti-mouse CD140aq, Clone: APA5 - eBioscience 14-1401-82
Anti-mouse CD150, Clone: 475301 APC BioLegend 115910
Anti-mouse CD16/32, Clone: 2.4G2 BUV563 BD Biosciences 741229
Anti-mouse CD16/32, Clone: 93 - BioLegend 101320
Anti-mouse CD16/32, Clone: 93 APC BioLegend 101325
Anti-mouse CD19, Clone: 6D5 APC-Cy7 BioLegend 115530
Anti-mouse CD192, Clone: 475301 BUV661 BD Biosciences 750042
Anti-mouse CD206, Clone: C068C2 BV650 BioLegend 141723
Anti-mouse CD24, Clone: M1/69 PE eBioscience 12-0242-83
Anti-mouse CD24, Clone: M1/69 BUV496 BD Biosciences 564664
Anti-mouse CD24, Clone: M1/69 PE-Cy7 BioLegend 101822
Anti-mouse CD3, Clone: 17A2 APC-Cy7 BioLegend 100222
Anti-mouse CD31, Clone: Mec13.3 FITC BioLegend 102514
Anti-mouse CD326, Clone: G8.8 - BioLegend 118202
Anti-mouse CD326, Clone: G8.8 APC-Cy7 BioLegend 118218
Anti-mouse CD335, Clone: 29A1.4 APC-Cy7 BioLegend 137631
Anti-mouse CD34, Clone: SA376A4 Bv421 BioLegend 152208
Anti-mouse CD43, Clone: S7 BUV563 BD Biosciences 741238
Anti-mouse CDA43, Clone: S7 APC BD Biosciences 560663
Anti-mouse CD45, Clone: 30-F11 BUV395 BD Biosciences 564279
Anti-mouse CD45, Clone: 30-F11 BUV805 BD Biosciences 748370
Anti-mouse CD45, Clone: 30-F11 - eBioscience 14-0451-82
Anti-mouse CD45, Clone: 30-F11 FITC BD Biosciences 553080
Anti-mouse CD45.1, Clone: A20 BUV395 BD Biosciences 565212
Anti-mouse CD45.2, Clone: 104 BUV737 BD Biosciences 564880
Anti-mouse CD45R, Clone: RA3-6B2 APC-Cy7 BioLegend 103224
Anti-mouse CD48, Clone: HV48-1 BV711 BioLegend 103439
Anti-mouse CD64, Clone: X54-5/7.1 PE-Cy7 BioLegend 139314
Anti-mouse CD64, Clone: X54-5/7.1 - BioLegend 139302
Anti-mouse CD90, Clone: 53-2.1 APC-Cy7 BioLegend 140325
Anti-mouse CX3CR1, Clone: SA011F11 AF700 BioLegend 149035
Anti-mouse F4/80, Clone: BM8 BV785 BioLegend 123141
Anti-mouse GPNMB, Clone: EPR18226-147 | - Abcam ab234529
Anti-mouse IL-6, Clone: MP5-20F3 APC BD Biosciences 561367
Anti-mouse Ly6c, Clone: HK1.4 BV605 BioLegend 128036
Anti-mouse Ly6c, Clone: HK1.4 Bv711 BioLegend 128037
Anti-mouse Ly6c, Clone: HK1.4 AF488 BioLegend 128021
Anti-mouse Ly6c, Clone: HK1.4 APC BioLegend 128016
Anti-mouse Ly6c, Clone: HK1.4 FITC BioLegend 128005
Anti-mouse Ly6g, Clone: 1A8 APC-Cy7 BioLegend 127624
Anti-mouse Ly6g, Clone: 1A8 BV750 BD Biosciences 747072
Anti-mouse Ly6g, Clone: 1A8 FITC BioLegend 127606
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Anti-mouse Ly6g, Clone: 1A8 BUV805 BD Biosciences 741994
Anti-mouse M-CSF, Clone: polyclonal - ThermoFisher PA5-95279
Anti-mouse MERTK, Clone: 108928 BV785 BD Biosciences 747890
Anti-mouse MERTK, Clone: 2B10C42 Bv421 BioLegend 151510
Anti-mouse MHC2, Clone: 2G9 BUV496 BD Biosciences 750171
Anti-mouse MHC2, Clone: M5/114.15.2 BV510 BioLegend 107635
Anti-mouse MHC2, Clone: M5/114.15.2 BUV661 BD Biosciences 750280
Anti-mouse MHC2, Clone: M5/114.15.2 - BioLegend 107602
Anti-mouse Na-K-ATPase, Clone: EP1845Y | - Abcam ab76020
Anti-mouse NK-1.1, Clone: PK136 APC-Cy7 BioLegend 108724
Anti-mouse NKP46, Clone: 29A1.4 APC-Fire750 BioLegend 137631
Anti-mouse Sca-1, Clone: D7 PacificBlue BioLegend 108120
Anti-mouse SiglecF, Clone: E50-2440 PE-CF594 BD Biosciences 562757
Anti-mouse SiglecF, Clone: E50-2440 BUV395 BD Biosciences 740280
Anti-mouse SiglecF, Clone: E50-2440 Bv421 BD Biosciences 565934
Anti-mouse SiglecF, Clone: E50-2440 APC-Cy7 BD Biosciences 565527
Anti-mouse TCR B-chain, Clone: H57-597 APC-Cy7 BioLegend 109219
Anti-mouse TER-119, Clone: TER-119 APC-Cy7 BioLegend 116223
Anti-mouse a-SMA, Clone: 1A4 - BioLegend 904601
Anti-mouse a-SMA, clone: 1A4 FITC Sigma-Aldrich F3777
Donkey Anti-Goat IgG Secondary Antibody Cy3 Sigma-Aldrich AP180C
Donkey anti-Rabbit IgG Secondary Antibody | AF488 ThermoFisher A-21206
Donkey anti-Rabbit IgG Secondary Antibody | AF568 ThermoFisher A10042
Donkey anti-Rat IgG Secondary Antibody AF488 ThermoFisher A-21208
Donkey Anti-Rat IgG Secondary Antibody Cy3 Jackson Research | 712-165-153
Donkey Anti-Rabbit IgG Secondary Antibody | Cy3 Abcam ab150075
Ultra-LEAF™ anti-mouse CSF-1R Antibody | - BioLegend 135541
Ultra-LEAF™ Rat 1gG2a Isotype Citrl | - BioLegend 400573
Antibody

[1.1.VI. Buffers and solutions

Table 6: Buffers and solutions prepared in house used in this study.

Buffer Composition
1x PBS 900 ml ddH20
100 ml 10x PBS
0.5M EDTA 186.1 g EDTA
11ddH20
adjust pH to 8.0
Blood and BALF collection buffer 1x PBS with 10 mM EDTA
Complete RPMI1640 cell culture medium RPMI1640 with
10% FCS

50 U/ml Penicillin/Streptomcyin

2 mM GlutaMAX

1 mM Na-Pyruvate

1% MEM non-essential amino acids
0.1% B-Mercaptoethanol

Complete a-MEM organoid medium a-MEM with

10% FCS

50 U/ml Penicillin/Streptomcyin

1x Insulin-Transferrin-Selenium

2 yg/ml Heparin

FACS buffer 1x PBS with 0.5% BSA and 2 mM EDTA
Red blood cell lysis buffer 8.32 g NH4CL

0.84 g NaHCO3

0.043 g EDTA

11ddH20
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Organ digestion buffer HBSS with
10% FCS
0.2 mg/ml collagenase IV
0.05 mg/ml DNasel

[1.1.VIl. Devices

Table 7: Devices used to collect the data analysed in this study.

Equipment Source

Brightfield Microscope Eclipse TS100 Nikon

Cell culture incubator Binder

Centrifuge Concentrator plus Eppendorf

Centrifuges 5810R, 5424, 5424R Eppendorf

CODEX work station Akoya Biosciences

Confocal microscope LSM880 Zeiss

Cryostat CM3050S Leica

Faxitron CP160 Faxitron

Flow cytometer (Symphony A5) Becton Dickinson

Flow cytometry sorter (ARIA 11I) Becton Dickinson

HybEZ Oven Advanced Cell Diagnostics

Incubator Memmert

Microplate reader TECAN

Microscope AxioObserver Zeiss

MojoSort magnets BioLegend

Shaking Incubator Innova44 New Brunswick Scientific
[I.1l. Methods

[1.1l.I. Mouse models

All mice used in this study were bred in the GRC animal facility of the LIMES Institute,
University of Bonn, Germany or Center for Translational Cancer Research, Klinikum rechts der
Isar, Technical University of Munich, Germany. Animals were housed in IVC mice cages with
a 12h light/dark cycle and ad libitum access to food and water. Male mice of 8-12 weeks age
were used for experiments. If possible, wildtype littermates were used for experiments,
otherwise C57BL/6JCrl animals from the LIMES-GRC were added as controls. The
government of North Rhine-Westphalia approved all experiments under the licenses 84-
02.04.2017.A347 and 81-02.04.2020.A454.

[L.IL11. Intranasal and intratracheal application

Mice were anesthetized by intraperitoneal injection of ketamine/xylazine. For the intranasal
stimulation, the mice were inoculated drop by drop onto the nostrils with endotoxin-free 1x PBS
(EMD Millipore) or 200 pg B-glucan from Candida albicans, which was provided by Prof. D.
Williams. For intratracheal application, a plastic gavage needle was placed into the trachea
through the oral cavity. The application solution was injected with a syringe into the trachea

via the gavage needle. Mice were monitored until regaining consciousness.
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[L.IL1I. Transcardial perfusion

Mice were deeply anesthetized by intraperitoneal injection of ketamine/xylazine. The heart was
exposed and a Venofix Safety 25G (B.Braun) needle was inserted into the right ventricle to
perfuse the lung. A small incision was made at the atrium on top of the heart. The heart was

subsequently flushed with 10 ml cold 1x PBS.

[l.II.IV. Broncho-alveolar lavage

The broncho-alveolar lavage fluid (BALF) was collected one, three, seven, 14, 21 or 28 days
after inoculation. The trachea was exposed and a plastic needle was inserted via a small
incision. For cell analysis, the lung was flushed 3x with 1 ml cold 1x PBS supplemented with
10 mM EDTA. The BALF was centrifuged for 5 min at 1350 rpm (365 g) at 4°C prior to
discarding the supernatant. For cytokine assessment, the lung was flushed 3x with the same
1 ml of cold 1x PBS with 10 mM EDTA. Afterwards, the samples were centrifuged for 10 min
at 14000 rpm at 4°C and the supernatant was frozen in liquid nitrogen until analysis.
Supernatants were thawn on ice and centrifuged for 5 min at 10000 rpm at 4°C to remove

debris prior to ELISA assessment.

[I.I1.V. In vivo alveolar macrophage transfer

C57BL/6J CD45.2 wildtype donor mice were intranasally stimulated with PBS or B-glucan as
described above. At day 5, the BALF was harvested, cells of the same condition were pooled
and subsequently resuspended in 1x PBS after centrifugation. 2x10° donor cells in the volume
of 35 pl were intratracheally transferred into anesthetized CD45.1 recipient mice. The BALF of
the recipients was harvested 48 h post transfer and either analyzed by flow cytometry or used

for ex vivo restimulation with LPS (see below).

[1.11.VI. In vivo CSF-1 receptor blockade

Prior to in vivo application, the application volume of the anti-CSF-1R or isotype control
antibody was concentrated by factor 4 using a Concentrator Plus vacuum centrifuge
(Eppendorf) in V-AQ mode. Mice were anesthetized and subsequently intranasally stimulated
with B-glucan mixed with 500 pg anti-CSF-1R antibody (BioLegend) or 500 ug isotype control
antibody (BioLegend). 12 h and three days after the initial treatment, intranasal application of
500 pg anti-CSF-1R antibody or the respective isotype control was repeated. Mice were

sacrificed at day seven and flow cytometry was performed on the BALF.

ILLIL.VII. Legionella pneumophila infection

Mice were intranasally stimulated with PBS or (B-glucan at day O followed by intratracheal

administration of 5x10° CFU Legionella pneumophila per mouse at day seven and sacrifice at
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day nine. To determine the bacterial load, part of the BAL fluid or lung tissue lysates were

incubated on CYE plates in duplicates for 3-4 days at 37°C in a non-CO: incubator.
[L.IL.VIII. Bone marrow chimeras

Bone marrow chimeras were generated by irradiation of recipient mice with 10 Gy. Twelve to
24 h later, 1.5x10° freshly isolated bone marrow cells from donor animals were intravenously
injected into the recipients. Peripheral blood chimerism was assessed 28 days after
reconstitution by flow cytometry. Bone marrow chimeras were used in experiments after eight

to twelve weeks of reconstitution.

[1.11.IX. Preparation of single cell suspensions and flow cytometry

BALF: The BALF was harvested as described above. After centrifugation at 1350 rpm for 5
min at 4°C, cell pellets were resuspended in 100 pl antibody mix and incubated for 30 — 45
min. After washing with FACS buffer (1x PBS with 0.5% BSA and 2 mM EDTA), life/death
staining was performed using 100 pl DRAQ7 (pre-diluted 1:1000 in FACS buffer) for 5 min at
RT in the dark.

Lung: The more segmented lobe of the lung was miced and enzymatically digested in 3 ml
HBSS supplemented with 10% FCS (Sigma-Aldrich), 0.2 mg/ml collagenase IV (Sigma-
Aldrich) and 0.05 mg/ml DNase | (Sigma-Aldrich) for 45 min at 37°C. Afterwards, the tissue
pieces were homogenized using a 19G syringe and filtered through a 70 um strainer prior to
washing with FACS buffer. After centrifugation for 5 min at 1350 rpm and 4°C, the cells were
stained in 200 pl antibody mix for 45 min at 4°C. The cells were washed and red blood cell
lysis was performed incubating the cells with 1 ml of red blood cell lysis buffer for 5 min at RT.
After centrifugation for 5 min at 1350 rpm and 4°C, life/death staining was performed incubating
the cells in 200 ul DRAQ?7 (pre-diluted 1:100 in FACS buffer) for 5 min at RT.

Blood: 150 pl blood was collected into 3 ml of 1x PBS supplemented with 10 mM EDTA,
centrifuged and stained for 35 min in 150 pl antibody mix at 4°C. Red blood cell lysis was
performed twice for 5 min at RT prior to life/death stain with 150 pl pre-diluted DRAQ?7.

Bone marrow: Femur and tibia of one mouse leg were flushed with 5 ml 1x PBS with 10 mM
EDTA, centrifuged and stained with 350 pl antibody mix for 1 h at 4°C. Red blood cell lysis was
performed once prior to life/death staining in 350 ul DRAQ?7.

Prior to acquisition at the FACS A5 Symphony (Becton Dickinson), all samples were washed
and resuspended in FACS buffer. In case of lung and bone marrow, the samples were once
more filtered through a 70 pm strainer. FACS data were analysed using FlowJo v10.8.1

(Becton Dickinson).

22



Material and methods

[1.11.X. Cell sorting by FACS

Cell sorting was performed using an ARIAIIl (Becton Dickinson) instrument. Briefly, cells from
the BALF were isolated and subsequently stained with 150 ul antibody mix prior to life/death
stain with DRAQ?7 as described above. Cell sorting was performed using a 100 um nozzle into

cooled 1.5 ml reaction tubes containing FACS buffer or complete RPMI1640 medium.

[1.11.XI. RNA detection by flow cytometry

BALFs of three stimulated mice were pooled in 15 ml falcons, centrifuged at 1350 rpm for 5
min at 4°C and resuspended in 300 pl antibody mix for surface staining. Samples were
transferred to 1.5 ml microcentrifuge tubes provided by the PrimeFlow RNA Assay Kit
(ThermoFisher Scientific) and stained for 35 min at 4° C. Afterwards, life/death staining was
performed in 300 pl of Zombie NIR Fixable Viability dye (1:1000 in PBS, BioLegend) for 10 min

at RT. In further steps, samples were handled according to manufacturer’s instructions.

[1.11.XI11. Ex vivo LPS restimulation and cytokine assessment

BALF of stimulated mice was collected into 15 ml tubes, centrifuged and then resuspended in
1 ml complete RPMI1640 cell culture medium. Cells were manually counted and 0.2x10° cells
were seeded into 48 well plates in 500 yl medium. Resting the plates for 2 h at 37°C and 5%
CO; allowed selection of macrophages by adherence prior to washing away non-adherent
cells. Remaining macrophages were subsequently stimulated with 10 ng/ml LPS (Sigma-
Aldrich) in a final volume of 500 pl. For cytokine secretion assessment, the cell culture
supernatant was harvested and snap frozen after 24 h of LPS stimulation. For further analysis,
supernatants were thawn on ice and centrifuged for 5 min at 10000 rpm at 4°C to remove
debris. IL-6 protein levels were measured by ELISA (Thermo Fisher) according to

manufacturer’s protocols.

[1.1L.XI11. EX vivo phagocytosis assay

pHrodo S. aureus bioparticles (Sartorius) were prepared according to manufacturer’s
instructions. Briefly, the bioparticles were resuspended in ddH-0 and then sonicated for 10 min.
Lavage fluid of PBS or B-glucan inoculated mice was harvested at day 7, centrifuged and
resuspended in 250 pl complete RPMI1640 cell culture medium. After manual counting, cells
were seeded with 0.2 x10° cells per well in a 96 well plate and macrophages were selected by
adherence as described above. After 2 h of resting, medium was exchanged to 100 pl medium
or 100 yl medium containing 2.5 pg pHrodo S. aureus bioparticles. Phagocytosis was
monitored every 10 min for 7 h in total using the microscopy-based approach of the Incucyte
instrument (Sartorius). Analysis was performed using the Incucyte basic analyzer software in

standard mode with two channels (phase and orange).
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[1.11.XIV. Broncho-alveolar lung organoid (BALO) generation and fibrosis induction

BALOs were generated as previously described (100). Briefly, CD31*CD45"*CD16/32* cells
were depleted from lung single cell suspensions of adult wildtype mice using antibody-coupled
magnetic beads. From the CD31'CD45CD16/32 fraction, EpCAM"9"CD24"°“Sca-1* BASC
and EpCAM Sca-1* rMC were flow cytometrically purified, counted and pooled. 5x103 BASC
and 1.8x10* rMC were mixed with growth factor reduced Matrigel (Corning) and seeded on 12
mm cell culture inserts in a 24 well plate. The wells were filled with complete a-MEM organoid
medium and cultured for three weeks at 37°C with 5% CO.. For the BALO — AM co-cultures,
2.5x10* AM of day seven PBS or B-glucan inoculated wildtype mice were seeded on top of the
Matrigel layer of day 21 BALOs. The BALO — AM cultures were incubated for 24 h and then
subsequently treated with medium containing either PBS or 1.05 ng/ml TGF-B (Miltenyi
Biotech) for two days to induce fibrosis. Organoids were fixed in 4% PFA for 15 min,
permeabilized and blocked over night in 1x PBS with 0.5% Triton-X-100 (ThermoScientific)
and 5% donkey serum (PAN Biotech) before primary and secondary antibodies were incubated

overnight.

[1.1I.XV. Filipin, BODIPY-cholesterol and TUNEL staining

5-8x10* BALF cells were resuspended in complete RPMI1640 cell culture medium and seeded
onto 10 mm sterile glass coverslips. After 3 h of adhering at 37°C, cells were washed with 1x
PBS and subsequently fixed in 4% PFA for 30 min. After washing, cells were incubated in 100
mM glycine for 10 min and subsequently incubated with 3% BSA containing 50 pug/ml Filipin
(Sigma-Aldrich) for 2 h. Cells were washed and stained with antibodies and DRAQ5
(ThermoFisher Scientific).

For BODIPY-cholesterol, BALF cells were seeded in equal numbers into 8 well chamber slides
and incubated for 3 h at 37°C. After adhering, cells were treated with complete RPMI1640 cell
culture medium supplemented with 0.5 uM BODIPY-cholesterol (Biomol) overnight. Cells were
washed with 1x PBS for three times and then fixed for 20 min in 4% PFA. Washing steps were

repeated and cells were permeabilized and immunostained.

For TUNEL staining, cells were treated according to manufacturer’s instructions and

immunofluorescence was performed after TUNEL staining.

[L.ILXVI. Immunofluorescence staining and imaging

Trans-cardial perfusion was performed on anesthetized mice using 10 mlice cold 1x PBS. The
lung was infiltrated with 1 ml 50% OCT in 1x PBS via the trachea, removed and fixed for 6 h
in 1.3% PFA at 4°C. Lungs were subsequently washed, dehydrated in 10%, 20% and 30%
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sucrose for 24 h at 4°C. Lungs were then embedded in OCT and sections of 5 um were

prepared for immunohistochemistry.

Frozen tissue sections on coverslips were dried on drierite beads for 5 min and subsequently
fixed on ice cold acetone for 10 min and washed twice with 0.001% Tween-PBS. After
permeabilization for 20 min with 0.2% Triton-X-100, sections were washed twice in 1x PBS
and photobleached (101). Afterwards, sections were blocked in 3% BSA in 1x PBS for 1 h at
RT. Primary antibodies diluted in 0.5% BSA solution were incubated overnight at 4°C.
Coverslips were washed three times with 1x PBS and then incubated for 1 h at RT in 0.5%
BSA solution containing secondary antibodies and nuclear stain. Coverslips were washed
three times in 1x PBS and then mounted on glass slides using mounting medium. If
fluorescently labelled primary antibodies were used, these were added after secondary
antibody stain and incubated for 2 h at RT. For the BALF, cells seeded onto coverslips, fixed
with 4% PFA and permeabilzed without subsequent photobleaching. Images were acquired
with a Zeiss LSM 880 Airyscan using a 60x oil immersion objective with a z-spacing of 500 nm
and four (405, 488, 561, 640 nm) lasers. Neutrophils and eosinophils were excluded based on

their nuclear shape during acquisition.

[LILXVII. Image analysis

For image analysis of immunostained BALF cells, a customized CellProfiler pipeline was
established. In the first detection step, a mask detecting cells based on their nuclear stain was
created before adding a mask of all SiglecF* objects. Both masks were merged and a second
detection step was added to distinguish between CD11b- AM and ApoE*CD11* AM. Mean
intensities of the fluorescent signals were calculated and used for further analysis. For tissue
sections, analysis was performed using QuPath following a similar cell identification strategy

and signal intensity calculation (102).

For fibrosis quantification in the BALO — AM co-cultures, the area of the organoid was first
determined by the nuclear DAPI stain in QuPath. To detect SMA positive areas, a pixel
classifier was trained using 5-10 exemplary regions of SMA signal and background spots. The

trained model was used to analyse all images to quantify SMA™ area of each organoid.

For the BODIPY-cholesterol image analysis, full z-stacks of single ApoE*CD11b* AM and
CD11b" AM were uploaded to Fiji and analysed using the JACoP plugin (103). Five randomly
selected pictures from each condition were used to set the thresholds and then applied to all
images. Afterwards, the percentage of co-localization and overlapping of BODIPY-cholesterol

with cell organelle signals was calculated.
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[.ILXVIII. CODEX workflow and analysis

Seven days after intranasal PBS or 3-glucan exposure, BALF cells from wildtype mice were
seeded onto CODEX coverslips and rested for 2 h. Afterwards, cells were fixed with 4% PFA
for 20 min and permeabilized for 20 min with 0.2% Triton-X-100. Cells were washed and
subsequently stained with a 17-plex CODEX antibody panel overnight at 4°C. The next day,
samples were washed with staining buffer, fixed in ice cold methanol and washed before a
final fixation step with BS3 crosslinker (Sigma-Aldrich). Coverslips were stored in CODEX
storage buffer (Akoya Biosciences) at 4°C until imaging. Manufacturer’s instructions were
followed to detect the antibodies in multiple cycles using the corresponding fluorescently
labelled reporters. Images were acquired with a Zeiss Axio Observer widefield microscope
using a 20x air objective (NA 0.85), a z-spacing of 1.5 um and four (405, 488, 568, 647 nm)
channels. Images were processed with the CODEX Processor v1.7 (Akoya Biosciences)
including background subtraction, stitching, shading correction, deconvolution and cell
segmentation. DAPI and ATPase | membrane staining were used to define cell borders, while
cell annotation was performed in CODEX MAV (Akoya Biosciences) following a similar gating

strategy as for flow cytometry.

[1.11.XIX. Single cell RNA sequencing by Seq-Well and data analysis

Seqg-Well arrays and libraries were prepared as previously described (104). Briefly, 1.1x10°
barcoded mRNA capture beads were loaded in bead loading buffer after array preparation.
The buffer was replaced by RPMI1640 medium supplemented with 10% FCS and incubated
for 10 min. The medium was then replaced by 2-3x10* sorted CD45*SSC"LinDRAQ7- alveolar
macrophages and rocked for 10 min. After sealing, the arrays were incubated for 30 min at
37°C followed by incubations with guanidinium-based lysis buffer and hybrisation buffer. The
MRNA capture beads were collected and reverse transcription was performed on the bead
pellet using a Maxima Reverse Transcriptase reaction (ThermoFisher). After washing,
excessive primers were removed by exonuclease Exol incubation and reverse transcribed
cDNA libraries were amplified by PCR. 2-4x10* beads were pooled and cleaned by AMPure
XP beads before assessing the cDNA quality using a High Sensitivity D5000 assay (Agilent)
for Tapestation 4200 (Agilent). After annealing and tagmentation, lllumina indices (lllumina)
were added to the product by PCR and cleaned by AMPure XP beads before assessing the
final library quality again. Sequencing was performed using the High Output v2.1 chemistry
(lumina) on a NextSeg500 system (lllumina) with 21 cycles for custom Drop-Seq Read 1
primer, 8 cycles for the i7 index and 61 cycles for Read 2. Single-cell sequencing data were
first demultiplexed using bcl2fastq2 (v2.20) (lllumina) and then pre-processed and mapped to
the mouse reference genome mm10 using the Drop-seq pipeline (105). Cells with <500 genes

per cell, doublets with >3000 genes per cell and cells with >10% mitochondrial content were
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excluded. The Seurat package (v4.1.1) was used for cell clustering analysis (106). After log
normalization by factor 10.000, PCA was performed using the top 2000 variable genes for
linear dimensionality reduction. The first 10 PCA were used for cell clustering by the Louvain
algorithm. The cluster resolution parameter of the FindClusters function was set to 0.25 to
obtain 5 major clusters after dimensionality reduction by UMAP. The threshold of the Wilcoxon
rank sum test of the FindAllIMarkers function was set to >0.25 to identify differentially expressed

genes.

Data can be accessed via the NCBI GEO database under number GSE211575 and
https://github.com/SchlitzerLab/Trained_immunity 2022.

[1.11.XX. Statistics

Statistical analysis and comparison was performed using Prism 10 (GraphPad). Data are
shown as mean + SD. For each experiment, the applied significance test is indicated at the
end of the figure legend. In most cases, statistical significance was assessed using an unpaired
student’s t-test or an ordinary one-way ANOVA with Tukey’s multiple comparisons. A P value
< 0.05 was considered as statistically significant (*P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001). Mice were randomly allocated to the control or treatment groups by the investigator.
Mice numbers are indicated as “n” in the figure legends, as well as the number of independent

experiments.
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[1l. Results

[ll.I. Intranasal B-glucan exposure reshapes the pulmonary alveolar

macrophage compartment

The lung is one of the largest barrier tissues of our body constantly exposed to a plethora of
environmental factors, such as pollutants, allergens and pathogens. Mononuclear phagocytes
like DCs, macrophages and monocytes act as the first line of defence against invading airborne
particles ensuring efficient pathogen clearance, induction of adaptive immune responses and
inflammation resolution. To investigate how environmental stressors influence the composition
of the highly heterogeneous mononuclear phagocyte network, we first aimed to develop a
multicolour flow cytometry panel and a gating strategy that allows correct identification of all
prominent myeloid subsets in the lung. Lungs from naive C57BL/6J (WT) mice were digested
and subsequently stained with a mix of different mononuclear phagocyte specific fluorophore
labelled antibodies (Figure 3A). After selection of singlets by size and granularity, immune
cells were selected by CD45 expression. DRAQ7* dead cells and cells of lymphocyte origin
(Lin"; CD19, B220, Nk1.1, CD90, Nkp46, TCR-B) were excluded. Neutrophils were identified
by their expression of Ly6g, while macrophages were gated using CD64 and MerTk.
Pulmonary macrophages were subsequently separated into alveolar (AM; Ly6g
CD64*MerTk*SiglecF*CD11b") and interstitial macrophages (IM; Ly6g CD64*MerTk* SiglecF
CD11b%). From the CD64'MerTk fraction, DCs were identified by their high expression level of
MHC-lII and CD11lc and further subdivided into c¢DCl1 (Ly6gCD64 MerTkMHC-
[I"CD11c*CD11b) and cDC2/DC3 (Ly6g CD64'MerTk MHC-II*CD11c*CD11b*). From the
remaining cells, eosinophils (Ly6g"CD64 MerTkMHC-II'lCD11c'CD11b*SiglecF*) and
monocytes (Ly6g CD64 MerTkMHC-II'CD11¢c'CD11b*SiglecF) were split based on SiglecF.
Differential expression of CD43 and Ly6c allowed characterization of Ly6c* monocytes (Ly6g
CD64 MerTkMHC-1I'CD11c’'CD11b*SiglecFLy6c*CD43) and Ly6c monocytes (Ly6g CD64
MerTkMHC-II'CD11¢c'CD11b*SiglecFLy6¢c CD43*) within the monocyte pool (107).

After establishing a reliable tool to characterize mononuclear phagocytes in the lung, a
reductionist mouse model of a single intranasal dose of 200 yg B-glucan was set up to mimic
environmental exposure and to investigate how this exposure is integrated on a cellular and
molecular level (Figure 3B). We stimulated WT mice intranasally with PBS or 3-glucan and
performed flow cytometry seven days after exposure on the lung tissue using the surface
marker panel shown in Figure 3A. Unsupervised clustering of immune cells according to
surface marker expression was performed as previously described (108) and confirmed the
cell type identification of our manual gating approach. This analysis revelaed a population of

cells specifically present in the B-glucan treated animals clustering close to IM and AM (Figure
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3C). Further investigation confirmed that these cells express classical alveolar macrophage
markers like CD64, CD11c, MerTk and SiglecF, but also high levels of CD11b (Figure 3C, D)
and were therefore termed CD11b* AM. As AM can be exclusively found in the alveolar space
of the lung (6), we performed a bronchoalveolar lavage of the lung, which allows separation of
the air-exposed space and the insterstitium. Flow cytometric analysis of the broncho-alveolar
lavage fluid (BALF) of day seven PBS or B-glucan experienced WT mice confirmed that
CD11b* AM are present in the BALF and belong to the alveolar compartment (Figure 3E). To
investigate the cellular dynamics over time, the BALF of B-glucan experienced WT mice was
harvested at different time points after exposure and analysed by flow cytometry (Figure 3B).
Statistically significant numbers of CD11b* AM were first detected at day three after B-glucan
exposure. Absolute numbers of CD11b* AM peaked at day seven contributing 5.49+2% to the
AM pool and gradually declined until day 21 after inoculation (Figure 3F, G). In line with these
findings, an overall increase in AM numbers in the BALF at day seven after 3-glucan was
observed (Figure 3H). Additionally, the B-glucan mediated emergence of CD11b* AM was
accompanied by a transient influx of neutrophils and eosinophils into the alveolar space up to
three days after exposure (Figure 3I-K). Taken together, these findings demonstrate that
CD11b* AM are generated as a cellular response to a B-glucan mediated environmental

adaptation reshaping the alveolar macrophage pool.
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Figure 3: Intranasal B-glucan exposure reshapes the pulmonary mononuclear phagocyte
compartment by the recruitment of CD11b* AM to the alveolar space. (A) Representative gating
strategy to identify granulocyte, DC, monocyte and macrophage subsets in the murine steady state lung
by flow cytometry. Lung tissue from naive C57BL/6J (WT) mice was enzymatically digested, stained
with an antibody cocktail and subsequently 1.5x108 events were acquired. (B) Experimental setup of
intranasal B-glucan inoculation. Lung tissue or BALF were harvested at indicated time points after 3-
glucan. (C) UMAP representation of 7.5x10* CD45* DRAQ7- Lin(Ly6g, B220, CD19, CD3¢, Nk1.1, Ter-
119) immune cells of the WT lung seven days after intranasal (3-glucan by flow cytometry using the
surface marker panel shown in (A) (n=3 mice pooled per condition). (D) Mean fluorescence intensity
(MFI) of SiglecF expression on indicated cell subsets in the lung seven days post stimulation with 3-
glucan (n=5 mice, two independent experiments). Figure legend continues on next page.
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Figure 1: (E) Representative flow cytometry gating strategy pre-gated on AM to define CD11b* AM in
the BALF seven days after intranasal PBS or B-glucan exposure. (F, G) Flow cytometric quantification
of CD11b* AM numbers (F) and frequency among AM (G) in the BALF in a time course from 1 to 21
days post B-glucan stimulation of WT mice (n=9-10 mice, two independent experiments). (H)
Quantification of absolute AM numbers in the BALF in a time course from 1 to 21 days post 3-glucan
stimulation of WT mice (n=9-10 mice, two independent experiments). (I-K) Flow cytometric quantification
of AM (1), neutrophil (J) and eosinophil (K) frequencies among CD45*Lin- cells in the BALF in a time
course from 1 to 21 days post (B-glucan stimulation of WT mice (n=9-10 mice, two independent
experiments). Data are depicted as mean +SD, (D, F-K) ordinary one-way ANOVA with Tukey’s multiple
comparisons.

[lI.Il. CD11b* AM are enriched for genes associated with an inflammatory

monocyte-derived macrophage phenotype

To characterize the phenotype and gene expression profile of macrophages upon
environmental adaptation in more depth, CD45*Lin"SSC" cells from C57BL/6J mice were
sorted from the BALF seven days after PBS or B-glucan exposure and further analysed by
single-cell RNA sequencing (Figure 4A-E). After data processing and quality control (see
methods, chapter ILILXIX.), 10202 cells were used for downstream analysis. Using
dimensionality reduction and unsupervised clustering, five distinct clusters were identified
(Figure 4A). Expression of the marker genes SiglecF and Itgax across all five clusters
confirmed their AM identity (Figure 4B, C) (35). To annotate the five different cluster, the top
ten highly expressed genes per cluster were investigated and compared to published data
sets. The gene expression pattern of cluster 0 and cluster 1 revealed genes associated with a
resident AM signature, such as Ear2, Wfdc21 and Hmox1 (35, 109). Genes associated with
proliferation like Top2a, Mki67 and Birc5 were abundantly expressed in cluster 2, therefore
here referred to as proliferative AM (110). Cluster 3, here labelled as ApoE*™ AM, expressed
Apoe, Gpnmb, Sppl, Cd63 and Trem2, which have been previously linked to monocyte-
derived macrophages with an inflammatory and lipid associated phenotype (12, 99). Based on
their expression of interferon-stimulated genes (ISG) like [fit2, Ifit3, Ifi204, and Isg15, cluster 4
was identified as ISG* AM (Figure 4D). To assess if one of the clusters was exclusively linked
to the environmental adaptation, the cells were split by their stimulation condition (Figure 4E-
F). We observed that ApoE*™ AM were only present in the BALF of mice that have been exposed
to B-glucan seven days prior. Furthermore, the relative contribution of each of the stimuli to the
cell clusters was calculated showing that the emergence of ApoE* AM is accompanied by a
reduction in proliferative AM, while the resident and 1ISG* AM do not change (Figure 4G). In
comparison to the previous results (Figure 3C-F), we hypothesized that the CD11b* AM
previously identified by flow cytometry correspond to the ApoE™ AM from the single-cell data
set. Using fluorescently labelled probes, we detected Apoe RNA expression in the BALF of

WT mice seven days after environmental adaptation by flow cytometry. This analysis
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demonstrated that Apoe and CD11lb were indeed co-expressed in the B-glucan elicited
population, therefore terming these cells ApoE*CD11b* AM (Figure 4H). Finally, we performed
co-detection by indexing (CODEX) multiparameter imaging to visualize this co-expression on
a protein level in AM selected by adherence from the BALF of PBS or B-glucan experienced
WT mice (111). In concordance with the previous results, ApoE and CD11b protein expression
was not detectable in resident AM in the PBS condition, but in the B-glucan elicited AM
population (Figure 4l). In conclusion, ApoE*CD11b* AM with a pro-inflammatory and lipid
associated gene signature are recruited to the alveolar space and retained for at least 21 days

upon B-glucan mediated environmental adaptation.
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associated with an inflammatory monocyte-derived macrophage phenotype. (A-G) Single-cell
RNA sequencing of the BALF of male C57BL/6 (WT) mice after intranasal stimulation with PBS or §3-
glucan. Seven days after exposure, the BALF of three animals was pooled and sorted for SSC", Lin-
(B220, CD19, CD3¢, Nk1.1,Ter-119), DRAQ7- singlets (n=3 mice per condition, 10202 cells). (A)
Dimensionality reduction by UMAP and unsupervised clustering using the Louvain algorithm identified
five distinct clusters. (B-C) Violin plot of Siglecf (B) and Itgax (C) RNA expression per cluster. (D)
Heatmap of top ten highly expressed genes for each of the five clusters. (E, F) UMAP from (A) separated
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PBS or B-glucan treated WT mice were selected by adherence from the BALF seven days after
intranasal inoculation and subsequently stained with a 17-plex CODEX antibody panel. AM subsets
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ApoE*CD11b* AM, while open arrows indicate CD11b- AM. Scale bar represents 10 pm.
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[II.I1l. Monocyte-derived ApoE*CD11b* AM are long-lived and depend on CCR2

Previous studies were published showing a recruitment of monocyte-derived macrophages to
the alveolar space upon acute or chronic inflammation (12, 30, 42). Our single-cell RNA
sequencing analysis demonstrated that ApoE*CD11b* AM were enriched for genes of
monocyte-derived macrophages with an inflammatory and lipid associated phenotype (Figure
4D). To investigate if the B-glucan elicited ApoE'CD11b* AM were monocyte-derived, we first
analysed the influx of Ly6¢c* monocytes into the alveolar space by flow cytometry. This revealed
that Ly6¢c™ monocytes are significantly more abundant in the alveolar space three days after (3-
glucan exposure with slowly decreasing numbers until day 21 (Figure 5A, B). Additionally, we
utilized the Ms4a3°R26'Toma fate mapper mouse model, where the progeny of granulocyte-
monocyte progenitors (GMP) in the bone marrow can be traced by tdTomato labelling (13).
Analyzing the BALF of PBS or B-glucan experienced Ms4a3°®R269T°ma° mice by flow
cytometry, we observed that 86%z+7.8% of ApoE*CD11b* AM were labelled by tdTomato
supporting their monocyte origin (Figure 5C). In concordance with previous publications,
monocytes were exclusively labelled by tdTomato, while only part of the resident CD11b- AM
pool was labelled (Figure 5C, D) (13). To understand if there is a systemic recruitment of Ly6c*
monocytes to the alveolar space, we assessed the blood and bone marrow after B-glucan
mediated environmental adaptation. Ly6¢c* monocytes were significantly decreased in the
blood in line with a recruitment to the lung (Figure 5E), while Ly6c* monocyte were increased
in the bone marrow (Figure 5F) in the B-glucan condition. No effect on common monocyte
progenitors (cMOP) was observed in the bone marrow (Figure 5G). As the egress of
monocytes from the bone marrow to the periphery is dependent on C-C chemokine receptor
type 2 (CCR2) (112), we stimulated CCR2" mice with PBS or B-glucan and analysed the BALF
by flow cytometry. Together with our previous results, we confirmed that ApoE*CD11b* AM
stem from monocytes as CCR27 mice fail to generate these cells upon environmental
adaptation (Figure 5H). Our kinetic analysis of ApoE*CD11b* AM at different time points after
environmental adaptation showed gradually decreasing numbers from day seven on (Figure
3F). Previous publications showed a longevity of monocyte-derived AM up to eight weeks in
the alveolar space (12). To investigate if B-glucan elicited ApoE*CD11b* AM undergo cell death
after 21 days or are integrated into the pool of resident AM, we utilized an inducible
Ms4a3CreERTR26Tomale moyse line (13). Five and two days before intranasal PBS or B-glucan
treatment, Cre recombination was induced by two intraperitoneal injections of tamoxifen
followed by flow cytometric analysis at day 28 (Figure 5I). As expected, a small fraction of
ApoE*CD11b" AM were present in the BALF 28 days after inoculation. Overlay of tdTomato*
AM with the ApoE*CD11b* AM and CD11b" AM subsets revealed that the majority of tdTomato*
AM fell into the CD11b" AM gate (Figure 5J). Furthermore, quantification of tdTomato labelling
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directly in the CD11b- AM population demonstrated no labelling in the PBS inoculated group,
while B-glucan treated mice show up to 23.7% of labelling (Figure 5K). In summary, these
data verify that B-glucan elicited ApoE*CD11b* AM stem from monocytes and persist in the
alveolar space for at least four weeks while downregulating CD11b and potentially being

integrated into the resident AM pool.
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Figure 5: Intranasal B-glucan exposure elicits monocyte-derived ApoE*CD11b* AM in a CCR2-
dependent manner, which persist in the alveolar space for at least 4 weeks while downregulating
CD11b. (A, B) Flow cytometric quantification of Ly6c* monocytes (CD45*Ly6g SiglecF
CD64MCD11b*Ly6c*) in absolute numbers (A) and as percent among CD45*Lin- cells (B) in the BALF
1 to 21 days post B-glucan stimulation of WT mice (n=9-10 mice, two independent experiments). (C, D)
Flow cytometric analysis of the BALF from Ms4a3CeR261Tomato mice seven days after intranasal PBS or
B-glucan exposure (n=8 mice, two independent experiments). (C) Percentage of tdTomato labelling in
ApoE*CD11b* AM and CD11b- AM and respective histogram (D) comparing the proportion of tdTomato
labelling in ApoE*CD11b* AM and CD11b- AM to monocytes. (E-G) Absolute counts of Ly6¢c* monocytes
in the blood (E), Ly6c* monocytes (F) and cMOP (G) in the bone marrow of WT mice seven days after
PBS or B-glucan exposure by flow cytometry (n=6 mice, two independent experiments). (H) Flow
cytometric quantification of absolute ApoE*CD11b* AM numbers in the BALF seven days after 3-glucan
exposure in WT or CCR27- mice (n=7-8 mice, two independent experiments). (1) Experimental setup for
tracking ApoE*CD11b* AM over time using the inducible Ms4a3CreERTR26tdTomato moyse model. 1.75 mg
tamoxifen were intraperitoneally injected two and five days before intranasal PBS or 3-glucan inoculation
followed by flow cytometric analysis at day 28. (J) Overlay of tdTomato* AM (in pink) with ApoE*CD11b*
AM and CD11b- AM subsets 28 days after tamoxifen injection and intranasal stimulation displayed as
representative flow cytometry plots. (K) Percentage of tdTomato labelling in CD11b- AM 28 days after
tamoxifen injection and intranasal stimulation (n=4-7 mice, two independent experiments). Data are
depicted as mean +SD, (A, B, H) ordinary one-way ANOVA with Tukey’s multiple comparisons, (E-G,
K) unpaired student’s t-test.
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[II.IV. ApoE*CD11b*" AM release elevated levels of Interleukin-6

In previous publications, monocyte-derived macrophages elicited by respiratory viral infections
have been shown to secrete high levels of pro-inflammatory cytokines, such as IL-6, that confer
to an enhanced protection from secondary bacterial infections (12). To investigate how the
mononuclear phagocytes in the alveolar space functionally adapt to the -glucan mediated
low-grade inflammation, we selected AM from the BALF seven days after inoculation by
adherence and restimulated the cells in vitro with LPS for 24 h (Figure 6A). Quantification of
cytokine levels by ELISA showed an enhanced release of IL-6 by AM from mice pretreated
with B-glucan (Figure 6B). To further link this enhanced IL-6 secretion to an AM subset, we
flow cytometrically purified equal numbers of ApoE*CD11b* AM or CD11b" AM from the BALF
of PBS or B-glucan experienced mice and restimulated the cells in vitro with LPS as described
previously (Figure 6A). Compared to CD11b" AM, ApoE*CD11b* AM released high levels of
IL-6 into the cell culture supernatant, identifying ApoE*CD11b* AM as the major IL-6 source
(Figure 6C). In line with these findings, AM from CCR2’ mice displayed a significantly
decreased ability to secrete IL-6 upon environmental adaptation prior to in vitro LPS
restimulation (Figure 6D). To further confirm that these functional alterations are a cell intrinsic
feature of the macrophages and also stable in a non-inflammatory tissue context, transfer
experiments were performed. AM of PBS or B-glucan experienced WT CD45.2 mice were
harvested five days after stimulation and intratracheally transferred into naive WT CDA45.1
recipients. Two days post transfer, the BALF of the recipient mice was harvested for analysis
(Figure 6E). In vitro restimulation of the BALF from recipients two days post transfer showed
a significantly increased release of IL-6 from mice that have been transferred with AM isolated
from B-glucan experienced mice (Figure 6F). Additionally, we performed flow cytometry on the
BALF of recipient mice two days post transfer to confirm the presence of CD45.2* donor AM
on a cellular level (Figure 6G). As expected, the majority of ApoE*CD11b* AM stem from
CD45.2* donor mice. However, a small proportion of ApoE'CD11b* AM was derived from
CD45.1* recipient mice, which can be explained by residual 3-glucan present in the transferred
cell solution. Taken together, these data demonstrate that monocyte-derived ApoE*CD11b*
AM are the primary source of IL-6 upon restimulation with LPS and that this environmental
adaptation induced functional rewiring is a cell intrinsic feature restricted to the macrophage

compartment.

37



Results

A Experimental setup: in vitro restimulation B Day 7, BALF, in vitro restimulation ~C Day 7, BALF, in vitro restimulation
intranasal W PBS O
- o [T] B-glucan CD11b-AM
PBS or B-glucan e 1 whx [ ApoE*
= 9 R = CD11b* AM
o . >
E E
£ £05
Sos 2
© ©
4 i,
0 0
us us LPS
B-glucan
D Day 7, BALF, in vitro restimulation E Experimental setup: AM transfer F 48 h post macrophage transfer
mPes e BALF, in vitro restimulation
1- [p-glucan  PBSorB-glucan 1.5+ Opes
— PO \ : . [C] B-glucan
= =~ .
5 B 5
Z - 14
—= day 0 ‘ — o day5 =
E 051 . CD45.2 BALF E
{2 o — [=))
o ®le Q.
e = 0.5
© o intratracheal ©
= " transfer -
0 preed sl H B o0
us LPS us LPS -
wr “CeR2T ——dayl
CD45.1
G 48 h post transfer of B-glucan macrophages, BALF
pre-gated on AM ApoE'CD11b* AM CD11b- AM
10¢ T 1054 213%
4.69%2 - ’
100 10¢ 4 AT
s < - ‘ 3
= 10 # 7} i 77.1% p
a % A El
] 951/; & 8
0 7 0 04
3
T e T e T e e
CDé64 CD45.2 CD45.2

Figure 6: Environmental adaptation induced monocyte-derived ApoE*CD11b* AM release
elevated levels of Interleukin-6 as a cell intrinsic feature. (A) Experimental setup of in vitro
restimulation of PBS or B-glucan experienced AM with LPS. AM are selected by adherence or FACS
from the BALF seven days post stimulation and subsequently treated with 10 ng/ml LPS for 24 h. (B)
Quantification of IL-6 protein levels by ELISA in the cell culture supernatant 24 h after LPS restimulation
of WT mice (n=13-15 mice, three individual experiments). (C) CD11b*Ms4a3* AM and CD11b-Ms4a3
AM were FACS purified from the pooled BALF of PBS or B-glucan stimulated Ms4a3CceR26!dTomatc mjice
and seeded with 0.2x10° cells per well prior to LPS restimulation (n= 9 mice for PBS, n= 31 mice for -
glucan, one dot represents the pooled supernatant of two technical replicate wells, here minimum 9 data
points per group, two individual experiments). (D) Quantification of IL-6 protein levels by ELISA in the
cell culture supernatant 24 h after restimulation with LPS of WT and CCR2"- mice (n=9-10 mice, two
individual experiments). (E) Experimental setup of AM transfer. PBS or 3-glucan experienced CD45.2*
WT macrophages were harvested five days after stimulation and intratracheally transferred into CD45.1*
mice. Readout per flow cytometry or in vitro restimulation at day 7 (48 h after transfer). (F) Quantification
of IL-6 protein levels by ELISA in the cell culture supernatant 24 h after restimulation with LPS 48 h post
AM transfer (n=7-8 mice, two independent experiments). (G) Representative flow cytometry plot of the
BALF of CD45.1* recipient mice 48 h post transfer of B-glucan experienced CD45.2* donor
macrophages. Data are depicted as mean £SD, (A-D, F) ordinary one-way ANOVA with Tukey’s multiple
comparisons.
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[11.V. B-glucan exposure improves bacterial clearance and ameliorates lung

fibrosis in vitro

Phagocytosis is one of the key features of AM in the lung, as they are involved in clearing
excessive mucus and clearance of pathogens. A previous study has shown that influenza A
virus induced monocyte-derived macrophages conferred increased bacterial clearance upon
a secondary S. pneumoniae challenge (12). To assess how the B-glucan mediated
environmental adaptation influences phagocytosis, AM from the BALF of PBS or B-glucan
adapted WT mice were selected by adherence seven days after inoculation and treated with
pHrodo S. aureus particles for seven hours in vitro (Figure 7A). Upon uptake of the particles
into the phagosome, the pH-sensitive fluorophore of the particles allows robust detection of
phagocytosis* cells by microscopy. Quantification of phagocytosis* AM revealed a significant
higher phagocytic activity for B-glucan experienced AM compared to the PBS adapted cells
(Figure 7B) as early as two hours post adding S. aureus (Figure 7C). Further analysis of the
fluorescent intensity showed higher levels of the phagocytosis signal in the B-glucan
experienced AM (Figure 7D, E) indicating that environmental adaptation enhances the number
of particles taken up per cell. To test if this observed increase in phagocytic capacity has a
functional effect on bacterial clearance during an acute infection, we infected day seven PBS
or B-glucan experienced WT mice with Legionella pneumophila and analysed the BALF after
two days (Figure 7F). Mice previously exposed to B-glucan prior to Legionella infection
displayed significantly reduced the bacterial burden within the lavage fluid, as well as increased
numbers of ApoE*CD11b" AM (Figure 7G, H). Next, we investigated if the B-glucan mediated
environmental adaptation has an effect on chronic inflammatory conditions like lung fibrosis.
We utilized an in vitro broncho-alveolar lung organoid (BALO) model and generated organoids
as previously described (100). Flow cytometrically purified lung-resident mesenchymal and
bronchioalveolar stem cells were cultivated for 21 days growing into BALOs mimicking the
cellular and structural patterning of the bronchioalveolar compartment. Day seven PBS or 3-
glucan adapted AM from the BALF of inoculated WT mice were added to the lung organoids
at day 21, co-cultured for 24 h and then treated with TGF-3 for 48 h to promote fibrosis (Figure
71). BALOs treated with TGF- without AM developed fibrosis, which has been confirmed by
high abundance of smooth muscle actin (SMA) in immunohistochemical stainings. BALOs co-
cultured with PBS adapted AM and TGF-B treated showed comparable levels of SMA
production as BALOs treated only with TGF-f3. Interestingly, BALOs co-cultured with B-glucan
experienced AM exhibited lower smooth muscle actin (SMA) levels compared to BALOs co-
cultured with PBS adapted AM upon TGF-B treatment (Figure 7J, K). In summary, these data

demonstrate that exposure to B-glucan positively modulates the outcome of an acute
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secondary infection by enhanced bacterial clearance and limits disease progression in a lung

organoid-based fibrosis model.
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Figure 7: Environmental adaptation induced by B-glucan improves the bacterial clearance in vitro
and in vivo and ameliorates fibrosis in a BAL organoid model. Figure legend continues on next

page.
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Figure 7: (A) Experimental setup of phagocytosis assay. Seven days after intranasal PBS or 3-glucan
exposure, AM from WT mice were selected by adherence and subsequently incubated with 2.5 ug
pHrodo Staphylococcus aureus bioparticles. (B-E) Representative curve of absolute phagocytosis* AM
numbers (B) and the total integrated intensity (D, OCU x um2/image) of the phagocytosis signal over the
time course of 7 h (here shown as mean +£SD of all technical replicates) and quantification of both
parameters 2 h after adding the bioparticles (C, E) (n=3 mice pooled per condition, technical replicates:
6 control wells, 12-19 treated wells per group, one out of two independent experiments shown). (F)
Experimental setup of Legionella infection. Intranasal PBS or 3-glucan stimulation of WT mice at day
zero was followed by intratracheal inoculation with 5x10%® CFU Legionella pneumophila at day seven
and sacrifice at day 9. (G, H) Quantification of bacterial load in BALF (G) and absolute numbers of
ApoE*CD11b* AM (H) by flow cytometry nine days post Legionella infection (n=9-10 mice, two
independent experiments). (I) Experimental setup of fibrosis in AM — BALO co-cultures. Day 21 BALOs
were co-cultured with 2.5x10* PBS or B-glucan experienced AM from WT mice for 24 h. Afterwards,
fibrosis was induced by stimulation of AM — BALO co-cultures with 1.05 ng/ml TGF-$ for 48 h prior to
fixation and antibody staining. (J, K) Quantification of SMA area (J) and representative confocal images
(K) of AM — BALO co-cultures (n=6-8 organoids per condition from two replicate wells, one out of two
independent experiments shown). Scale bars in (K) represent 50 um. Data are depicted as mean +SD,
(C, E) ordinary one-way ANOVA with Tukey’s multiple comparisons, (G, H) unpaired student’s t-test, (J)
Two-tailed Mann-Whitney test.

[11.VI. Recruitment of ApoE*CD11b* AM is dependent on the Dectin-1 — CARD9

signalling axis

Dectin-1 is the most predominantly expressed receptor for B-glucan on mononuclear
phagocytes, although also a variety of other receptors like CD5 and CR3 recognize -glucan
(65, 70). It remains elusive how the recruitment and differentiation of B-glucan elicited
ApoE*CD11b* AM is controlled on a molecular level. We first profiled homeostatic Dectin-1
expression on BALF resident myeloid cells from WT mice by flow cytometry. Dectin-1
expression was mainly restricted to resident CD11b" AM and a small fraction of monocytes
(Figure 8A). To assess if Dectin-1 is directly needed for ApoE*CD11b* AM generation, we
stimulated WT or Dectin-17 mice intranasally and analysed the BALF seven days after
exposure. This data demonstrated that ApoE*CD11b* AM, but not Ly6¢c™ monocyte numbers
are significantly decreased in absence of Dectin-1, indicating that Dectin-1 is crucial for the
generation of ApoE*CD11b* AM but not for the initial monocyte infiltration (Figure 8B, C). To
further investigate if immune cell-intrinsic expression of Dectin-1 is determining the
ApoE*CD11b* AM generation, WT or Dectin-1"- bone marrow was injected into irradiated
CD45.1 recipient mice to generate chimeras. Analysis of the Dectin-17 chimeras seven days
after B-glucan confirmed the significant reduction of ApoE*CD11b* AM in the BALF (Figure
8D) and a high contribution of donor Ly6¢c* monocytes in the blood (Figure 8E). Activation of
Dectin-1 upon ligand binding can lead to the induction of CARD9, which together with other
proteins can subsequently induce NF-kB to trigger the production of cytokines like TNF-a and
IL-6 (70, 72). To test if the B-glucan induced ApoE*CD11b* AM infiltration is dependent on
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CARD9, CD45.2 WT or CARD9” bone marrow was transferred into irradiated CD45.1 recipient
mice to generate chimeras. Analysis of CARD9" chimeras seven days after B-glucan revealed
significant decreased ApoE*CD11b* AM numbers in the BALF (Figure 8F) and a high
contribution of donor Ly6¢c* monocytes in the blood (Figure 8G). Furthermore, we investigated
if abrogation of Dectin-1 or CARD9 signalling also leads to the loss of IL-6 secretion upon
environmental adaptation. AM of Dectin-17- or CARD9” mice were selected by adherence and
restimulated in vitro with LPS. Similar to our results from CCR2" mice, secretion of IL-6 upon
restimulation with LPS was abolished in absence of Dectin-1 and CARD9 (Figure 8H, ).
Together, these data indicate that the generation of ApoE*CD11b* AM is dependent on the
Dectin-1 — CARD9 signalling axis and that abrogation of this pathway results in the loss of of

ApoE*CD11b* AM and hence IL-6 secretion upon environmental adaptation.
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Figure 8: Environmental adaptation induced recruitment of ApoE*CD11b* AM is dependent on
the Dectin-1 — CARD9 signalling axis. (A) Percentage of monocyte and macrophage subsets
contributing to Dectin-1* myeloid cells pre-gated on CD45*Lin"Ly6g-CD64" cells in the WT mouse lung
by flow cytometry (n=11 mice, two independent experiments). (B, C) Absolute numbers of ApoE*CD11b*
AM (B) and Ly6c* monocytes (C) in the BALF seven days after PBS or B-glucan exposure in WT or
Dectinl” mice by flow cytometry (n=5-9, two independent experiments). (D, E) Absolute ApoE*CD11b*
AM numbers (D) in the BALF of WT or Dectin-17- bone marrow chimeras and the percentage of donor
Ly6c* monocytes (E) assessing the peripheral blood chimerism seven days after PBS or -glucan
stimulation by flow cytometry (n=4-10, two independent experiments). (F, G) Absolute ApoE*CD11b*
AM numbers (F) in the BALF of WT or CARD9”- bone marrow chimeras and the percentage of donor
Ly6c* monocytes (G) assessing the peripheral blood chimerism seven days after PBS or B-glucan
stimulation by flow cytometry (n=8-9 mice, two independent experiments). (H, I) Quantification of IL-6
protein levels in the cell culture supernatant of WT and Dectin-17- (H, n=7-10 mice, two independent
experiments) or WT and CARD9” mice (n=9-10 mice, two independent experiments) 24 h after LPS
restimulation by ELISA. Data are depicted as mean £SD, (B-D, F, H, I) ordinary one-way ANOVA with
Tukey’s multiple comparisons.

lI1.VII. Paracrine myeloid derived ApoE controls the survival of ApoE*CD11b*

AM upon environmental adaptation

ApoE is a prominent lipid carrier in lipoproteins and has been linked to cholesterol efflux and
lipid metabolism (82). Differentiation of monocytes into macrophages in vitro is linked to

secretion of ApoE (113) and also obesity or viral infection induced monocyte-derived
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macrophages show high Apoe expression (12, 99). However, the role of ApoE in monocyte-
derived macrophages upon low-grade inflammation has not been elucidated. Quantification of
protein levels in the BALF supernatant of p-glucan stimulated WT mice revealed an early
release of ApoE into the alveolar space already at day one after inoculation, coinciding with
the influx of Ly6c* monocytes (Figure 9A, 5A). To investigate the functional role of ApoE in
our B-glucan elicited moAM, we generated ApoE"LysM® mice to abrogate Apoe expression
in monocytes and macrophages and subsequently treated them with PBS and 3-glucan prior
to flow cytometric analysis. ApoE*CD11b* AM and Ly6c* monocyte numbers in the BALF of
ApoE"*LysMC™ mice were significantly reduced seven days after treatment compared to the
Cre-negative littermates (Figure 9B, C). According to our previous observations, Ly6c*
monocytes were decreased in the blood and increased in the bone marrow of control mice,
whereas this effect was lost in ApoE"*LysM®™® mice (Figure 9D, E). No changes in cMOP
numbers were observed in control or ApoE"™LysM®™® mice seven days after B-glucan (Figure
9F). Next, it was investigated if paracrine or autocrine ApoE signalling controls the generation
of ApoE*CD11b* AM upon environmental adaptation, as both have been described previously
(114). We generated chimeras that were reconstituted with WT CD45.1 mixed with
ApoE™*LysM®® CD45.2 bone marrow in a 1:1 ratio or the respective WT CD45.1 mixed with
WT CD45.2 bone marrow control chimeras. After reconstitution and intranasal stimulation with
PBS or B-glucan, BALF and blood were analysed seven days after inoculation by flow
cytometry. Both groups of WT/WT and WT/ApoE™™LysM®® chimeras efficiently generated
ApoE*CD11b* AM in the alveolar space (Figure 9G). Furthermore, both WT CD45.1* and
ApoE™*LysM®® CD45.2* cells contributed to the pool of ApoE*CD11b* AM in the BALF of
WT/ApoE"™LysM chimeras (Figure 9H). To control for a reconstitution bias, we investigated
the chimerism of Ly6¢c* monocytes in the blood and BALF and found a high chimerism
efficiency (= 90%) and an equal contribution of donors (Figure 9l). These results suggest that
paracrine production of ApoE by neighbouring myeloid cells is sufficient to rescue the loss of
ApoE-deficient CD11b* AM in WT/ApoE™"™*LysM® chimeras. To elucidate if ApoE controls the
initial recruitment or the survival of ApoE*CD11b* AM in the alveolar space upon environmental
adaptation, ApoE"™™LysM®® mice and their respective control littermates were stimulated with
PBS or B-glucan and analysed three days later. Flow cytometric quantification showed no
difference in ApoE*CD11lb* AM and Ly6c*™ monocyte numbers between control and
ApoE™LysMC®mice (Figure 9J, K). Together, these data demonstrate that paracrine myeloid-
derived ApoE controls the maintenance and survival of ApoE*CD11b* AM in the alveolar space
and not the initial recruitment and differentiation upon B-glucan mediated environmental

adaptation.
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Figure 9: Paracrine myeloid derived ApoE controls the survival of ApoE*CD11b* AM upon -
glucan mediated environmental adaptation. (A) Quantification of ApoE protein levels from the BALF
supernatant in a time course from 1 to 21 days post -glucan stimulation of WT mice (n=4-5 mice, one
independent experiment). (B, C) Absolute numbers of ApoE*CD11b* AM (B) and Ly6¢c* monocytes (C)
in the BALF seven days after intranasal B-glucan exposure of control or ApoE"**LysMC® mice by flow
cytometry (n=8-10 mice, three independent experiments). (D-F) Absolute Ly6c* monocyte numbers in
the blood (D) or bone marrow (E) and absolute cMOP numbers in the bone marrow (F) of control or
ApoEflexLysMCre mice seven days intranasal B-glucan stimulation by flow cytometry (n=6-8 mice, two
independent experiments). (G-l) Lethally irradiated CD45.1*/CD45.2* mice were reconstituted with
1.5x10% WT CD45.1* mixed with WT CD45.2* (WT/WT) or WT CD45.1* mixed with ApoEfoxLysMmcCre
CD45.2+ (WT/ApoEfoxLysMCce) bone marrow cells to generate chimeras and subsequently intranasally
stimulated with PBS or B-glucan (n=8-9 mice, two independent experiments). Flow cytometric
guantification of ApoE*CD11b* AM numbers (G) and contribution of donor cells (CD45.1* or CD45.2%)
to the ApoE*CD11b* AM pool (H) seven days after exposure. (I) Ly6c* monocyte chimerism in the blood
and bone marrow shown as percentage of CD45.1* or CD45.2* donor cell contribution. Figure legend
continues on next page.
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Figure 9: (J, K) Absolute numbers of ApoE*CD11b* AM (J) and Ly6c* monocytes (K) in the BALF three
days after intranasal B-glucan exposure of control or ApoEfoxLysMCe mice by flow cytometry (n=7-8
mice, two independent experiments). Data are depicted as mean £SD, (A-K) ordinary one-way ANOVA
with Tukey’s multiple comparisons.

[I1.VIIl. Apolipoprotein E controls the survival of ApoE*CD11b* AM by regulation

of cholesterol storage and M-CSF secretion

As ApoE is crucial for cholesterol efflux, we hypothesized that the impaired survival of ApoE-
deficient CD11b* AM upon B-glucan exposure might be linked to lipid accumulation and
dysregulation of lipid metabolism in the cells. First, we selected AM from the BALF of day three
PBS or B-glucan experienced control or ApoE"*LysMC®™ mice by adherence, fixed the cells and
stained the cholesterol content using Filipin. ApoE-deficient CD11b* AM showed significantly
higher signal intensities of intracellular cholesterol compared to ApoE-proficient CD11b* AM of
glucan experienced mice, while cells from PBS treated mice showed no difference (Figure
10A, B). A previous publication by Blanchard et al. showed a cholesterol accumulation in the
endoplasmic reticulum (ER) leading to impaired protein synthesis upon ApoE deficiency in
oligodendrocytes (115). To test if this is also the case for ApoE-deficient CD11b* AM, AM from
the BALF of day three PBS or B-glucan experienced control or ApoE™*LysM®™® mice were
selected by adherence and incubated with BODIPY-cholesterol overnight. As the cells were
not fixed, fluorescent BODIPY-cholesterol was actively taken up by AM, which allowed
intracellular tracking. Immunofluorescence allowed co-staining of BODIPY-cholesterol with the
cell organelle-specific markers calreticulin (ER), EEA1 (endosomes) and LAMP1 (lysosomes)
(Figure 10C). BODIPY-cholesterol signals co-localized with calreticulin signals in ApoE-
deficient CD11b* AM indicating a cholesterol accumulation in the ER of those cells (Figure
10D). Overloading of the ER with cholesterol could affect protein synthesis and folding of
cytokines involved in macrophage differentiation and survival. We therefore hypothesized that
the ApoE-mediated cholesterol accumulation could impair the production of M-CSF, a growth
factor that has been linked to differentiation and survival of monocytes into macrophages in
the lung (42). WT mice were stimulated with PBS or 3-glucan and the BALF supernatant was
harvested for quantification of M-CSF protein levels at different time points after exposure
showing an early release at day one coinciding with monocyte infiltration into the alveolar
space (Figure 10E, 5A). Further immunohistochemical analyses of lung samples of WT mice
one day post B-glucan inoculation by immunofluorescence showed co-localization of M-CSF
protein with ApoE*CD11b* AM within the alveolar space (Figure 10F, G). We also compared
extracellular and intracellular M-CSF levels from control or ApoE™"*LysM®® mice upon
environmental adaptation. Secretion of M-CSF into the alveolar space was measured in the

BALF supernatant by ELISA one day after 3-glucan and showed significantly decreased levels
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in ApoE"™LysMc® mice compared to controls (Figure 10H). Additionally, reduced M-CSF
signal intensities were detected in ApoE-deficient CD11b* AM one day after B-glucan by
immunofluorescence (Figure 10I). Finally, we hypothesized that cholesterol accumulation in
the ER and subsequently reduced production of M-CSF is triggering the loss of ApoE-deficient
CD11b* AM from day three to seven upon B-glucan inoculation. AM from the BALF of day three
PBS or B-glucan experienced control or ApoE™LysM®® mice were selected by adherence and
stained for TUNEL followed by conventional immunofluorescence. Analysis confirmed higher
TUNEL signal intensities in ApoE-deficient CD11b* AM three days after $-glucan (Figure 10J)
confirming cell death. To further validate the necessity of M-CSF for the differentiation and
maintenance of ApoE*CD11b* AM in the alveolar space, M-CSF signalling was blocked in vivo
treating WT mice with B-glucan in combination with an anti-CSF-1R antibody or the respective
isotype control followed by flow cytometric analysis seven days after initial -glucan inoculation
(Figure 10K). Blocking of M-CSF signalling resulted in significantly reduced numbers of
ApoE*CD11b* AM in the alveolar space compared to the mice treated with the isotype control
(Figure 10L), but did not affect CD11b- AM or Ly6c* monocyte numbers (Figure 10M, N). In
summary, these data show that ApoE is regulating monocyte to macrophage differentiation
and survival by controlling intracellular cholesterol levels and signalling via the M-CSF — CSF-

1R axis upon environmental adaptation.
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Figure 10: Myeloid-derived Apolipoprotein E controls survival of ApoE*CD11b* AM by regulation
of cholesterol storage and M-CSF secretion. Figure legend continues on next page.
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Figure 10: (A, B) AM from PBS or B-glucan experienced control or ApoEf°*LysMCre mice were selected
by adherence from the BALF three days after stimulation and subsequently fixed. Filipin staining was
performed followed by immunofluorescence staining. Representative images of Filipin stainings are
shown in (A), scale bars represent 5 um. (B) Quantification of mean Filipin signal intensities in
ApoE*CD11b* AM in the different conditions (n=3 mice per condition, two independent experiments).
(C, D) Control or ApoEfexLysMCre mice were stimulated with PBS or B-glucan and three days later AM
from the BALF were selected by adherence and incubated overnight with 0.5 uM BODIPY -Cholesterol.
Immunofluorescence staining was performed the next day after fixing the cells for 15 min. (C)
Representative confocal images of ApoE*CD11b* AM treated with BODIPY-cholesterol and co-stained
for the endoplasmic reticulum (Calreticulin), endosomes (EEA1) or lysosomes (LAMP1). Scale bar
represents 5 pm. (D) Quantification of overlapping signals of BODIPY-cholesterol and the three
organelle markers (n= 2 mice per condition, two independent experiments). (E) M-CSF protein levels in
the BALF supernatant of WT mice in a time course from 1 to 21 days post B-glucan stimulation (n=5
mice, one independent experiment). (F, G) Lungs of WT mice were harvested 24 h post 3-glucan
stimulation, fixed and frozen in OCT. 5 um sections were stained for SiglecF, CD11b and M-CSF. (F)
Representative confocal images, arrows indicate ApoE*CD11b* AM. (G) Seven regions of the same
size from the samples were analysed and M-CSF mean signal intensities of CD11b- AM and
ApoE*CD11b* AM were determined. Each dot represents one cell. (H) M-CSF protein levels in the BALF
supernatant of control or ApoEf**LysMCe mice one day after PBS or B-glucan assessed by ELISA (n=6
mice, two independent experiments). (I) AM from PBS or B-glucan experienced control or
ApoEfoxLysMCre mice were selected by adherence from the BALF one day after stimulation, fixed and
immunostained for SiglecF, CD11b and M-CSF. Quantification of mean M-CSF signal intensities in
ApoE*CD11b* AM (n=3 mice per condition, two independent experiments). (J) TUNEL staining in AM
from PBS or B-glucan experienced control or ApoEfxLysMCe mice selected by adherence three days
after inoculation. Cells were fixed followed by TUNEL staining and conventional immunofluorescence.
Plot shows mean TUNEL signal intensities of ApoE*CD11b* AM (n=3 mice, two independent
experiments). (K) Experimental setup for CSF-1R blockade upon environmental adaptation. WT mice
were stimulated with B-glucan together with 500 pug anti-CSF-1R antibody or the respective isotype
control. Intranasal application of the anti-CSF-1R antibody or the respective isotype control was
repeated 12h and three days after initial treatment. (L-N) Quantification of ApoE*CD11b* AM (L), CD11b-
AM (M) and Ly6c* monocyte (N) numbers in the BALF of WT mice seven days after treatment with (3-
glucan together with anti-CSF-1R antibody or the respective isotype control. Data are depicted as mean
+SD, (B, D, E) Two-tailed Mann-Whitney test, (G-J) ordinary one-way ANOVA with Tukey’s multiple
comparisons, (L-N) unpaired student’s t-test.

lII.IX. Repetitive exposure to P-glucan enhances the emergence of
ApoE'CD11b* AM

In the chapters above, we described the effect of a single dose of 3-glucan on the mononuclear
phagocyte compartment of the lung as a model to mimic environmental adaptation to external
stressors. As B-glucan is omnipresent in ambient air and abundantly inhaled over time, we
established an experimental setup for a repetitive exposure to B-glucan. Mice were stimulated
at day 0, 3 and 6 with PBS or B-glucan and sacrificed at day 14 (Figure 11A). Quantification
of pulmonary macrophage subsets by flow cytometry showed exclusive emergence of
ApoE*CD11b* AM in mice repetitively stimulated with 3-glucan and also increased numbers of
tissue-resident CD11b” AM (Figure 11B, C). Unsupervised clustering of pulmonary immune

cells based on their surface marker expression demonstrated that, besides the emergence of
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ApoE*CD11b*" AM, only minor changes in cell composition occurred in granulocytes, DC and
monocyte populations upon repetitive B-glucan inoculation (Figure 11D). Comparison of these
results with the results obtained after a single dose of p-glucan (Figure 3C, F) showed no
extensive differences. However, focusing on the composition of the alveolar macrophage
compartment, repetitive B-glucan exposure boosted the abundance of ApoE*CD11b* AM up
to 22% compared to a single dose (Figure 11E). In conclusion, repetitive exposure to B-glucan
increases the abundance of ApoE*CD11b* AM in the AM compartment without impacting other

mononuclear phagocytes in the murine lung.
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Figure 11. Repetitive exposure to B-glucan enhances the emergence of ApoE*CD11b* AM
compared to a single dose. (A) Experimental setup for repetitive B-glucan exposure. WT or
Ms4a3creR26Tomalo mice were inoculated with PBS or B-glucan on day 0, 3 and 6 and analysed on day
14 by flow cytometry. (B, C) Absolute numbers of ApoE*CD11b* AM (B) and CD11b- AM (C) in the lung
of mice repetitively stimulated with B-glucan assessed by flow cytometry at day 14 (n=10 mice, two
independent experiments). (D) UMAP representation of 5x10* CD45* DRAQ?7- Lin- (Ly6g, B220, CD19,
CD3¢, Nk1.1, Ter-119) immune cells of the Ms4a3CreR26tTomato |ung after repetitive intranasal B-glucan
stimulation from flow cytometry data using the surface marker panel shown in Figure 3A (n= 5-6 mice
pooled per condition). (E) Percentage of ApoE*CD11b* AM among AM in the lung of mice repetitively
stimulated with B-glucan assessed by flow cytometry at day 14 (n=10 mice, two independent
experiments). Data are depicted as mean £SD, (B, C, E) unpaired student’s t-test.
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V. Discussion

Interaction with our modern-day environment brings ourselves close to a multitude of
environmental particles, including aerosols, particulate matter, pathogens and
immunomodulatory substances derived from pathogens. While exposure to particulate matters
has been mainly negatively correlated to lung injury and adenocarcinoma outcomes (48, 49),
inhalation of low dose B-glucan has been linked to airway inflammation, allergy and asthma
(54-56). However, it remained elusive how ambient 3-glucan affects mononuclear phagocytes,
which form the first line of defence and abundantly express receptors recognizing 3-glucan, on
an immunological and molecular level. Thus, we developed a murine model of a low dose
inoculation to mimic environmental exposure to the omnipresent fungal polysaccharide B-
glucan. Flow cytometric analysis of the mononuclear phagocyte compartment of the lung post
B-glucan revealed a CCR2-dependent recruitment of Ly6¢c™ monocytes from the blood into the
alveolar space that further differentiate into CD11b* AM. At the transcriptional level, these
recruited CD11b* AM express high amounts of genes associated with a monocyte-derived lipid

associated macrophage, such as Apoe, Sppl, Trem2 and Gpnmb.

Molecularly, the process of recruitment and differentiation process is dependent on the Dectin-
1 — CARDS signalling axis, while ApoE acts as a crucial determinant of monocyte-derived
macrophage maintenance in the environment of the alveolar lumen. Ablation of ApoE in
CD11b* AM leads to accumulation of cholesterol in the endoplasmic reticulum, which impedes
secretion of M-CSF and survival of the cells upon environmental adaptation to B-glucan.
Functionally, B-glucan mediated environmental adaptation leads to increased release of pro-
inflammatory IL-6 specifically from ApoE*CD11b" AM upon ex vivo restimulation with LPS, to
enhanced bacterial clearance in a secondary bacterial infection and to reduced fibrosis in an
in vitro lung organoid model (Figure 12). Furthermore, we show that repetitive exposure to 3-
glucan increases the inflammatory amplitude, but its effect is still only restricted to the elevated
emergence of ApoE*CD11b* AM. In summary, we show how B-glucan mediated environmental
adaptation modulates lung resilience and disease susceptibility by reshaping the alveolar
macrophage pool and how the differentiation process of monocytes into alveolar macrophages

is linked to cellular cholesterol metabolism.
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Figure 12: B-Glucan induced environmental adaptation reshapes the pulmonary alveolar
macrophage pool, which positively affects lung resilience and disease susceptibility and links
cellular cholesterol metabolism to monocyte to macrophage differentiation. Intranasal exposure
to B-glucan triggers Ly6¢c* monocyte influx into the alveolar space via the Dectin-1 — CARDS9 signalling
axis and induces differentiation into ApoE*CD11b* AM, which release elevated levels of IL-6. Regulation
of intracellular cholesterol levels and M-CSF production are controlled ApoE, which affect survival of
ApoE*CD11b* AM upon ablation of ApoE.

IV.l. B-glucan, an environmentally derived immune modulator, elicits monocyte-
derived ApoE*CD11b" AM via the Dectin-1 — CARDS9 signalling axis

Using a murine model to mimic environmental exposure with a low dose B-glucan inoculation,
we characterized the mononuclear phagocyte compartment at several time points post
exposure by flow cytometry based on previous published gating strategies (116). Transient
influx of eosinophils and neutrophils into the alveolar space up to seven days after treatment
indicates a low-grade inflammation upon environmental exposure, as previously described
confirming our model (51, 54). Although the initial inflammation is minimal, B-glucan exposure

is accompanied by the emergence of a population of alveolar macrophages that express high

52



Discussion

levels of CD11b together with classical alveolar macrophage markers like CD64, MerTk and
intermediate levels of SiglecF. Transcriptomic analysis shows that the majority of
macrophages belongs to bona fide tissure resident or proliferative AM in line with previous
publications (35, 109, 110). Differential genes expressed by the cluster of AM specific to the
B-glucan condition consist of Apoe, Gpnmb, Sppl, Cd63 and Trem2, which have been
previously described as genes associated to monocyte-derived macrophages with an
inflammatory and lipid associated phenotype (12, 99). As this signature occurs in monocyte-
derived macrophages in other inflammatory settings, it can be speculated that these genes
potentially guide the differentiation process from monocytes to macrophages and support the
adaptation to a lipid rich environment like the lung or the adipose tissue. The observation that
ApoE and CD11b are co-expressed on the RNA and protein level indicates that the lipid

associated phenotype is linked to a higher inflammatory potential (117).

The emergence of ApoE*CD11b" AM coincides with an influx of Ly6c™ monocytes into the
alveolar space and together with the expression of genes previously found in monocyte-
derived macrophages, support the monocyte origin of ApoE*CD11b* AM. Fate mapping by
Ms4a3 expression in GMP of the bone marrow confirms that ApoE*CD11b* AM are almost
exclusively monocyte-derived, while similar to published data approximately 20% of CD11b"
AM are labelled (13). We demonstrate that CCR2 signalling is crucial for the emergence of
monocyte-derived AM, which is in line with evidence from influenza A virus infections (12).
Ly6¢c* monocytes lacking CCR2 accumulate in the bone marrow, as they are not able to
respond to MCP-1 and migrate to the periphery (112). However, CCR2 is dispensable for
migration of Ly6c* monocytes from the blood stream to the exposed tissue (112). Systemic
application of B-glucan has previously been shown to modulate myelopoiesis via GMP in the
bone marrow (118). In our model, a topical low dose administration of B-glucan does not alter
GMP (data not shown) and cMOP populations, but increases Ly6¢c™ monocytes in the bone
marrow indicating that only the latest stage of monocyte development is affected. In contrast,
Ly6c™ monocytes in the blood are decreased indicating that increased Ly6c* monocyte
production in the bone marrow compensates for recruitment of Ly6¢c* monocytes from the blood

circulation to the alveolar space.

B-glucan is an essential component of cell walls across many fungal species and ubiquitously
found in the atmosphere. Monocytes and monocyte descentants have been identified as potent
antifungal mediators in mice and man, and have been shown to incite CD4* T cell responses
(119-121). Influx of Ly6c* monocytes into the alveolar space and subsequent differentiation
into ApoE*CD11b* AM upon B-glucan exposure could therefore be a crucial part of the host
defense by modulating adaptive responses against fungal species. However, signals that

trigger monocyte influx and differentiation into macrophages remain poorly understood on a
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molecular level. Based on current evidence in the literature, receptor-dependent or
phagocytosis-mediated intracellular signalling and death of trAM could be drivers for monocyte
recruitment. Binding of B-glucan by surface receptors triggers production of a variety of
different pro-inflammatory cytokines, while the fungal polysaccharide is also phagocytosed by
alveolar macrophages (53). Once their phagocytic capacity is surpassed, tissue-resident
macrophages can initiate inflammation and secrete mediators like type | IFNs, TNF-a and IL-
1B, attracting monocytes and neutrophils (29, 30). Pulmonary bacterial or viral infections like
influenza A virus or Legionella pneumophila often cause early loss of trAM, which is additionally
accompanied by emergence of moAM in the acute phase, while later stages of the infections
are characterized by proliferation of the remaining trAM to restore organ function (41, 122).
Exposure to B-glucan triggers a reduction in trAM numbers one day after exposure as
guantified by flow cytometry, confirming a mild initial loss. However, trAM numbers are rapidly
expanding from day three to day seven beyond the emergence of ApoE*CD11b* AM, indicating
local trAM proliferation. Interestingly, the percentage of proliferating AM is reduced in our
single-cell RNA sequencing data at day seven post 3-glucan, which could explain the decline
of trAM back to baseline levels from day seven to day 14 assessed by flow cytometry. In
summary, monocytes and moAM could act as antifungal effectors and compensate for the loss

of trAM upon B-glucan exposure, as trAM proliferation is slower than monocyte recruitment.

Regarding the life span of moAM, recent publications show that moAM and trAM co-exist in
the lung for more than eight weeks after influenza A virus infection (12, 41). Tracking of (-
glucan elicited ApoE*CD11b* AM over time based on CD11b expression shows a peak at day
seven and subsequently decreasing numbers. To investigate the life span of ApoE*CD11b*
AM, monocytes were fluorescently labelled prior to B-glucan exposure using an inducible
Ms4a3 reporter model. Analysis after 28 days showed that tdTomato labelling was present in
ApoE*CD11b* AM and CD11b" AM of B-glucan exposed mice, while control mice showed no
labelling. Together with data from the constitutive labelling approach, these results indicate
that ApoE*CD11b* AM persist in the alveolar space beyond 28 days, where they gradually
downregulate CD11b. This raises the hypothesis that moAM are phenotypically and
functionally adapting to the tissue microenvironment of the lung by integration into the pool of
trAM over time. However, the factors that drive the adaptation of moAM to the established

niche and the functional consequences remain elusive.

Molecularly, we show that the environmental adaptation to B-glucan is dependent on the
Dectin-1 — CARD?9 signalling axis. Activation of Dectin-1, which is the predominant receptor for
B-glucan, triggers a variety of pro-inflammatory or tolerance responses depeding on the ligand
engaged (70). In line with previous findings, we confirm that Dectin-1 is expressed on alveolar

macrophages and monocytes in the lung (65), which allows rapid sensing of fungal species as
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part of protective immune responses for host defence. Global ablation of Dectin-1 significantly
decreases the emergence of ApoE*CD11b* AM upon environmental adaptation, but not Ly6c*
monocytes, indicating that Dectin-1 is crucial for monocyte to macrophage differentiation and
not required for the influx of Ly6c* monocytes into the alveolar space in the first place.
Furthermore, we show that differentiation of ApoE*CD11b* AM is dependent on CARD9, a
signalling adaptor downstream of Dectin-1. The decreased emergence of ApoE*CD11b* AM
also occurs in Dectin-17-and CARD9”- bone marrow chimeras, where ablation is only restricted
to circulating immune cells like monocytes, showing that intrinsic expression of both molecules

in monocytes is crucial to react to B-glucan and to initiate differentiation.

IV.1l. Adaptation to B-glucan modulates cytokine production, bacterial clearance

and fibrosis outcome

Previous studies have identified increased IL-6 release as a functional consequence in
circulating monocytes adapted to $-glucan (80, 123), but lack understanding on the level of
the tissue exposed. Adaptation of AM to B-glucan in the lung induces release of high levels of
pro-inflammatory IL-6 upon restimulation with LPS. Further experiments confirmed that
ApoE*CD11b* AM are the major source of IL-6 compared to tissue-resident CD11b" AM, which
is concordance with a higher inflammatory potential observed on CD11lb expressing
macrophages (117). Molecularly, induction of IL-6 transcription by NF-kB is one of the main
targets of the Dectin-1 — CARD9 signalling circuit (72). Abrogation of Dectin-1 or CARD9
signalling upon environmental adaptation does not only reduce ApoE*CD11b* AM numbers,
but also IL-6 production in the alveolar space. Transfer of B-glucan adapted AM to naive tissue
context reveals that IL-6 production is a cell intrinsic feature acquired upon environmental
adaptation suggesting transcriptional alterations on the moAM level as previously published
for monocytes (123, 124). Interestingly, there was no difference in TNF-a release from control
or B-glucan adapted AM upon LPS restimulation (data not shown), although NF-kB is also
inducing transcription of TNF-a (72). Previous publications have demonstrated a co-release of
IL-6 and TNF-a in monocytes upon LPS re-challenge (12, 80, 123), although others report no
increased TNF-a release from moAM (12). Prompt release of IL-6 from myeloid cells in
presence of sterile or non-sterile pathogens stimulates antibody production and plasma cell
differentiation in B cells and shifts T helper cell differentiation from tolerance to inflammation
as part of the adaptative host defence (125). IL-6 release by ApoE*CD11b* AM could therefore

be a key player in the initiation of adaptive defence responses against fungal species.

Besides initiation and termination of inflammation by cytokine secretion, AM perform

phagocytosis and efferocytosis to clear foreign microorganisms and apoptotic cells. We show
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that B-glucan adaptation enhances phagocytosis in AM in vitro compared to PBS controls.
Furthermore, B-glucan adapted AM also phagocytose quantitatively more S. aureus coated
bioparticles. From an evolutionary perspective, the B-glucan-mediated increase in
phagocytosis in AM could enhance subsequent clearance of fungal or bacterial species from
the alveolar space and provide a benefit for host defence. Interestingly, flow cytometric
analysis of the AM compartment post phagocytosis showed no difference between
ApoE*CD11b* AM and CD11lb- AM for phagocytosis, indicating that trAM and moAM
phagocytose equally well (data not shown), which is in line with previous results (12). In
contrast, a previous publication showed a higher phagocytic capacity in B-glucan elicited
monocyte-derived macrophage compared to their tissue-resident counterparts in the pancreas
(126). This discrepancy in phagocytosis between monocyte-derived macrophages of different
organs could be because pulmonary AM have a high phagocytic capacity per se, as they

constantly clear mucus and sample pathogens in the alveolar space.

Previous data have shown that adaptation of pulmonary macrophages to acute viral infections
or low grade inflammation by environmental factors confer to protection from secondary
bacterial infections (12, 51, 127). In line with these findings, adaptation to $-glucan prior to
infection significantly reduces the bacterial burden of Legionella pneumophila in the alveolar
space. The elevated release of IL-6 in combination with enhanced phagocytosis by AM could
explain the improved bacterial clearance as IL-6 has been proposed as one of the major
cytokines promoting antibacterial protection via stimulation of adaptive immune responses
(12). For chronic injuries, B-glucan exposure has been linked to reduced pulmonary fibrosis in
rats, although moAM have been identified to exacerbate fibrosis outcome (42, 44, 128). We
show that presence of B-glucan adapted AM limits fibrosis generation by decreased production
of SMA by myofibroblasts in a broncho-alveolar lung organoid model. Previously, it has been
shown that myofibroblast proliferation can be directly induced by AM via PDGFa (42), which
suggests that B-glucan adaptation modulates fibrosis development through altered production

of cytokines and growth factors.

IV.11l. Apolipoprotein E controls survival of ApoE*CD11b* AM by regulation of

cholesterol storage and M-CSF secretion

Protein levels of secreted ApoE are low in the alveolar space during homeostasis, but B-glucan
exposure triggers a fast release, which coincides with influx of monocytes and granulocytes
one day post treatment, although a distinct source has not been identified by our experiments.
Transcriptomic analysis reveals that Apoe expression is limited to B-glucan elicited moAM and
absent in trAM seven days after exposure. To elucidate the functional effect of ApoE on moAM,
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we crossed ApoE"™to LysM®® mice to generate a cell specific ApoE knockout in monocytes,
macrophages and granulocytes (129). Monocyte and macrophage-specific ablation of ApoE
leads to the loss of ApoE*CD11b* AM in the alveolar space from day three to seven after B-
glucan instillation, while influx of monocytes is unimpaired at day three. These results indicate
that ApoE does not control the initial influx of monocytes, but is crucial for the maintenance of
ApoE*CD11b* AM in the alveolar space. It has been previously described that local production
of lipid free ApoE by macrophages is crucial for reverse cholesterol transport and cholesterol
efflux ameliorating atherosclerosis, while lipoprotein bound plasma ApoE released by
hepatocytes is not (130, 131). Further studies support the functional discrepancy between
exogenous plasma ApoE and endogenously expressed ApoE in macrophages for cholesterol
efflux (132). Loss of ApoE-deficient CD11b* AM upon environmental adaptation could
therefore be due to imbalance of cholesterol efflux, especially as moAM have to adapt to the
lipid rich environment of the lung. Interestingly, monocyte and macrophage specific ablation of
ApoE reduces Ly6c* monocytes in the alveolar space and abrogates the effect in blood and
bone marrow seven days after B-glucan. This raises the hypothesis that fewer monocytes are
recruited to the alveolar space upon ApoE ablation, although the mechanism is poorly
understood. Using a mixed chimera approach, we show that ApoE-deficient CD11b* AM
survive in the alveolar space past day three if neighbouring mononuclear phagocytes are
proficient in ApoE production upon environmental adaptation. This suggests a paracrine
mechanism by uptake of released ApoE by ApoE-deficient CD11b* AM and restorage of
intracellular protein function. It has been previously described that ApoE acts in both an
autocrine and paracrine manner. While autocrine effects are constant, paracrine effects are
dependent on the concentration of ApoE in the tissue environment and the proximity of the
cells to each other (114). Recently, it has been shown that tumor-associated macrophages
transfer ApoE to cancer cells via exosomes in a paracrine manner (133)., which could explain
the rescue of ApoE-deficient CD11b* AM by neighbouring ApoE proficient mononuclear

phagocytes in our model.

Further experiments show that B-glucan elicited ApoE-deficient CD11b" AM accumulate
cholesterol in the ER due to impaired cholesterol efflux, which is in concordance with previous
literature stating that endogenously expressed ApoE is crucial for this process in macrophages
(132). A similar phenotype can be observed in Alzheimer’s disease patients carrying the ApoE4
gene variant, which has been described as the largest genetic risk factor (90). It has been
shown that ApoE4* Alzheimer’s patients suffer from lipid droplet accumulation in microglia and
ER-specific cholesterol accumulation in oligodendrocytes causing stress (115, 134). In
contrast, the majority of cholesterol in ApoE*CD11b* AM is present in endosomes and
lysosomes in concordance with previous studies (135). Normally, ApoE-rich cholesterol-
shuttling lipoproteins are taken up into endosomes, from where lipids are partially transported

57



Discussion

into lysosomes, while ApoE is transported back to the surface and secreted to rebind to
lipoproteins. This recycling process of ApoE is a major part of cholesterol efflux and impaired
in cells carrying the ApoE4 gene variant (136). Impaired recycling of ApoE could therefore
trigger mis-shuttling of excessive cholesterol to the ER and explain the cholesterol

accumulation in ApoE-deficient CD11b*™ AM upon environmental adaptation.

Lipid accumulation in the ER has been linked to increased ER stress, which negatively affects
the tightly regulated and correct biosynthesis of proteins and lipids (137). We further
investigated if the cholesterol accumulation in B-glucan elicited ApoE-deficient CD11b* AM
impairs the secretion of cytokines related to macrophage differentiation and maintenance,
explaining their impeded survival. While GM-CSF, which has been linked to trAM development,
is not secreted upon environmental adaptation (data not shown), M-CSF is rapidly released
into the alveolar space one day after B-glucan coinciding with influx of monocytes and
differentiation into moAM. Furthermore, we established a link between M-CSF and
ApoE*CD11b* AM, as they co-localize in histological evaluations of the lung tissue. Translation
of the Csfl gene generates three different M-CSF variants, one membrane bound and two
soluble isoforms, that share a core sequence of amino acids but differ in their biological activity
(138). Ablation of ApoE significantly reduces M-CSF protein levels in the alveolar space and
also particularly in ApoE-deficient CD11b* AM indicating that both soluble and membrane
bound isoforms are affected. We therefore theorize that cholesterol accumulation in the ER
upon ApoE ablation leads to improper folding of M-CSF inciting its degradation, as lipid
accumulation triggers overloading of the ER with misfolded proteins, which are then degraded
by the unfolded protein response (137). As a consequence, cholesterol accumulation and
diminished M-CSF abundance increases apoptosis in ApoE-deficient CD11b* AM leading to
the loss of the cells from day three to day seven post environmental adaptation.
Mechanistically, upregulation of proapoptotic genes and Ca?* release from the ER to the
cytosol provoke mitochondria-mediated cell death (137). Lee et al. describe a similar
mechanism for astrocytes, in which ApoE4-mediated cholesterol accumulation dysregulated
mitochondrial respiration (139). Interestingly, effects were mitigated by depletion of intracellular

cholesterol and restorage of mitochondrial homeostasis (139).

To establish a direct link between M-CSF and the maintenance of ApoE*CD11b* AM in the
alveolar space, we abrogated M-CSF signalling by blocking its receptor CSF-1R in vivo by a
monoclonal antibody. While CD11b- AM and Ly6¢c* monocytes are not affected, ApoE*CD11b*
AM are significantly reduced in absence of functional M-CSF — CSF-1R signalling. These
results are in concordance with recent publications that identify M-CSF as an important niche
and maintenance factor in monocytes and moAM in the BM and lung (42, 140). In case of Joshi

et al., the authors showed depletion of ApoE* moAM upon administration of neutralizing anti-
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M-CSF antibody demonstrating a similar mechanism for moAM emergence (42). Although our
results suggest that ApoE*CD11b* AM are maintained by autocrine M-CSF, paracrine
secretion of M-CSF cannot be fully ruled out by our experiments, as both mechanisms have
been described in literature (42, 140). As M-CSF does not only influence survival and
differentiation, but also chemotaxis in monocytes and macrophages (reviewed in (138)),
reduced chemotaxis of ApoE*CD11b* AM to the alveolar space could explain diminished
ApoE*CD11b* AM numbers upon CSF-1R signalling blockade. However, we demonstrate in
earlier experiments that M-CSF loss upon ApoE ablation does not influence monocyte
migration to the alveolar space three days post B-glucan. These results indicate that M-CSF is
crucial for for the survival and maintenance of ApoE*CD11b* AM and not for chemotaxis of

monocytes to the alveolar space.

IV.IV. Repetitive exposure to B-glucan increases the inflammatory amplitude
and the emergence of ApoE*CD11b* AM

Although aerial concentrations of B-glucan underlie seasonal differences, the fungal
polysaccharide is present in ambient air throughout the year (59). Therefore, a model of
repetitive administration mimics the daily exposure to $-glucan in a more precise fashion and
allows investigation of long-term effects. Characterization of the pulmonary mononuclear
phagocyte compartment after repetitive exposure to B-glucan demonstrate a boost in the
emergence of ApoE*CD11b* AM, while other myeloid cell populations are less affected. This
indicates that adaptation to multiple doses of $-glucan increases the inflammatory amplitude
by expanded emergence of ApoE*CD11b* AM without inducing overshooting immune
responses. Thus, this model shows that naive specific pathogen free-housed mice do not
accurately represent the mononuclear phagocyte composition in humans steadily exposed to
environmental particles and pathogens. It has been previously demonstrated that p-glucan
potentiates airway inflammation, allergy and asthma in mice and men (54-56, 141). However,
it remains elusive, which factors determine the outcome of B-glucan exposure, as adaptation
and resilience or maladaptation and pathologies have both been described. Nevertheless,
daily exposure and adaptation to B-glucan is not restricted to inhaling airborne particles, but
also occurs in the gastrointestinal tract as B-glucan or other immunomodulatory
polysaccharides are present in oats, grains and yeast (reviewed in (142)). Lastly, this study
shows that in addition to adaptive immunity reshaping throughout life, also innate immunity
might be continuously reshaped with long-lasting consequences for immune cell composition

of organs.
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IV.V. Summary and future prospective

In this study, the fungal immunomodulatory polysaccharide $-glucan was utilized to model the
effect of exposure to environmental stressors on mononuclear phagocytes in the murine lung.
We demonstrate that a low-grade dose of 3-glucan triggers influx of Ly6c* monocytes into the
alveolar space, which subsequently differentiate into ApoE*CD11b* AM in a Dectin-1 — CARD9
dependent manner. Furthermore, we identified ApoE and M-CSF as molecular determinants
for the emergence of ApoE*CD11b*™ AM by controlling their maintenance. Ablation of ApoE in
monocytes and macrophages causes cholesterol accumulation in the ER, which impedes
synthesis of M-CSF, an important maintenance factor for monocytes and moAM.
Consequently, ApoE-deficient CD11b* AM undergo cell death, potentially via Ca?* release into
the cytosol and subsequent mitochondria-mediated apoptosis. Adaptation to B-glucan
positively affects disease susceptibility by elevated release of IL-6 and phagocytosis leading
to enhanced bacterial clearance and ameliorated fibrosis. Repeated exposure boosts the
emergence of ApoE*CD11lb* AM without inducing overshooting immune responses.
Altogether, we demonstrate that a macrophage-centric tissue-specific adaptation to low-grade
inflammation inducing environmental factors improves the host fithess and resilience and links

cellular cholesterol metabolism to monocyte to macrophage differentiation.

Although our experiments contribute to understanding, how a single tissue-specific exposure
to environmental B-glucan positively shapes the host fithess and resilience, several questions
remain open. In the present study, we focused on mononuclear phagocytes present in the
alveolar space as B-glucan receptors are abundantly expressed on monocytes and
macrophages. However, the effect of B-glucan on lymphoid cells and the immune cell
composition in the interstitial space were not investigated. Our analyses have identified -
glucan specific signalling molecules crucial for the emergence of ApoE*CD11b* AM, but
cytokines and chemokines responsible for inflammation initiation and subsequent monocyte to
macrophage differentiation remain unknown. Although we show that M-CSF is crucial for
generation of B-glucan elicited moAM in the alveolar space, signals that further instruct their
survival and longevity beyond their initial adaptation are unknown. Our results of CSF-1R-
dependent depletion of moAM by antibodies provide insights into potential clinical applications,
where moAM aggravate pathological conditions. Furthermore, investigating how repeated
long-term exposure affects the cellular composition of the exposed tissue could help to
understand B-glucan-induced maladaptation leading to enhanced allergies, asthma and airway

inflammation.
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