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Lay Abstract

The innate immune system is one of the first defenders in our bodies that
fight against a variety of pathogens. In the last decade, the innate immune system
was found to be capable of having memory, meaning it reacts faster or at a
heightened magnitude in response to a wide range of subsequent pathogens after
it is trained by an agent. This project explores the effect a bacteria wall component,
LPS, has on the lung environment and examines if it will induce memory in the lung.
Our findings show that intranasal exposure to LPS changes the cellular landscape
in the lung. LPS-exposed airway innate immune cells become more activated and
provide subsequent protection against bacterial infections. This work has
implications for using LPS as a vaccine adjuvant in order to provide protection
against a variety of pathogens in addition to specific protection brought by the

vaccine.



Abstract

Innate immune memory has become an increasingly popular area of
research in the last decade. However, much of the work done on innate immune
memory using inflammatory agents such as BCG, C. albicans, and g-glucan has
been pursued through systemic administration, which has been shown to induce
training in circulating monocytes. In addition, little is known about whether microbial
ligands can induce training. Here, we show that local mucosal exposure to an acute
dose of LPS induces long-lasting phenotypic changes in airway macrophage
populations. LPS-exposed macrophages display increased glycolytic metabolism
and differential cytokine expression upon restimulation, whereas circulating
monocytes are not affected. Finally, we show that LPS exposure provides long-
lasting protection against Streptococcus pneumoniae in the lung, likely due to the
higher acquisition of CD11b, which is indicative of macrophage activation and
phagocytosis. As much of the work on innate immune memory has been done
through systemic administration of training agents, this project aims to fill existing
knowledge gaps in the induction of innate immune memory upon local mucosal

exposure to inflammatory agents.
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1. INTRODUCTION

1.1 General Introduction

For many years, it was thought that only the adaptive arm of immunity
possesses memory. However, emerging research in the field has demonstrated
that the innate immune system can have an altered response to a secondary
challenge of the same or an unrelated antigen or microbe, a process now referred
to as innate immune memory (Netea et al., 2016). This altered response can either
be in the form of hyper-responsiveness, which is referred to as trained innate
immunity (TII), or hypo-responsiveness, termed innate immune tolerance (Netea
et al., 2016). Many innate cells were found to be capable of having innate immune
memory, including but not limited to monocytes, tissue-resident macrophages,
dendritic cells (DC), and natural killer (NK) cells (Netea et al., 2020). These innate
cells can be trained by various live organisms, viruses, microbial ligands, and self-
derived molecules (Netea et al., 2020). Our lab has previously shown that local
exposure to adenoviral-vectored vaccines induces robust memory alveolar
macrophages capable of protecting against heterologous infections in the lung,
such as Streptococcus pneumoniae (S. pneumoniae), Escherichia coli (E. coli),
and SARS-CoV-2 (Yao et al., 2018, Afkhami et al., 2022). Recent work in the lab
has also shown that local exposure to g-glucan rendered treated mice higher
survival rates after a lethal S. pneumoniae infection (unpublished data). To further
explore the effects of local mucosal exposure to inflammatory agonists, this project

will investigate whether local mucosal exposure to lipopolysaccharide (LPS) will



M.Sc. Thesis, Gluke Ye McMaster University, Medical Sciences

induce lasting changes in phenotypic and functional profiles of local and systemic
cell populations. The findings from this study offer new knowledge in innate
immune training in the respiratory mucosa and hold implications for developing of
vaccine adjuvants and the therapeutic use of immunomodulatory agents against

respiratory infections.

1.2 Concept of Trained Innate Immunity (TII)

Traditionally, immunological memory was thought to be an exclusive
characteristic of the adaptive immune system, which is only present in vertebrates.
Due to the growing knowledge of innate immunity, existing literature has indicated
heightened responses to secondary infections induced by a primary encounter with
a pathogen in plants as well as in non-vertebrates, which both lack an adaptive
immune system (Hildemann et al., 1977, Hildemann et al., 1979, Sticher et al.,
1997, Moret et al. 2003, Durrant et al., 2004, Pham et al., 2007, and Rodrigues et
al., 2010). Over the years, observational studies and randomized controlled trials
have suggested that Bacille Calmette-Guerin (BCG), the only licensed vaccine
against tuberculosis (TB), can provide non-specific protection against unrelated
pathogens (Netea et al., 2014, Uthayakumar et al., 2018). In the past few years,
more studies have found cases of innate immune memory, defined as a “persisting
re-set state of the innate immune system long after the initial antigen or microbial
exposure, leading to altered responsiveness to the same or an unrelated antigen
or microbe” (Netea et al., 2016, Gourbal et al., 2018, Xing et al., 2020,). Innate

immune memory can either lead to hypo-responsiveness, known as “innate
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immune tolerance”, or hyper-responsiveness, known as “trained innate immunity”
(Netea et al., 2016, Xing et al., 2020). To this date, many innate cells have been
found capable of having innate immune memory, including monocytes, tissue-
resident macrophages, DCs, neutrophils, NK cells, innate lymphoid cells, and even

stromal and epidermal stem cells (Netea et al., 2020).

Trained innate immune cells exhibit characteristics such as increased aerobic
glycolysis, epigenetic modifications including H3K27ac and H3K4me3, as well as
an increase in the production of proinflammatory cytokines (Netea et al., 2020). It
has been found that all of the aforementioned pathways are interconnected with
each other. For instance, the training agent may induce a shift from oxidative
phosphorylation to aerobic glycolysis, of which substrates such as fumarate or
acetyl-CoA from the citric acid cycle may act on downstream proteins involved in
epigenetic reprogramming (Netea et al., 2020). These proteins, such as KDM5
histone demethylase and histone acetyltransferases, deposit chromatin marks,
which change the DNA methylation and acetylation status and lead to the unfolding
of the chromatin, making it more accessible for the transcription and expression of
proinflammatory factors upon exposure to a secondary stimulus (Netea et al.,

2020).

1.2.1 Tl following systemic exposure to live organisms
Certain organisms have been shown to induce non-specific protection against
heterologous infections. It has been known for decades that the BCG vaccine

provides non-specific protective effects. In West African regions with high mortality
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rates, BCG-vaccinated children had higher survival rates from infections other than
tuberculosis (Garly et al., 2013). Similar results were seen in murine studies; BCG-
vaccinated mice had higher survival rates against secondary infections with
Candida albicans (C. albicans) and Schistosoma mansoni (S. mansoni) (van’t
Wout et al., 1992). This protection appeared to be partially mediated by T cell-
independent mechanisms and involved activated tissue macrophages (Tribouley
et al., 1978). Complementing this data are additional studies investigating the
protection induced by C. albicans. When mice were inoculated with an attenuated
strain of C. albicans that is avirulent and incapable of germinating, protection was
seen against subsequent infections from a pathogenic strain of C. albicans and
also Staphylococcus aureus (S. aureus) (Bistoni et al., 1986). This mechanism was
proven to be independent of T cell responses when similar results were replicated
in athymic mice (Bistoni et al., 1986). Additionally, this mechanism relies on
macrophages and the production of pro-inflammatory cytokines such as CSF, TNF-

a, IL-1, and IFN-y (Bistoni et al., 1988, Vecchiarelli et al., 1989).

Recent work in animal models found that systemic administration of BCG
trained circulating monocytes. Kaufmann and colleagues adoptively transferred
bone marrow-derived macrophages (BMDMs) from BCG-trained mice into Ragl’
mice (Kaufmann et al.,, 2018). BMDMs from the BCG-treated mice exhibited
differential epigenetic marks and transcriptional profiles (Kaufmann et al., 2018).
Furthermore, BMDMs from BCG-treated mice protected the recipient mice from

subsequent Mycobacterium tuberculosis (M. tuberculosis) infection (Kaufmann et
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al., 2018). These results suggest that systemic inoculation of BCG can access the
bone marrow, promote myelopoiesis, and generate trained circulating monocytes
with a unique epigenetic and transcriptomic signature. Most importantly, it explains
how TII in myeloid cells can last for several months and sometimes up to a few

decades (Riekmann et al., 2017).

1.2.2 Tl following exposure to inflammatory agonists

Inflammatory agonists can also induce Tl in animal models. In addition to BCG
and C. albicans, initial work on innate immune memory used f-glucan as a
systemic training agent and made several major discoveries on the underlying
mechanisms of TIl. g -glucan is composed of groups of S -D-glucose
polysaccharides and is found in the cell walls of yeasts, bacteria, and fungi, such
as C. albicans (Camilli et al., 2018). It acts as a pathogen-associated molecular
pattern (PAMP) in many fungal infections and binds to Dectin-1, scavenger
receptors, and complement receptor 3 (CR3) on host cells (Camilli et al., 2018). Of
these receptors, Dectin-1 has been characterized with the most detail. The binding
of B-glucan to Dectin-1 initiates a myriad of responses in macrophages, DCs, and
neutrophils. This includes phagocytosis, oxidative burst, neutrophil degranulation,
fungal killing, and the production of inflammatory lipid mediators, cytokines, and
chemokines (Goodridge et al., 2009). Many key characteristics of TII, such as
increased glycolysis, epigenetic rewiring, and increased cytokine responses upon
secondary heterologous exposure, were defined by studying £-glucan in systemic

models (Netea et al., 2020).
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Another inflammatory agonist commonly used in innate immune memory is
LPS, which is a major component of the outer membrane of gram-negative bacteria
(Foster et al.,, 2007). LPS is comprised of the variable O antigen, core
oligosaccharides, and Lipid A, which is a conserved component responsible for the
toxicity of gram-negative bacteria (Murphy et al., 2017). LPS induces the
dimerization of the toll-like receptor 4 (TLR4)-myeloid differentiation factor 2 (MD-
2) complex upon binding (Murphy et al., 2017). During bacterial infections, LPS
can detach from the membrane of gram-negative bacteria and is picked up by the
host LPS-binding protein present in the blood or extracellular fluid in tissues, then
transferred to CD14, an accessory protein for TLR4, which is present on the
surface of macrophages, neutrophils, and dendritic cells (Murphy et al., 2017).
Activation of TLR4 activates nuclear factor kappa B (NF-«xB), interferon regulatory
factors (IRF), and activator protein 1 (AP-1), which are transcription factors that
induce genes that code for type | interferons, inflammatory cytokines, chemokines,
antimicrobial proteins and peptides, tissue-repair and coagulation factors, and
metabolic regulators (Foster et al., 2007, Murphy et al., 2017). LPS has been
known for its role in endotoxin tolerance, in which cells or organisms transiently
become unresponsive to repeated or prolonged stimulation with a low dose of LPS.
This type of immunosuppression is protective against certain forms of cytokine-
induced inflammatory damage. For instance, studies have documented the
neuroprotective effects of tolerance induced by both systemic and local

administration of LPS to the cerebrum (Wendeln et al., 2018, Mizobuchi et al.,
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2021). On the other hand, the training effects of LPS have only been examined in
detail recently and remain somewhat controversial. It started over half a century
ago when it was found that injection of mice with LPS conferred protection against
M. tuberculosis 7-14 days later (Youmans et al., 1965). This was one of the first
pieces of evidence of innate immune memory. Since then, pretreatment with LPS
was found to reduce pathogen spread or increase survival after infection by
Cryptococcus neoformans, Salmonella enterica, S. aureus, or group B
Streptococcus (Seeley et al., 2016). Some argue that these models are still forms
of LPS tolerance and that enhanced survival is rather mediated by LPS-induced
epigenetic changes to genes that are resistant to tolerance, collectively referred to
as non-tolerizeable genes (Foster et al.,, 2007). Foster and colleagues have
demonstrated that non-tolerizeable genes include antimicrobial effector genes,
which explains the protection seen in the aforementioned studies, and suggests
that macrophages could be primed to become more responsive to subsequent

activation signals (Foster et al., 2007).

With increasing research, many more microbial ligands that confer non-specific
protection against lethal infections were identified. To illustrate, treatment with
muramy! dipeptide, a peptidoglycan component, induced protection against S.
pneumoniae and Toxoplasma gondii infections (Kalafati et al., 2020). Treatment
with CpG oligodeoxynucleotide protected against subsequent experimental sepsis
and Escherichia coli meningitis (Krahenbuhl et al., 1981). In addition, exposure to

flagellin protected against S. pneumoniae and rotavirus (Munoz et al., 2010, Ribes
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et al., 2014). These PAMPs activate pattern recognition receptors (PRRs), and
downstream effects include epigenetic modifications, activation of signalling
pathways that enhance antigen-presenting cell (APC) functions, and production of
T cell-polarizing cytokines that shape the adaptive immunity to infection. This
implies that stimulation with ligands or pathogens that express the same ligand can
enhance responses upon subsequent exposure to an unrelated pathogen that also

expresses ligands for the same PRR (Gardiner et al., 2016).

1.2.3 Tl following exposure to viruses

Not only are live organisms, microbial ligands, and self-derived molecules able
to exert non-specific protective effects against subsequent infections, but viruses
also seem to have similar potential. In a study by Barton and colleagues, latent
herpesvirus increased resistance to Listeria monocytogenes and Yersinia pestis in
mice (Barton et al., 2007). Interestingly, local mucosal exposure to
gammaherpesvirus depleted the entire resident alveolar macrophage pool, which
is subsequently replenished by infiltrating circulating monocytes (Figure 1,
Machiels et al., 2017). In our lab, adenoviral-vectored vaccines (Ad) were shown
to induce TII as well. It was found that intranasal exposure to Ad results in long-
lasting memory airway macrophages and strong TIl against subsequent viral and
bacterial respiratory infections in the lungs, such as SARS-CoV-2 and S.
pneumoniae (Figure 1, Yao et al., 2018, D’Agostino et al., 2020, Afkhami et al.,
2022). This process requires T cell help around five to seven days post-viral

exposure. In contrast to gammaherpesvirus and perhaps due to the replication-
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deficient nature of adenoviral-vectored vaccines, the AM pool is unaffected, and
therefore memory AMs self-sustain independently of circulating monocytes and
had upregulated expression of MHC II, defense genes, and increased glycolysis
(Yao et al., 2016). Systemic exposure to Ad, on the other hand, does not train

mucosal macrophages in the lungs (D’Agostino et al., 2020).

[ Initiation of Inflammation ] [ Peak of Inflammation ] [ Functionality/Outcomes ]
(" Adenoviral- A ( A ‘.?/—/\
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Figure 1. Current understanding of trained innate immunity in the lung.

Upon local mucosal exposure to adenoviral-vectored vaccines, the alveolar
macrophage pool is retained and subsequently activated by T cells through
contact-dependent interactions and IFN-y production five to seven days later. This
results in higher expression of MHC II, increased glycolysis, and increased
expression of defense genes in AMs. In contrast, local mucosal exposure to
gammaherpesvirus results in complete depletion of the AM pool. As a result,
circulating monocyte are recruited to replace the AMs, and ultimately take on
higher MHC Il and Sca-1 receptor expression in addition to heightened IL-10
production.

1.3 Pulmonary Resident Macrophages
There are three subsets of macrophage populations in the lungs. One of the

subsets includes alveolar macrophages (AMs), which are located in the alveoli and
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are in close contact with type | and type Il epithelial cells (Guilliams et al., 2013).
The other two subsets of pulmonary resident macrophages are both interstitial
macrophages (IMs), but the differences between these two subsets are less clear-
cut (Guilliams & Svedberg 2021). Macrophages develop from different embryonic
precursors such as the yolk sac, fetal liver, or bone marrow in overlapping stages
from organogenesis to after birth (Guiliams & Svedberg, 2021). The exact
contribution of distinct stages to the final pool of resident macrophages is highly
debated, but most AMs likely develop from fetal liver monocytes, while the rest
develop from bone marrow-derived monocytes and yolk-sac macrophages before
birth (Guilliams & Svedberg, 2021). After birth, AMs populate the alveoli and self-
renew under homeostatic conditions (Guilliams et al., 2013, Yona et al., 2013, Scott
et al., 2014, Kopf et al., 2015, Van de Laar et al., 2016). In events of inflammatory
insults, resident AMs may undergo varying extents of depletion, and bone marrow-
derived monocytes are recruited to the lungs and believed to be shaped to become
cells that closely resemble resident AMs by the local tissue microenvironment

(Hashimoto et al., 2013, Lavin et al., 2014, Gibbings et al., 2015).

1.3.1 Origin of Pulmonary Resident Macrophages

It is still unknown to which extent circulating monocytes contribute to local
defense during inflammation, as well as whether differences in macrophage
ontogeny have any effect on their phenotype and functionality. However, one of
the current beliefs proposed by Guilliams and Svedberg is that at steady state, the

local microenvironment imprints a tissue-resident phenotype on macrophages and

10
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restricts their plasticity regardless of ontogeny (Guilliams & Svedberg, 2021). This
is thought to prevent unwarranted tissue damage and allow gas exchange. When
the AM pool is significantly depleted to varying degrees during inflammation,
monocytes are recruited to replenish the AM pool (Guilliams & Svedberg, 2021).
They take on a stronger inflammatory signature than resident macrophages and
are referred to as inflammation-imprinted resident macrophages (InfResMacs)
(Guilliams & Svedberg, 2021). InfResMacs retain a portion of the inflammatory
signature following the resolution of the inflammation, whereas resident
macrophages return to their steady-state transcriptomic profile (Guilliams &
Svedberg, 2021). As a result, any subsequent insult would induce a stronger
reaction from InfResMacs compared to resident macrophages (Guilliams &
Svedberg, 2021). As the inflammation resolves, a portion of recruited monocytes
referred to as transient macrophages (TransMacs) die off and restore baseline
macrophage numbers (Guilliams & Svedberg, 2021). After a prolonged absence of
inflammation, InfResMacs eventually convert to resident macrophages and

become restricted in their plasticity (Guilliams & Svedberg, 2021).

1.3.2 Pulmonary macrophages in host defense

During respiration, the upper and lower airways are constantly exposed to
various airborne particles and microorganisms. As a result, there are elaborate
systems in place to maintain homeostasis in the lung. AMs are a part of the frontline
defense and are essential for the initiation and mediation of immune responses in

the lung. Alveolar macrophages recognize antigens via surface receptors such as

11
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TLRs and scavenger receptors like macrophage receptor with collagenous
structure (MARCO) (Brooks et al., 2018). The binding of the antigen to these
receptors initiates inflammatory pathways, such as the NF-x B pathway, to
upregulate the production of pro-inflammatory cytokines (Nelson et al., 2007). One
of the other major roles of AMs is to phagocytose pathogens, which are then killed
in low pH lysosomes (Hussell et al., 2014). Other immune cells such as neutrophils

are recruited to the lungs if AMs fail to control the infection.

1.3.3 Role of pulmonary macrophages in host defense against Streptococcus
pneumoniae

S. pneumoniae can cause severe diseases such as pneumonia, septicemia,
and meningitis and is the leading cause of death by an infection in developed
countries (Brooks et al., 2018). S. pneumoniae is a gram-positive, facultative
anaerobic bacteria that is a part of the normal upper respiratory tract flora (Brooks
et al., 2018). It does not pose significant risks under normal circumstances but can
migrate to the lungs and become pathogenic when the host immune system is
suppressed (Brooks et al., 2018). Once in the lungs, it can cause inflammation,
which leads to air sacs filling with fluid, resulting in difficulty breathing for many

patients (Brooks et al., 2018).

S. pneumoniae possesses a variety of proteins and toxins that drive its
pathogenesis. The first wall of defense that S. pneumoniae encounters is the
mucosa and respiratory epithelial cells. Goblet cells and ciliated respiratory cells

function simultaneously to clear the pathogen in a process known as mucociliary
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clearance (Nelson et al., 2007). Furthermore, respiratory epithelial cells can
secrete cytokines and chemokines to recruit other cells and also produce
antimicrobial peptides such as defensins, human apolactoferrin, and lysozymes
(van der Poll et al., 2009). However, the bacteria contain many mechanisms to fight
against antimicrobial peptides and evade being trapped by mucus. The next cells
to encounter S. pneumoniae in the lung are AMs. Activation of AMs is dependent
on PRRs, specifically TLR2, TLR4, and TLR9, in the context of S. pneumoniae
infections (Dockrell et al., 2003). Macrophages attach to cells opsonized by the
complement system and Fc y receptors. Additionally, MARCO aids in
phagocytosing non-opsonized antigens (Dockrell et al., 2003). AMs are capable of
killing S. pneumoniae at low levels, but when overburdened, they secrete
chemokines and cytokines to recruit neutrophils to the lung (Dockrell et al., 2003,
Knapp et al., 2003). Neutrophils would subsequently fight against pneumococci

with the release of extracellular traps and granules (Brooks et al., 2018).

Taut and colleagues demonstrated that in response to S. pneumoniae
infections, rather than expanding pre-existing resident cells, populations of resident
alveolar and lung parenchymal macrophages are replaced by infiltrating circulating
monocytes (Taut et al., 2008). Given this fact and the importance of macrophages
in host defense against S. pneumoniae, S. pneumoniae would make an ideal
secondary stimulus to test whether systemic administration of g-glucan or Ad can
train circulating monocytes to subsequently enhance local protection against

bacterial infections in the lung.
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1.4 Current knowledge and outstanding questions

The current understanding of Tl is limited to systemic exposure to training
agents, and the field has only recently begun to look at Tl in local sites such as
the brain, skin, and lungs. In the lung, nasally delivered adenoviral-vectored
vaccines and gammaherpesvirus can induce long-lasting phenotypic changes and
protection against subsequent insults (Figure 1, Yao et al., 2018, Machiels et al.,

2018).

While we know that viruses and bacteria can induce training in pulmonary cell
subsets, little is known about the administration of microbial agents to the lungs.
LPS, especially, is ubiquitously present in the environment (Natarajan et al., 2010)
and is frequently used to induce immune tolerance, but recent publications suggest
that it is able to induce training as well, likely through epigenetic modifications on
non-tolerizeable genes which code for anti-microbial proteins (Gardiner et al.,
2016). It remains unclear whether local mucosal exposure to LPS would induce
training and if it will confer subsequent protection against respiratory bacterial
infections such as ones induced by S. pneumoniae. Results would shed light on
the aforementioned confusion surrounding LPS, explore innate immune memory
in the context of the lung, and offer insight on the use of LPS as a potential

immunomodulator or adjuvant in vaccines.

1.5 Hypothesis
We hypothesize that local mucosal exposure of BALB/c mice to an acute dose
of LPS will induce innate immune memory in airway macrophages, which will
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confer subsequent protection against heterologous infections. We aim to pursue

the following objectives to test our hypothesis:

1. Characterize the phenotype of airway macrophage populations upon local

mucosal exposure to LPS.

2. Examine the functional outcomes of airway macrophage populations

following local mucosal exposure to LPS.

Our findings demonstrate the ability of an acute dose of LPS to induce innate
immune memory and confer subsequent protection against secondary
heterologous infections. It appears that LPS induces long-lasting phenotypic and
functional changes in airway macrophages, characterized by an increase in CD11b
expression of bona fide macrophages from the peak of inflammation, increased
glycolytic capacity and reserve, differential cytokine expression upon secondary

stimulation, and protection against bacterial infections.

2. MATERIAL AND METHODS

2.1 Key Resources Table

REAGENT or RESOURCE | SOURCE | IDENTIFIER
Antibodies

Anti-mouse CD11b PE-Cy7 | BD Biosciences Cat. No. 552850
(Clone: M1/70)

Anti-mouse CD11c APC BD Biosciences Cat. No. 550261
(Clone: HL3)

Anti-mouse CD16/CD32 Fc | BD Biosciences Cat. No. 553142
block (Clone: 2.4G2)
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Anti-mouse CD24 BV650 BD Biosciences Cat. No. 563545
(Clone: M1/69)

Anti-mouse CD3 V450 BD Biosciences Cat. No. 561389
(Clone: 17A2)

Anti-mouse CD3 PerCP- BD Biosciences Cat. No. 551163
Cy5.5 (Clone: 145-2C11)

Anti-mouse CD4 APC-Cy7 BD Biosciences Cat. No. 552051
(Clone: GK1.5)

Anti-mouse CD8 PE BD Biosciences Cat. No. 553035
(Clone: 53-6.7)
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Continued

REAGENT or RESOURCE | SOURCE | IDENTIFIER

Antibodies

Anti-mouse CD8 FITC BD Biosciences Cat. No. 553031

(Clone: 53-6.7)

Anti-mouse CD8 PE BD Biosciences Cat. No. 553032

(Clone: 53-6.7)

Anti-mouse CD45 APC-Cy7 | BD Biosciences Cat. No. 557659

(Clone: 30-F11)

Anti-mouse CD45R V450 BD Biosciences Cat. No. 560473

(Clone: RA3-6B2)

Anti-mouse CD64 PE BioLegend Cat. No. 139304

(Clone: X54-5/7.1)

Anti-mouse IL-6 PE (Clone: | BioLegend Cat. No. 504503

MP5-20F3)

Anti-mouse Ly6C Biotin BioLegend Cat. No. 128003

(Clone: HK1.4)

Anti-mouse Ly6G BV605 BD Biosciences Cat. No. 563005

(Clone: 1A8)

Anti-mouse MHC 1l AF700 Thermo Fisher Cat. No. 56-5321-82

(Clone: M5/114.15.2) Scientific

Anti-mouse Siglec-F PE- BD Biosciences Cat. No. 562757

CF594 (Clone: E50-2440)

Anti-mouse TNF-a BioLegend Cat. No. 506321

PerCP/Cyanine5.5 (Clone:

MP6-XT22)

GolgiPlug Protein BD Biosciences Cat. No. 555029

Transporter Inhibitor

Streptavidin Qdot800 Thermo Fisher Cat. No. Q10173MP
Scientific

REAGENT or RESOURCE | SOURCE IDENTIFIER

Bacterial and Virus Strains

Streptococcus pneumoniae | ATCC ATCC Number: 6303

Recombinant human Dr. Zhou Xing

serotype 5 adenovirus McMaster University,

expressing M. tb Antigen Hamilton, ON,

85A (AdHU5AQg85A) Canada

Biological Samples

2-Mercaptoethanol ThermoFisher Cat. No. 21985023
Scientific

BSA Sigma-Aldrich Cat. No. 10735086001

Cytofix/Cytoperm BD Biosciences Cat. No. 554714

Defibrinated sheep blood Hemostat Cat. No. DSB100
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Continued

REAGENT or RESOURCE \ SOURCE \ IDENTIFIER

Biological Samples

FBS ThermoFisher Cat. No. 16140071
Scientific

HEPES ThermoFisher Cat. No. 15630080
Scientific

L-Glutamine ThermoFisher Cat. No. A2916801

Lipopolysaccharide from Sigma-Aldrich Cat. No. L2880

E. coli O55:B5

MEM Non-Essential Amino | ThermoFisher Cat. No. 11140076

Acids Solution Scientific

Neomycin sulfate Sigma-Aldrich CAS Number: 1405-10-

3

Penicillin-Streptomycin

ThermoFisher

Cat. No. 15140122

Peptidoglycan from
Staphylococcus aureus

Sigma-Aldrich

Cat. No. 77140

Pharmalyse BD Biosciences Cat. No. 555899

Seahorse XF DMEM Agilent Technologies | Cat. No. 103575-100

medium

Sodium Pyruvate ThermoFisher Cat. No. 11360070
Scientific

Todd Hewitt broth

BD Biosciences

Cat. No. 249240

Tryptic soy agar

BD Biosciences

Cat. No. 236950

Tryptic soy broth

BD Biosciences

Cat. No. 211825

Turk blood diluting fluid

RICCA Chemical

Cat. No. 8850-16

Whole cell lysate from Bei Resources Cat. No. NR-14822

Bacille Calmette-Guerin

Critical Commercial Assays

Aqua dead cell staining kit ThermoFisher Cat. No. L34957
Scientific

DuoSet ELISA R&D Systems Cat. No. DY210-05

MILLIPLEX MAP Mouse Millipore Sigma Cat. No. MCYTOMAG-

Cytokine/Chemokine
Magnetic Bead Panel

70K

Seahorse XF Glycolytic
Stress Test Kit

Agilent Technologies

Cat. No. 103020-100

Experimental Models: Organisms/Strains

Mouse: BALB/cJ

The Jackson
Laboratory

IMSR Cat. No.
JAX:000651

IDENTIFIER |

Mouse: BALB/c

| Charles River

| IMSR Cat. No. CRL:547 |
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REAGENT or RESOURCE | SOURCE

| IDENTIFIER

Software and Algorithms

FlowJo, version 11

https://www.flowjo.co
m

RRID: SCR_008520

GraphPad Prism, version 8

Htps://www.qraphpad

.com/scientific-
software/prism/

RRID: SCR_002798

Wave Desktop, version 2

Agilent Technologies

https://www.agilent.com/
en/products/cell-
analysis/software-
download-for-wave-

desktop
XPONENT ThermoFisher https://www.luminexcorp
Scientific .com/xponent
Other

CD3e Microbead Kit, mouse

Miltenyi Biotech

Cat. No. 130-094-973

Cell Culture Microplate

Agilent Technologies

Cat. No. 101085-004

PKH26 Dye

Sigma-Aldrich

Cat. No. PKH26PCL-
1KT

2.2 Experimental Model

2.2.1 Mice

Female wild-type BALB/c mice aged six-to-eight-week-old were purchased

from Jackson Laboratory. All mice were kept in a specific pathogen-free level B

facility at the McMaster Animal Facilities. Experiments were conducted in

accordance with the guidelines from the Animal Research and Ethics Boards.

2.3 Method Details

2.3.1 Respiratory inoculation of lipopolysaccharide

Six-to-eight-week-old female BALB/c mice were intranasally (i.n.) inoculated

with either 15ug of LPS (Sigma-Aldrich) in a single 25uL bolus of sterile phosphate-
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buffered saline (PBS), or received PBS-only controls. Body weight, and clinical

signs or illness were monitored following LPS exposure.

2.3.2 Immunostaining and flow cytometry

The number of mononuclear cells from bronchoalveolar lavage (BAL) were
guantified and then plated in U-bottom 96 flat-bottom well-plates in a total volume
of 200uL of culture media (RPMI 1740 with 2% fetal bovine serum (FBS), 1% L-
glutamine, 1% penicillin/streptomycin). The cells were subsequently washed twice
with PBS, then stained with the Aqua dead cell staining kit (ThermoFisher Scientific)
for 30 minutes in the dark and at room temperature. After washing with PBS and
then 0.5% BSA-PBS, cells were incubated with Fc block (ThermoFisher) in 0.5%
BSA-PBS for 15 minutes on ice. Cells were finally stained with extracellular

fluorochrome-labeled monoclonal antibodies for 30 minutes on ice.

For intracellular staining, 150uL of blood was diluted 1:2 in RPMI 1640 and
immediately restimulated with either 50ng/mL of LPS (Sigma-Aldrich) or 1.6ug/mL
of whole cell lysate (WCL) of BCG (BEI Resources). Three hours post-incubation,
50uL of GolgiPlug (BD Biosciences) diluted 1:100 in RPMI 1640 was added to each
sample and incubated for 12 hours in a 37°C, 5% CO:2 incubator. Following
incubation, 20mM of EDTA was added to each tube to achieve a final concentration
of 100uL/mL. Tubes were then vortexed at high speed and incubated at room
temperature for 10 minutes. Subsequently, 2mL of 1x PharmalLyse (BD

Biosciences) diluted in distilled water was added to each sample, which was then

20



M.Sc. Thesis, Gluke Ye McMaster University, Medical Sciences

vortexed and incubated at room temperature for 15 minutes. At the end of
incubation, cells were spun and resuspended in Aqua dead cell staining kit
(ThermoFisher Scientific) at room temperature and in the dark for 30 minutes. Cells
were then washed, and 100uL of Cytofix/Cytoperm (BD Biosciences) was added
to samples for 20 minutes of incubation. After another wash, cells were blocked
with Fc block in 0.5% BSA-PBS for 15 minutes on ice and then stained with

fluorochrome-labeled monoclonal antibodies for 30 minutes on ice.

For intracellular staining of BAL samples, airway macrophages were incubated
with ice-cold 0.5% BSA-PBS for 15 minutes twice, followed by minimal scraping to
remove remaining adhering cells. Cells were then subjected to staining by the Aqua
dead cell staining kit (ThermoFisher Scientific) in the dark at room temperature for
30 minutes. Following incubation, the cells were washed and subjected to
permeabilization and fixation by Cytofix/Cytoperm (BD Biosciences) for 20 minutes.
After another wash, cells were blocked with Fc block in 0.5% BSA-PBS for 15
minutes on ice and then stained with fluorochrome-labeled monoclonal antibodies

for 30 minutes on ice.

2.3.3 In vivo labeling of resident alveolar macrophages
Mice were inoculated with 20uM of PKH26 dye (Sigma-Aldrich) in 50uL Diluent
B (Sigma-Aldrich) 48 hours before LPS administration. BAL was collected 3 and

14 days after LPS exposure for cellular phenotyping by flow cytometry.
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2.3.4 Purification of airway macrophages

Single-cell suspensions of BAL were labeled with CD3e microbeads (Miltenyi
Biotec) to exclude T cells. Purified airway macrophages were used for ex vivo
culture experiments, including metabolic assays, secondary stimulation, and

cytokine and chemokine experiments.

2.3.5 Preparation of peripheral blood and bronchoalveolar lavage for ex vivo

experiments

All mice were euthanized by exsanguination. Peripheral blood and BAL were
collected. Peripheral blood was resuspended in RPMI for flow cytometry
intracellular staining. Isolated cells from BAL were resuspended in cRPMI medium
(RPMI 1740 with 2% FBS, 1% L-glutamine, 1% penicillin/streptomycin, and 10mM

HEPES) for ex vivo experiments or in PBS for flow cytometry staining.

2.3.6 Metabolic assay of airway macrophages

Real-time cell metabolism of airway macrophages was assessed using the
Seahorse Glycolysis Stress Test Kit (Agilent Technologies). Airway macrophages
were purified from BAL by excluding T cells using CD3e microbeads (Miltenyi
Biotec) and plated onto a 96-well microplate (Agilent Technologies) at a density of
7.5x10% cells/well, in a total volume of 100uL of enriched cRPMI media (RPMI 1740
supplemented with 10% FBS, 1% L-glutamine, 1% penicillin/streptomycin, 10mM

HEPES, 0.5mM sodium pyruvate, 0.1mM non-essential amino acids, and 55uM 2-
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mercaptoethanol) to avoid cell adhesion to the side of wells. The cells were left at
room temperature for one hour before adding another 100uL of enriched cRPMI to
all wells and subsequently incubated in a 37°C 5% COz incubator for one hour.
Following cell adhesion, cells were washed twice with warm PBS to remove the
remaining non-adhering cells. Airway macrophages were then incubated overnight
in enriched cRPMI media in a 37°C 5% CO:2 cell culture incubator. The next day,
airway macrophages were washed twice with Seahorse XF DMEM medium with
2mM L-glutamine (Agilent Technologies) and resuspended in 180uL of the same
media. Extracellular Acidification Rates (ECAR) were measured using a Seahorse
XFe96 Analyzer (Agilent Technologies). Glycolysis and glycolytic capacity were
represented as the ECAR after the addition of glucose and oligomycin, respectively.
Glycolytic reserve was calculated by the difference between glycolytic capacity and
glycolysis. All data were subsequently normalized to protein concentrations
derived from the Bradford assay and analyzed using the Wave Desktop software

(Agilent Technologies).

2.3.7 Ex vivo secondary stimulation

Isolated alveolar macrophages were resuspended in AM media (RPMI 1740
supplemented with 2% FBS, 1% L-glutamine, 1% penicillin/streptomycin, and 1x
HEPES) and plated at 10° cells/well in a 96 flat-bottom well-plate (200uL/well).
Cells were incubated in a 37°C 5% CO:2 cell-culture incubator for two hours and

were subsequently stimulated with either 50ng/mL of LPS (Sigma-Aldrich) or
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1.6ug/mL of whole cell lysate (WCL) of BCG (BEI Resources). Following 12 hours

of stimulation, supernatants were collected for cytokine and chemokine analysis.

For intracellular staining, 50uL of GolgiPlug diluted 1:100 in either RPMI or AM
media for blood and BAL, respectively, was added to samples three hours following
the addition of secondary stimulants (e.g., PGN, LPS, WCL). After 10 hours of

stimulation, cells were prepared for intracellular staining as outlined in 2.3.2.

2.3.8 Quantification of chemokines and cytokines

Chemokines including IL-18, TNF-a, IL-6, KC, MCP-1, MIP-1«, IP-10, and
MIP-2 were quantified by using the (Millipore) kit according to the manufacturer’s
instructions. Plates were read using the XPONENT (ThermoFisher Scientific)

software on a MagPix reader (ThermoFisher Scientific).

The proinflammatory cytokine TNF-a was quantified using the DuoSet ELISA

kit (R&D Systems. ELISA plates were read at 450nm on a spectrophotometer.

2.3.9 Respiratory infection by Streptococcus pneumoniae

A clinical isolate of Streptococcus pneumoniae (S. pneumoniae) serotype 3
(ATCC 6303) was used to induce a sublethal bacterial infection in LPS-exposed
mice. Frozen bacterial stock was plated on tryptic agar (BD Biosciences)
supplemented with 5% defibrinated sheep blood (Hemostat) and 10 u g/mi
neomycin (Sigma-Aldrich) and incubated for six hours. Mucoid colonies were

subsequently cultured in Todd Hewitt broth (BD Biosciences) at 37°C in 5% CO2

24



M.Sc. Thesis, Gluke Ye McMaster University, Medical Sciences

to mid-logarithmic phage (ODs00=0.40). Bacteria were then harvested and
resuspended in PBS and kept on ice until infection. The dose was confirmed ten
hours after plating 10-fold serial dilutions on blood agar plates. BALB/c mice were
intratracheally (i.t.) inoculated with 10° colony-forming units (CFU) of S.

pneumoniae in 40uL of PBS either 14 or 28 days post-LPS exposure.

2.3.10 Evaluation of clinical outcomes and bacterial infection in the lung and

spleen

Mice were monitored daily for illness scores and weight changes following
sublethal bacterial infection. All mice were sacrificed either six or twelve hours post-
infection for further analysis by flow cytometry, or bacterial CFU assay and
chemokine/cytokine analysis, respectively. To assess bacterial burden, lungs and
spleen tissues were homogenized in ice-cold PBS supplemented with 10% glycerol
and 0.1% Tween80. 10-fold serial dilutions were subsequently plated on blood agar
plates and incubated overnight at 37°C in 5% CO2. Colonies were quantified ten

hours later and calculated as CFU per organ.

2.3.11 Statistical analysis

The number of mice per group and statistical significance are reported in the
figures and figure legends. A p-value of < 0.05 was considered significant (xp <

0.05, #xp < 0.01, **xp < 0.001, ****p < 0.0001). Two-tailed student t-tests were
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used to compare groups. All analyses were performed by using GraphPad Prism

software (Version 8).

3. RESULTS

3.10Dbjective 1: Characterize the phenotype of airway macrophage

populations upon local mucosal exposure to LPS

3.1.1 Peak inflammation occurs 3 days post-LPS exposure

Current literature points to the importance of dose on the type of training
induced by LPS. Since extremely low doses of LPS are known to induce training,
we attempted to follow doses typically used in acute lung injury models. To verify
whether the dose can induce acute lung injury in BALB/c mice, we intranasally
administered 15ug of LPS in a single 25uL bolus of sterile PBS to six-to-eight-
week-old female BALB/c mice (Figure 2A). In agreement with the peak
inflammation observed in ALI models using this dose, animals that received LPS
transiently lost weight (9%) for two days prior to recovering on day 3 (Figure 2B).
Elevated levels of MIP-1a, KC, and MIP-2 were observed in BAL 3 days following
LPS exposure (Figure 2C). Concurrently, increased infiltration of neutrophils and
thus total cell count in the airways were also observed at this time point (Figures
2E and 2F). The above results indicate that the dose used in this model is able to

induce acute lung injury, as it is consistent with findings in the literature.

26



M.Sc. Thesis, Gluke Ye McMaster University, Medical Sciences

3.1.2 Kinetic changes of airway macrophage phenotype following local mucosal
exposure to LPS

To further examine airway macrophage populations collected from BAL, we
next conducted cellular profiling to differentiate between monocyte-derived
macrophages (MDMs; Ly6C"SiglecF-CD11b"), interstitial macrophages (IMs;
Ly6C SiglecF-CD11b"), and alveolar macrophages (AMs; Ly6C SiglecFN"CD11b)
using a comprehensive gating strategy previously described by Yao et al. 2018
(Figure S1). In contrast to PBS-inoculated control mice, LPS treatment was
associated with a transient increase in MDMs on day 3, which returned to baseline
levels by day 14 (Figures 3B and 3F). IMs were readily detectable by three days
post-LPS administration, remaining detectable up to day 28 (Figures 3C and 3F).
In contrast to the MDM and IM subpopulations, BF AMs were transiently depleted
by day 3, returning to baseline levels by day 14. Interestingly, another airway
macrophage population was identified on day three and subsequently named
“transitioning alveolar macrophages” (TransAMs; Ly6C SiglecFMCD11b*). Unlike
AMs, these TransAMs expressed high levels of CD11b. The number of TransAMs

readily increased up to day 21-post LPS administration (Figures 3E and 3F).

We then further assessed CD11b expression on individual populations since it
indicates activation status in macrophages. IMs express high levels of CD11b at
the peak of inflammation (day 3) as expected and subsequently declines until day
28 (Figure 3G). TransAMs follow the same trend, although surprisingly at levels

that are two-fold higher than those of IMs (Figure 3G). It is also interesting to note
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that TransAMs expressed lower levels of SiglecF compared to BF AMs (Figure 3F)

and BF AMs also lost SiglecF expression until day 14 (Figure 3G).

These results indicate the emergence of phenotypically different populations
in the airways. Importantly, BF AM counts decreased at peak inflammation
following local mucosal exposure to LPS. It became a pressing matter to address
whether BF AMs acquired CD11b expression to make up the TransAM population
that appeared on day three or if TransAMs were myeloid-derived macrophages

that transitioned into resident AMSs.

3.1.3 Bona fide AMs acquire CD11b expression following local mucosal
exposure to LPS.

To address the origin of the TransAM population, PKH26 dye was administered
intratracheally 48 hours before LPS exposure to label BF AMs (Figure 4A). BAL
was collected for airway cellular profiling on days three and 14. On day three, the
majority of IMs were PKH-negative (Figures 4B and 4C), indicative of monocytic
origin in these populations. Interestingly, a portion of BF AMs was also PKH-
negative, which suggests that monocytes were recruited to replenish the pool of
BF AMs (Figures 4B and 4C). These changes persisted up to day 14, although at

a lower magnitude than those of day three.

Remarkably, TransAMs and some IMs on day three were PKH-positive, which
suggests the ability of BF AMs to acquire CD11b and lose SiglecF expression after

LPS exposure (Figures 4B, 4C, and 4D). On day 14, the BF AM population became
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largely PKH-positive again, concurrent with an increase in absolute numbers of BF
AMs (Figures 4B and 3D). This implies the transition of BF AMs back to the

baseline phenotype profile as inflammation resolves.

It is important to note that BF AMs also acquired low levels of CD11b after PKH
administration (Figures 4B and 4C), which confirms the association of CD11b to
the activation status of macrophages, potentially linked to phagocytosis of the dye.
All of the above data suggest the ability of BF AMs to gain CD11b and lose SiglecF
expression at the peak of inflammation, as well as replenishment of the AM pool

by circulating monocytes, which die off during the resolution of inflammation.

3.2 Objective 2: Examine the functional outcomes of airway macrophage
populations following local mucosal exposure to LPS
3.2.1 LPS induces heightened glycolytic capacity and reserve in airway
macrophages 28 days post-LPS exposure

Increased glycolysis is a characteristic of training observed in many TII studies.
To examine metabolism, airway macrophages were collected on days 14 and 28
and rested overnight prior to performing glycolytic stress test (Figure 5A). Mice that
received intranasal adenoviral-vectored vaccine (Ad) 6 weeks prior were used as
a positive control (Yao et al. 2018). Ad showed increased glycolysis, glycolytic
capacity, and glycolytic reserve at both time points (Figures 5B and 5C). There
were no significant differences in glycolysis, glycolytic capacity, and glycolytic
reserve between untreated and LPS-treated groups at day 14 (Figures 5B — 5E).

However, glycolytic capacity and glycolytic reserve were significantly higher in the

29



M.Sc. Thesis, Gluke Ye McMaster University, Medical Sciences

LPS-treated group on day 28. It seems that it takes time for changes in metabolism
to take place. Nevertheless, LPS induces changes in metabolism that are seen

long after a single LPS exposure.

3.2.2 LPS-exposed airway macrophages respond differentially to ex vivo
secondary stimulation

Another key characteristic of TII is heightened cytokine production upon
secondary stimulation, namely heightened TNF-a and IL-6 production in a number
of ex vivo f-glucan training models. Thus, the following experiment was done to
determine whether LPS-exposed airway macrophages will produce heightened
recall responses following both ex vivo homologous and heterologous stimulation.
On day 14, airway macrophages were collected, rested, then subjected to
secondary stimulation by LPS or WCL from BCG (Figure 6A). There were relatively
low levels of most chemokines in both the naive and LPS group at rest (Figure 6B).
Upon restimulation with LPS, the LPS group produced significantly lower TNF-a,
IP-10, and MCP-1 but higher KC and MIP-1a (Figure 6B). Following heterologous
stimulation with WCL, there were no differences in most chemokines between both
groups other than increased KC (Figure 6B). This points to the superior ability of
LPS-exposed airway macrophages to recruit and activate neutrophils. To conclude,
LPS-exposed airway macrophages exhibit differential cytokine production ex vivo

in response to LPS restimulation or WCL stimulation.
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3.3.3 LPS exposure does not induce differential cytokine production in circulating

monocytes following secondary stimulation

Since local mucosal exposure to bacterial ligands, such as f-glucan, is able to
induce systemic training (unpublished data), we assessed the effect of LPS
exposure on circulating monocytes. Briefly, blood was collected 14 days after LPS
exposure and rested for an hour prior to secondary restimulation by LPS,
stimulation by peptidoglycan (PGN), or by WCL (Figure 7A). Three hours later,
GolgiPlug was added, and samples were analyzed by flow cytometry after ten
hours of stimulation (Figure 7A). There were no significant differences in the
percentage of both Ly6CM and Ly6C'°® monocytes that produced TNF-a and IL-6
(Figure 7B). The above data suggest that LPS-induced differences in cytokine

production are limited to the lung.

3.2.4 Responses of LPS-exposed mice to a secondary heterologous bacterial
challenge in vivo

Next, we sought to address whether different airway cell subsets and cytokine
responses induced by LPS could provide protection against heterologous microbial
challenges in vivo. On days 14 and day 28, mice were subjected to a sublethal
dose (10° CFU) of S. pneumoniae intratracheally and sacrificed 12 hours later for
bacterial burden in the lung and spleen (Figure 8A). Naive mice lost around 2% of
their original weight, whereas mice treated with LPS 28 days before the challenge

maintained their weight 12 hours post-infection (Figure 8B). There were similar
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amounts of CFU in the naive group at both time points (Figure 8C). In the LPS
group, there was around a log reduction in the LPS group compared to the naive
group 14 days post-LPS exposure and a little over half a log reduction 28 days
post-LPS exposure (Figure 8C). To conclude, these results demonstrate the ability
of local mucosal exposure to LPS to confer protection against S. pneumoniae in

vivo up to 28 days following exposure.

3.2.5 Local mucosal exposure to LPS induces faster CD11b acquisition in airway
macrophages following sublethal infection of S. pneumoniae

Next, we examined the potential mechanism for enhanced protection against
heterologous bacterial infection in LPS-exposed lungs through cellular profiling
following infection. Similar to the previous experiment, mice were infected with 10°
CFU of S. pneumoniae intratracheally (Figure 9A). This time, BAL was collected
six hours post-infection for cytokine or chemokine analysis and also cellular
profiling (Figure 9A). LPS-treated mice had significantly more cells in the BAL
before S. pneumoniae challenge and seemed higher following infection (p=0.0525,
Figure 9B). This is largely in part due to a significant number of neutrophils being
recruited to the airways in both groups, with numbers being slightly higher in the
LPS group (Figures 9C and 9D). The number of IMs was higher in the LPS group
both before and after the challenge, although it seemed to drop slightly in the LPS
group post-infection (Figure 9E), indicating death due to S. pneumoniae. There
were no differences in the number of BF AMs before infection, which is consistent

with results from previous experiments (Figures 9F and 3D). Interestingly, the
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number of BF AMs decreased in both groups following infection, although less in
LPS (p=0.10), and TransAM numbers increased in both groups following infection
(Figures 9F — 9H). This increase would likely be due to BF AMs acquiring CD11b
expression in both groups, with LPS-exposed BF AMs acquiring CD11b expression
faster. The above results suggest that activation, indicated by CD11b expression,
likely hints at a higher inflammatory state and possibly higher phagocytic activity.
Likewise, LPS exposure lowered lung bacterial burden due to having higher
numbers of CD11b" cells (i.e., IMs and TransAMs) present in the airways. There
were no significant differences in cytokine or chemokine production between the
two groups other than TNF-a production post-infection (Figure 9l). This is
consistent with previous ex vivo data and suggests that LPS may have suppressed
TNF-a to limit excessive inflammation. The lack of weight loss in the LPS group

supports this hypothesis.

33



M.Sc. Thesis, Gluke Ye McMaster University, Medical Sciences

Figure 2

A

3d Body Weight Post-LPS (%
BALB/ic | | 110 y 7el9 (%)
PBS - Body weight monitoring
LPS 15ug - Cytokine/ct kine analysi 105+ ¥
i.n.
JUTEY B
100 ®..... } ,,,,, i""'i
T
KC in BAL (pgimL) MIP-2 in BAL (pg/mL} MIP-1a in BAL (pg/mL) i .
- 95 Ly -
N e D B
@ 150 90+ -® Naive
400 ..
40 100 13 & LPS
bl L 1 L 1 I L
20 50 2004 0 1 2 3 6 9
o [ o
Naive LPS Maive LPS Naive LPs
3,14, 21, 28d
BALB/ic | i
PBS Airway cellular profiling
LPS 15ug by flow cytometry
i.n.

_ Total # of cells (10°/BAL F

G do d3

bsolute # of Neutrophils (10%)/BAL
15 { 8 i ]
F 6] i
w04 5o :
a4 &
54 Loee i i
. » - 24 i 8 _
! € .
8 . L.
0 T T T T T ] + T + T . g W s "
0 3 14 21 28
0 3 14 21 28 cD11b >

34



M.Sc. Thesis, Gluke Ye McMaster University, Medical Sciences

Figure 2. Peak inflammation occurs 3 days post-LPS exposure.

(A) Experimental schema.

(B) Percentage of body weight loss post-LPS exposure.

(C)Cytokine and chemokine levels in conventional BAL 3 days post-LPS
exposure.

(D) Experimental schema.

(E) Total number of cells in BAL upon LPS exposure.

(F) Absolute number of neutrophils in BAL upon LPS exposure.

(G)Flow plots of the neutrophil gate 3 days post-LPS exposure.

Data in (B) are pooled from four independent experiments (n=3 mice/group/time
point). Data in (C) and (G) are from one experiment (n=3 mice/group). Data in (E)
and (F) are representative of four independent experiments (n=3 mice/group/time
point). Data in (B), (C), (E) — (G) represent mean + SEM. Statistical analysis for (B),
(©), (E), and (F) were two-tailed t tests. *p < 0.05; ** p < 0.01; *** p < 0.001; ****p
< 0.0001.
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Figure 3. Kinetic changes in airway macrophage phenotype following local
mucosal exposure to LPS

(A) Experimental schema.

(B) Absolute number of monocyte-derived macrophages (MDMs) in BAL upon
LPS exposure.

(C)Absolute number of interstitial macrophages (IMs) in BAL upon LPS
exposure.

(D) Absolute number of bona fide (BF) alveolar macrophages (AMs) in BAL
upon LPS exposure.

(E) Absolute number of transitioning alveolar macrophages (TransAMSs) in BAL
upon LPS exposure.

(F) Flow plots of the terminal gates in BAL upon LPS exposure.

(G)MFI of CD11b and SiglecF in airway macrophages.

Data in (B) — (G) are representative of four independent experiments (n=3
mice/group/time point). Data in (B) — (G) represent mean = SEM. Statistical
analysis for (B) — (E) and (G) were two-tailed t tests. *p < 0.05; ** p < 0.01; *** p <
0.001; ****p < 0.0001.
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Figure 4. Bona fide AMs acquire CD11b expression following local mucosal
exposure to LPS.

(A) Experimental schema.

(B) Flow plots of the terminal gates on day 0, 3, and 14 days post-LPS exposure.
Colours represent varying degrees of PKH expression.

(C)Histograms of airway macrophage populations at different time points.

(D) MFI of PKH on different airway macrophage subsets.

Data in (B) — (D) are representative of two independent experiments (n=3
mice/group/time point). Data in (B) and (D) represent mean + SEM. Statistical
analysis for (B) and (D) were two-tailed t tests. *p < 0.05; ** p < 0.01; *** p < 0.001,
***xn < 0.0001.
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Figure 5. LPS induces heightened glycolytic capacity and reserve in airway
macrophages 14 days post-exposure.

(A) Experimental schema.

(B) Real-time extracellular acidification rate (ECAR) in airway macrophages 14
days post-LPS exposure.

(C)Glycolysis, glycolytic capacity, and glycolytic reserve in airway
macrophages 14 days post-LPS exposure.

(D) Real-time extracellular acidification rate (ECAR) in airway macrophages 28
days post-LPS exposure.

(E) Glycolysis, glycolytic capacity, and glycolytic reserve in airway
macrophages 28 days post-LPS exposure.

Data presented in (B) and (C) are from one experiment (n=3 mice pooled into 6
samples/group/time point). Data presented in (D) and (E) are from one experiment
(n=3 mice pooled into 6 samples/group). Data in (B) — (E) represent mean = SEM.
Statistical analysis for C and E were two-tailed t tests. *p < 0.05; ** p < 0.01; ** p
< 0.001; ****p < 0.0001.
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Figure 6. LPS-exposed airway macrophages respond differentially to ex vivo
secondary stimulation.

(A) Experimental schema.
(B)Levels of TNF-a, IP-10, KC, MCP-1, and MIP-1a produced following
secondary stimulation ex vivo.

Data in (B) is from one experiment (n=3 mice/group). Data in (B) represent mean

+ SEM. Statistical analysis for (B) were two-tailed t tests. *p < 0.05; ** p < 0.01; ***
p < 0.001; ****p < 0.0001.
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Figure 7. LPS exposure does not induce differential cytokine production in
circulating monocytes following secondary stimulation.

(A) Experimental schema.
(B) Percentage of Ly6CM and Ly6C'° monocytes producing TNF-a or IL-6.

Data presented in (B) are from one experiment (n=3 mice/group). Data in (B)

represent mean £ SEM. Statistical analysis for (B) were two-tailed t tests. *p < 0.05;
**p <0.01; ** p <0.001; ***p < 0.0001.
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Figure 8. Local mucosal exposure to LPS provides long-term protection
against S. pneumoniae infections in the lung

(A) Experimental schema.
(B) Percentage of weight loss 12 hours post-infection.
(C)Bacterial CFU in the lung 12 hours post-infection.

Data in (B) and (C) are representative of two independent experiments (n=5
mice/group/time point). Data in (B) and (C) represent mean + SEM. Statistical
analysis for (B) and (C) were two-tailed t tests. *p < 0.05; ** p < 0.01; *** p < 0.001;
***xn < 0.0001.
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Figure 9. Local mucosal exposure to LPS induces faster CD11b acquisition
in airway macrophages following sublethal infection of S. pneumoniae

(A) Experimental schema.

(B) Total number of cells in BAL post-infection.

(C)Absolute number of neutrophils in BAL post-infection.

(D) Flow plots of the neutrophil gate post-infection.

(E) Absolute number of IMs in BAL post-infection.

(F) Absolute number of BF AMs in BAL post-infection.

(G)Absolute number of TransAMs in BAL post-infection.

(H)Levels of TNF-a produced in the BAL following secondary heterologous
challenge to S. pneumoniae.

() Flow plots of the terminal gates post-infection.

Data in (B) — (I) are from one experiment (n=3 mice/group). Data in (B) — (I)

represent mean + SEM. Statistical analysis for (B), (C), and (E) — (H) were two-
tailed t tests. n=3 mice/group. *p < 0.05; ** p < 0.01; ** p < 0.001; ***p < 0.0001
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4. DISCUSSION

This project demonstrates the ability of local mucosal exposure to LPS to
induce phenotypic and functional changes long after the initial exposure. This dose,
which closely follows doses used in LPS-induced ALI models, induced peak
inflammation on day 3, which is marked by large numbers of infiltrating neutrophils
(Figures 2F and 2G), an increase in neutrophilic chemokines (Figure 2C), and
significant depletion of the AM pool (Figure 3D), likely due to pyroptosis facilitated
by Caspase-1 (Wu et al., 2015). To replenish the airway macrophage pool, there
was also infiltration of MDMs and IMs on day 3 (Figures 3B, 3C, and 3F), which
are both SiglecF- and CD11b*. Interestingly, a portion of alveolar macrophages
expressed high CD11b at day 3 (Figures 3F and 3G), even more so than IMs and
MDMs, and was consequently coined TransAMSs. Yin and colleagues found that
CD11b expression in AMs indicates an inflamed status, marked by elevated
secretion of inflammatory cytokines and enhanced phagocytic capacity in the
context of ALI (Yin et al., 2020). Consistent with this, the administration of the dye
PKH26 induced acquisition of CD11b by BF AMs in LPS-exposed hosts (Figure
4B), pointing to the likely association between phagocytosis or activation with
CD11b acquisition. Since phagocytosis by airway macrophages is thought to be
essential in the resolution phase to phagocytose pathogens and apoptotic
neutrophils (Cheng et al., 2020), the acquisition of CD11b is likely associated with

recovery as well as protection against subsequent bacterial infections.
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There were no significant differences in glycolysis between groups on day 14
and 28 (Figures 5C). Since an acute dose of LPS was given, it is likely that the
system returned to rest by day 14 and was no longer in acute need of rapid energy
production as seen during inflammation or intermediate products to be diverted to
biosynthetic pathways (Riksen & Netea, 2021). Higher glycolytic capacity and
glycolytic reserve was observed in airway macrophages on day 28, but not on day
14 (Figures 5C and 5E). This shows that LPS-exposed airway macrophages are
better at switching from oxidative phosphorylation to using glycolysis in the event
of inflammation induced by a secondary pathogen. It also indicates a higher
theoretical glycolysis maximum in airway macrophages that were exposed to LPS,

which is also beneficial upon secondary stimulation.

Local mucosal exposure to LPS induced differential cytokine production upon
LPS restimulation or WCL stimulation compared to naive airway macrophages
(Figure 6B). In addition, the responses to WCL and LPS were not always
comparable. This could be due to the nature of WCL, which contains a mixed bag
of mycobacterial antigens, or it can be due to the fact that a training agent will not
induce the same type of responses to different secondary stimulation since their
downstream effects differ. Accordingly, local mucosal exposure to LPS did not
provide protection in BALB/c mice following infection with a mouse-adapted strain
of SARS-CoV-2 (unpublished data). LPS exposure did not have any effects on the
cytokines and chemokines produced by circulating monocytes (Figure 7B), likely

due to the low dose of LPS being given, which resulted in control within the lungs.
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That being said, the possibility of LPS providing systemic protection cannot be fully
eliminated, and additional experiments should be carried out to examine local

mucosal effects of LPS on the circulation.

Local mucosal exposure to LPS resulted in a lower bacterial burden in the
lungs on both days 14 and 28, although slightly lower at the later time point (Figure
8C). It is likely that the effects of LPS wane as time passes. As hypothesized by
Guilliams and Svedberg, InfResMacs, the equivalent of TransAMs in this project,
become restricted in their plasticity over time and converts to a phenotype akin to
BF AMs throughout the resolution of inflammation. This restricted plasticity likely
restricts the cells in the magnitude of response they have to secondary challenges,
which results in lower protection as time passes. Nevertheless, this is the first study
to demonstrate LPS-induced bacterial protection as far as 28 days. It would be
interesting to look at later time points to see how much longer the protection may

last, or it may eventually return to its original state following an acute dose of LPS.

Based on the current observations, there are many factors that could contribute
to protection following a secondary bacterial challenge. Many studies in the field of
TIl have found metabolic intermediates to directly play a role in the downstream
epigenetic rewiring of pro-inflammatory genes, making them more accessible upon
secondary stimulation by either homologous or heterologous pathogens (Netea et
al., 2020). It is possible that epigenetic rewiring occurred following LPS exposure,
and it would explain why LPS-exposed AMs acquired higher levels of CD11b than

their naive counterparts (Figures 9G and 9l). Since CD11b, together with CD18,
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plays a crucial role in leukocyte extravasation and phagocytosis, it would make
sense for LPS exposure to protect against subsequent bacterial infections, as
evidenced in other studies as well (Seeley et al., 2016). It is also likely for other cell
subsets to be involved in the protection. For instance, there was a significantly
higher infiltration of neutrophils in LPS-exposed mice compared to naive mice
(Figures 9C and 9D). Neutrophilic responses may help control bacterial burden
through the release of extracellular traps and granules. While we did not look at
earlier time points, early control of bacterial burden may avoid excessive tissue
damage reflected by weight, as seen in our results (Figure 8B). There is lower TNF-
a production in the BAL six hours post-infection (Figure 9H). It could be the case
that TNF-a production is restricted following LPS exposure in order to prevent
excess inflammation and damage to the lungs or that less TNF-a production results
due to better control of bacterial infection. However, given that neutrophil counts
are higher in the BAL of mice exposed to LPS (Figures 9C and 9D), it is possible
that peak TNF-a production may have happened earlier in LPS-exposed mice. In
AL, the crosstalk between AMs and the lung epithelium is indispensable for wound
healing (Cheng et al., 2020). Unfortunately, AM-produced molecules for tissue
repair are rarely defined, and there is little information on the crosstalk between
AMs and the lung epithelium. Additional investigations into the lung epithelium and
their role in training will be important in furthering our understanding of this

phenomenon.
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Based on the findings, BF AM numbers decrease significantly (~2.5x10° cells)
3 days following LPS exposure, while TransAMs only increase modestly (~4x103
cells). Likewise, following S. pneumoniae infection, BF AM number decreased in
half (~1.5x10° cells) while TransAMs increased by ~1.5x102 cells. It is clear that
not all loss from BF AMs is due to their acquisition of CD11b and becoming
TransAMs as their pyroptosis or apoptosis following inflammatory insults could also
have played a role (Wu et al., 2015). However, the phenotyping and PKH data
indicate that BF AM recovered their numbers and are mostly of resident origin on
day 14. In addition to that, LPS-exposed BF AMs gain higher CD11b expression
following bacterial infection. Taken altogether, this indicates self-renewal of AMs,
which may carry pro-inflammatory epigenetic marks to replicated cells. In a study
done by Mould et al., 2017, the authors found that 20% of BF AMs incorporated
BrdU at peak inflammation (day 3). In addition, they observed high DNA replication
in resident macrophages rather than in recruited macrophages, which is in line with
the idea that recruited macrophages die off as inflammation resolves (Mould et al.,

2017).

There are several caveats to this study. First and foremost, in vivo labelling of
BF AMs using the PKH26 dye is not sufficient to determine the origin of airway
macrophages. We cannot rule out the possibility of recruited monocytes
phagocytosing pyroptotic BF AMs and subsequently expressing PKH, which
makes them seem like they are of resident origin. In addition, many of the ex vivo

studies, such as ones that assessed cytokine production and metabolic activity, do

54



M.Sc. Thesis, Gluke Ye McMaster University, Medical Sciences

not distinguish between separate airway macrophage populations, and thus, it is
still not possible to identify the functional differences between BF AMs, TransAMs,
and IMs. Further research, such as transcriptomic profiling or the use of bone
marrow chimeras, is needed to separate populations and elucidate their respective

roles in the context of LPS-induced ALI.

5. CONCLUSIONS AND FUTURE DIRECTIONS

The major findings from this project are summarized in Figure 10. In brief,
following a single respiratory mucosal exposure to LPS, a significant portion of AMs
are depleted following LPS exposure. In response to this, neutrophils, MDMs, and
IMs are recruited to the airways. On day 14, neutrophil responses have subsided,
and the airway macrophage pool is replenished once again, consisting of mainly
BF AMs, some IMs, and a few TransAMs. At this time point, there is decreased
bacterial burden in the lung following sublethal S. pneumoniae infection, possibly
due to higher acquisition of CD11b. There is also differential cytokine production
following in vivo and ex vivo secondary stimulation. At day 28, most TransAMs lose
their CD11b expression and become akin to BF AMs, although there is protection

against bacterial infections seen at this time point.

Although we gained further insight into LPS and its phenotypic and functional
effects on the lung, the observations from this project have raised many more
guestions. For instance, the association between epigenetics and faster acquisition

of CD11b should be addressed in future studies. Furthermore, the role of CD11b
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in phagocytosis should be confirmed by infecting LPS-exposed mice with labeled
S. pneumoniae and subsequently examining TransAMs using microscopy or flow
cytometry. As mentioned before, the mechanism behind the seen protection is not
clear yet. Adoptive transfer of airway macrophages or neutrophil depletion studies
can be done to assess the role of individual cell subsets. It may also be worthwhile
to dive deeper into pathology and crosstalk with the lung epithelium. In addition to
that, phenotyping cell subsets at multiple time points following S. pneumoniae may
be helpful to confirm if LPS-exposed mice recruit neutrophils and acquire CD11b
expression faster than naive mice. One of the caveats of this project is that airway
macrophage subsets could not be separated from each other. Bone marrow
chimeras can be used to separate resident and recruited macrophages. In addition
to that, gene expression can be examined to determine the ontogeny of airway
macrophages and whether there is any difference in their functionality (i.e.,
phagocytosis and metabolism genes). Future studies should also look at protection
beyond 28 days and whether an acute dose of LPS truly has no effect on innate

immune memory in the circulation.

A lot of the existing work done on LPS in the context of Tll is through systemic
administration or in in vivo settings. To our knowledge, this is the first project that
reports long-lasting training effects induced by local mucosal exposure to LPS in
the lung. The results will help us close knowledge gaps in the field of TII, especially
concerning the effect of respiratory mucosal LPS exposure on the induction of

innate immune memory and its relative contribution to heterologous protection in
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the lungs. It will also help us explore the kinetics and ontogeny of airway
populations following local mucosal exposure to inflammatory agonists. If proven
to be effective, LPS may be used as an adjuvant in developing novel vaccine
strategies to confer not only specific protection against one pathogen but also
provide cross-protective efficacy against a range of infections. Likewise, this study
would also highlight the advantages of using LPS therapeutically as

immunomodulatory agents against respiratory infections.
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Figure 10. lllustration of main findings from this project

Following local mucosal exposure to LPS, a significant portion of AMs are depleted
on day 3. Neutrophils, MDMs, IMs, and TransAMs are seen in the BAL at this time
point. On day 14, the airway macrophage pool returns to baseline numbers, and
few AMs still express high CD11lb expression. At this time point, airway
macrophages produce differential cytokine production following secondary
stimulation, and also decrease bacterial burden of S. pneumoniae in the lungs,
possibly due to faster acquisition of CD11b. On day 28, most TransAMs have lost
CD11b expression, yet airway macrophages at this time point still display
increased glycolytic capacity and reserve, as well as protection against S.
pneumoniae in the lung.
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7. SUPPLEMENTAL FIGURES

Supplemental Figure 1. Comprehensive flow cytometry gating strategy for
airway macrophages in BAL.
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Gating strategy to distinguish between airway macrophage subsets (i.e.,
monocyte-derived macrophages (MDMs), interstitial macrophages (IMs),
transitioning AMs (TransAMs), and bona fide AMs (BF AMS)) in the airway lumen
(BAL) based on a comprehensive flow cytometry immunostaining panel. The
example shown here was on BAL isolated 14 days post-LPS exposure in order to
display the TransAM population.
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Supplemental Figure 2. Comprehensive flow cytometry gating strategy for
circulating monocytes in blood.
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Gating strategy to distinguish between circulating monocytes subsets (i.e., Ly6C"
and Ly6C'° monocytes) in blood based on a comprehensive flow cytometry
immunostaining panel. The example shown here was on blood isolated 14 days
post-LPS exposure and WCL stimulation.
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