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ABSTRACT

Myeloid cells, such as monocytes and neutrophils, are generated in the bone marrow
(BM) and are an important part of the innate immune system. Leucine-rich repeat kinase 2
(LRRK?2) is a large, multi-domain protein that is expressed at high levels in the BM and myeloid
cells. Agonistic mutations in the gene coding for LRRK2 promote better clearance of pathogens
but have been identified as risk factors for inflammatory diseases, suggesting that LRRK2 may
play a role in modulating the cell biology of innate immune cells. We aimed to decipher the
cellular and molecular mechanisms impacted by enhanced LRRK2 kinase activity in a mouse
typhoid model. Our results indicate that the agonistic p. G2019S mutation of Lrrk2 results in
better clearance of Salmonella typhimurium (ST) in the BM, in comparison to wildtype mice. We
also demonstrated that the p. G2019S mutation promotes maintenance of BM cell numbers
following infection with ST. To further determine which BM cell types were most involved in the
enhanced clearance of ST, we isolated bone marrow-derived macrophages (BMDMs) and
dendritic cells (BMDCs), monocytes, and neutrophils from adult mice. Following in vitro
infection with ST, neutrophils, but not BMDMs, BMDCs, or monocytes harbouring the
Lrrk29201% mutation, demonstrated a significant reduction in the bacterial burden of ST, relative
to wildtype cells. Furthermore, our results indicate that neutrophils from Lrrk29291% mice
demonstrate increased transcription of genes involved in the production of reactive oxygen
species (ROS), along with higher levels of ROS following infection with ST, compared to
wildtype neutrophils. Principally, the results of this project will provide new insights into the
understanding of the impact of the agonistic Lr7k29?°S mutation on the innate immune response

to infection with ST.
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1. INTRODUCTION

1.1. The immune system

The immune system is a complex network of cells, tissues, organs, and soluble mediators that
function to protect the host from infectious diseases. The immune system can be divided into two
primary branches: (1) the non-specific innate immune system; and (2) the specific adaptive
immune system. The innate immune system is the first line of defence against pathogens, and its
response will occur to the same extent regardless of the number of times the infectious agent has
been encountered.! Meanwhile, the adaptive immune system is able to select for the most
appropriate immune receptor to target the invading pathogen, and the response typically
improves with repeated exposure to a given infectious agent.!? It is important to note that the
two branches of the immune system do not act independently. Typically, immune responses
involve the activity and interplay of both systems.?

1.1.1. Generation of hematopoietic cells

Hematopoiesis is the term used to describe the lifelong process of continuous formation and
replacement of blood cells for everyday demands.* Immune cells originate from a common
hematopoietic progenitor in the bone marrow (BM), the hematopoietic stem cell (HSC). Long-
term HSCs (LT-HSCs) produce both new stem cells, through a process called self-renewal, and
mature blood cells via differentiation.* LT-HSCs give rise to short-term HSCs (ST-HSCs), which
are still capable of multilineage differentiation, but have decreased self-renewal potential.’ The
next precursor population, multipotent progenitors (MPPs), do not have self-renewal potential,
but maintain the ability to differentiate into all mature cells.”> MPPs subsequently give rise to
progenitor cells committed to either the lymphoid lineage (common lymphoid progenitors;

CLPs) or the myeloid lineage (common myeloid progenitors; CMPs).6



CLPs do not possess any myeloid potential, but have the ability to produce all cells of the
lymphoid lineage, including B cells, T cells, and natural killer (NK) cells.> CLPs can also give
rise to dendritic cells (DCs).” B cell development occurs in two phases: first, an antigen-
independent phase in the BM, and, second, an antigen-dependent phase in peripheral lymphoid
tissue (e.g., spleen or lymph nodes).® T cells migrate from the BM to the thymus, where they
undergo differentiation, selection, and maturation prior to migrating to peripheral lymphoid
tissues as effector cells.® NK cell development occurs in the BM.3

Lymphoid cells are uniquely able to continuously recirculate between the blood and
lymphatic fluid.” Once they encounter their specific antigen on the surface of an antigen-
presenting cell (APC) in a peripheral lymphoid organ, they become retained in those organs.’

Similar to how mature lymphoid cells develop from CLPs, all myeloid and erythroid cells
arise from CMPs. CMPs are also able to develop into more specific progenitors, including
granulocyte monocyte progenitors (GMPs) and megakaryocyte erythroid progenitors (MEPs).!?
As their name implies, MEPs produce erythrocytes and megakaryocytes. GMPs give rise to
granulocytes and monocytes which migrate to tissues via the blood stream.!® Figure 1 provides

an overview of the generation of myeloid cells (myelopoiesis).
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Figure 1. Diagram of key cells involved in myelopoiesis. Myelopoiesis involves a series a
maturational steps leading to the formation of mature myeloid cells. Common myeloid progenitors
(CMPs) give rise to granulocyte-monocyte progenitors (GMPs) and megakaryocyte-erythroid
progenitors (MEPs). GMPs are responsible for producing granulocytes (eosinophils, basophils,
neutrophils) and monocytes. As monocytes migrate into tissues, they can differentiate into
macrophages or dendritic cells. MEPs produce megakaryocytes and erythrocytes. Created using
Biorender.com.



1.1.2. Innate immune system

The innate immune system is an evolutionarily older defense system, compared to the
adaptive immune system, that involves a rapid, but non-specific, response. It is composed of
several types of defensive barriers, including physical and anatomical barriers, as well as effector
cells, soluble mediators, and antimicrobial peptides.®!!!? Innate immune cells include
monocytes, macrophages, DCs, granulocytes (mast cells, neutrophils, eosinophils, basophils),
and NK cells. Innate immune cells are ubiquitously present in almost all tissues and will
continually scan the tissue microenvironment for the presence of pathogens or infected cells.
Upon pathogen recognition, tissue-resident innate immune cells will begin to produce cytokines,
promoting inflammation.!? The inflammatory response includes increased permeability of blood
vessels, allowing for the recruitment and infiltration of immune cells to the infection site to aid in
the elimination of pathogens.!?

Unlike T cells and B cells in the adaptive immune system, which have high specificity, innate
immune cells do not express specific antigen recognition receptors. Instead, the innate immune
response relies on recognition of evolutionarily conserved structures on pathogens, called
pathogen-associated molecular patterns (PAMPs).!* PAMPs are recognized by germ-line host
cell receptors, termed pattern recognition receptors (PRRs).!* Microbial components, such as
bacterial lipopolysaccharide (LPS), flagellin, and peptidoglycans are essential for survival and
therefore invariant amongst various pathogens, making them excellent targets for pathogen
recognition by PRRs.!> Most PRRs in the innate immune system can be divided into five
different families, based on protein domain homology: toll-like receptors (TLRs), nucleotide
oligomerization domain (NOD)-like receptors (NLRs), retinoic acid-inducible gene-I-like

receptors (RLRs), C-type lectin receptors (CLRs), and absent in melanoma-2 (AIM2)-like



receptors (ALRs).!> PRRs are capable of recognizing and binding to their respective ligands,
recruiting adaptor molecules, and ultimately triggering downstream signaling pathways to exert
effects.!>!2 Intracellular signaling cascades activate transcription factors such as nuclear factor-
kB (NF-xB) and mitogen-activated protein kinases (MAPK).!* These transcription factors
regulate the expression of genes involved in inflammation and antimicrobial host defenses,
leading to the production of various molecules, including pro-inflammatory cytokines,
chemokines, and immunoreceptors, orchestrating the early host response to infection.'*

The production and release of cytokines from innate immune cells is critical for the host
defence to inflammation and infection. Cytokines can act in either an autocrine manner (on the
same cell) or a paracrine manner (on nearby cells), or in some instances, on distant cells
(endocrine).!® However, as cytokines have limited biological half-lives, they primarily act
locally.!? Cytokines can be functionally grouped into three main categories: growth factors,
immunomodulatory cytokines, and chemokines. Colony-stimulating factors (CSF), such as
granulocyte macrophage-CSF (GM-CSF) and macrophage-CSF (M-CSF), are growth factors that
stimulate the proliferation of BM precursors and their differentiation into mature immune cells.!”
Chemokines, also referred to as chemotactic cytokines, are known for their ability to promote the
migration of immune cells into tissues.!® Finally, immunomodulatory cytokines can be divided as
pro-inflammatory or anti-inflammatory. Pro-inflammatory cytokines, such as tumor necrosis
factor-a (TNF-a), interleukin-6 (IL-6), and IL-1f3, are involved in the upregulation of
inflammatory reactions.!® Meanwhile, anti-inflammatory cytokines, such as IL-10 and IL-4, act
to control the activity of pro-inflammatory cytokines to regulate the immune response.'®

In addition to production of cytokines, PRR engagement also promotes the direct elimination

of pathogens through phagocytosis. One of the fastest acting mechanisms of the innate immune



system is the complement reaction. The complement system consists of a network of distinct
plasma proteins that are able to react with one another to opsonize pathogens and induce an
inflammatory response to help fight infection.? The complement system aids the immune
response by improving uptake of pathogens by phagocytes, recruiting phagocytes to sites of
infection, and improving the destruction of pathogens.>!° Phagocytosis is a form of endocytosis,
in which a large particle (> 0.5 um) is engulfed into a plasma membrane derived vesicle, known
as the phagosome.2? Opsonic receptors, such as Fc receptors and complement receptors, bind to
host-derived opsonins, initiating signaling cascades that remodel the cell membrane to allow for
ingestion.?® After internalization, the phagosome undergoes maturation, and will eventually fuse
with lysosomes to form the phagolysosome, a vesicle that can destroy the ingested particle.?”
Phagolysosomes are highly acidic and contain several hydrolytic enzymes and other microbicidal
components, such as reactive oxygen species (ROS).2°

During acute infectious and inflammatory conditions, a large number of myeloid cells,
especially neutrophils, are consumed in peripheral organs, resulting in a high demand to
continuously replenish them. Fortunately, pathogens can be sensed by PRRs expressed on
hematopoietic stem and progenitor cells (HSPCs), resulting in the activation of downstream
signaling cascades, and inducing a process known as emergency hematopoiesis (sometimes
referred to as emergency granulopoiesis).?! Through this process, dormant HSPCs proliferate and
differentiate, replenishing the short-lived mature hematopoietic cells that were consumed during
the immune response.?!*> Unfortunately, emergency hematopoiesis can result in HSC exhaustion

and eventual hematopoietic failure due to the stress placed on these cells during the process.?!



1.1.3. Monocytes

Monocytes are circulating leukocytes that are capable of further differentiating into tissue
macrophages and DCs. There are two main types of monocytes: (1) classical/inflammatory
monocytes; and (2) non-classical/patrolling monocytes.?*** In mice, inflammatory monocytes
have a high expression of Ly-6C (Ly-6C" monocytes), while patrolling monocytes have a

relatively low expression of Ly-6C (Ly-6C°Y monocytes).?*

Patrolling monocytes are less
prevalent than inflammatory monocytes.*

Beyond replenishing macrophages and DCs, monocytes also employ their antimicrobial
activity at sites of inflection.?* The effector functions of inflammatory monocytes are dependent
on the inflammatory context and the nature of the invading pathogen. Common functions of
monocytes in response to inflammation or infection include chemokine and cytokine release
(often TNF) and the production of nitric oxide (NO).?*?> Some argue that monocytes are also
capable of trafficking to draining lymph nodes, where they can present antigens to T cells and
contribute to the activation of the adaptive immune system.?¢

1.1.4. Macrophages

As their name implies, macrophages are large in size and capable of engulfing their targets
through phagocytosis. In addition to phagocytosing foreign pathogens, macrophages are also
responsible for phagocytosing dying or dead cells and cellular debris.?” Like dendritic cells,
which are discussed in more detail in Section 1.1.5., macrophages act as a connection between
innate and adaptive immune cells. After phagocytosis, the macrophage will degrade the pathogen
by degradative enzymes and present pathogen-derived antigens to helper T cells, initiating the

adaptive immune system.?®



Macrophages can be of different origin (blood monocyte versus tissue) and exhibit different
phenotypes. While macrophages were originally believed to derive solely from circulating
monocytes, later studies demonstrated that most adult tissue-resident macrophages are seeded
before birth, have self-renewal capacity, and are maintained independently of monocytes.?*!
Tissue-resident macrophages are typically highly-specialized cells that perform specific
functions for their tissue of residence.*?> Meanwhile, blood monocyte-derived macrophages will
traffic into tissues in response to inflammatory and chemokine cues.** Tissue-resident
macrophages are divided based on their anatomical location and functional phenotype, such as
microglia in the central nervous system (CNS), alveolar macrophages in the lung, and osteoclasts
in the bone.*

In addition to the separation between tissue resident and blood-derived macrophages,
macrophages are also commonly divided based on their phenotype. Macrophages are highly
plastic cells, meaning that they are capable of switching from one phenotype to another under
different circumstances.** The M1-M2 dichotomy is the most common way to define
macrophage phenotypes; however, it is important to note that this model simplifies the
complexity of phenotypical diversity amongst macrophages.’* A very basic view classifies M1
macrophages as proinflammatory and M2 macrophages as anti-inflammatory. M1 macrophages
are believed to participate in the first line of defence against intracellular pathogens and promote
the polarization of Type 1 helper T cells.>> M1 macrophages are thought to develop in an
inflammatory environment, often in response to TLR and interferon (IFN) signaling.’> M1
macrophages play a key role in the acute inflammatory response by demonstrating high levels of

phagocytosis and producing several pro-inflammatory cytokines and chemokines (e.g., IL-6, IL-

12, IL-1B, TNF-a, etc.), as well as reactive oxygen and nitrogen species (RONS) to protect



against bacteria and viruses.?> Meanwhile, M2-like macrophages are primarily involved in the
anti-inflammatory response and repair of damaged tissues.*® Most tissue resident macrophages
are described as being similar to M2 macrophages.?® M2 macrophages negatively regulate pro-
inflammatory cytokines and induce production of anti-inflammatory mediators, such as IL-4, IL-
10, and transforming growth factor-beta (TGF-B).>*> They are also highly endocytic, and partially
phagocytic, and are involved in many important functions, such as tissue repair, apoptotic cell
clearing, and angiogenesis.>’

1.1.5. Dendritic cells (DCs)

DCs are APCs that are responsible for capturing, processing, and presenting antigens to
lymphocytes, an important mechanism for initiating and regulating the adaptive immune
system.?” Immature DCs can take up antigens via phagocytosis, receptor-mediated endocytosis,
or macropinocytosis.*® Recognition of a danger signal triggers the differentiation and activation
of immature DCs to mature DCs.** DC activation and maturation initially results in a transient
increase in their ability to take up antigens as well as changes in expression of homing and
chemokine receptors that are important for directing migration of DCs to lymphoid tissue.*” After
internalization, antigens are digested into peptides, which associate with major histocompatibility
complex class IT (MHC IT) molecules.*® Peptide-loaded MHC II molecules are then delivered to
the cell surface to allow for antigen presentation.*® Mature DCs will also begin to express T cell
co-stimulatory molecules, such as cluster of differentiation 40 (CD40) and B7.4° As DCs enter
secondary lymphoid organs, pathogen-derived antigens are presented to T cells, promoting the
differentiation of naive T cells into mature T cell types.>**° The internalization of antigens will
eventually be downregulated in mature DCs, allowing for specific T cell stimulation to the

antigens encountered in the periphery (where the DCs were immature).>® Additionally, activated
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DCs have been shown to secrete various chemokines and inflammatory cytokines, further aiding
in their response to infection and/or inflammation.’

1.1.6. Neutrophils

Neutrophils are the most abundant leukocyte in human blood, and are produced in large
numbers in the BM.*! Once produced, neutrophils have a short lifespan (12-24 hours), and will
quickly enter circulation and migrate to tissues.*'*? Eventually, they are eliminated by
macrophages.*!**> During the development of inflammatory reactions, neutrophils become
activated, and their lifespan is extended.*’ Neutrophils are constantly patrolling for signs of
microbial infections and are endowed with many effector functions to aid in the innate immune
response. These effector functions include phagocytosis, the release of ROS, degranulation, and
the formation of neutrophil extracellular traps (NETs), which will be discussed in more detail
below.

A unique feature of neutrophils is that their phagocytic receptor signalling also rapidly
employs both oxidative and non-oxidative host defense mechanisms via simultaneous assembly
and activation of the Nox2-containing nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase complex and mobilization of granules.* The speed and efficiency of this process creates
a highly lethal environment in the phagosome, allowing neutrophils to kill the majority of
ingested pathogens within 30 minutes.*’

Granules are intracellular vesicles formed during neutrophil differentiation that contain an
assortment of antimicrobial proteases, and can be divided into four main types: secretory,
specific, gelatinase, and azurophil.*>*¢ Each granule type is grouped based on the specific
proteins that they contain. Secretory granules are released readily throughout the life span of the

neutrophil, as they contain plasma proteins and several cell surface receptors that integrate into
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the plasma membrane of neutrophils as exocytosis takes place.**¢ Specific granules contain the
antibacterial proteins lactoferrin, neutrophil gelatinase-associated lipocalin, cathelicidin,
collagenase, and lysozyme.*¢ Meanwhile, gelatinase granules primarily contain matrix
metalloproteinase 9 (MMP9), lysozyme, and leukolysin.*® Azurophil granules contain the most
pro-inflammatory and antimicrobial proteins and their degranulation occurs during the late stage
of neutrophil activation.*>*¢ Azurophil granules contain proteins such as myeloperoxidase
(MPO), defensins, cathepsins, neutrophil elastase, and azurocidin.*> Although the antimicrobial
peptides contained within granules are critical for killing bacteria, this process must be tightly
regulated, as excessive degranulation can damage the host tissue.*’

In addition to degranulation, NADPH oxidase also plays a critical role in microbial killing. In
fact, dysfunction of NADPH oxidase is known to cause a condition called chronic granulomatous
disease (CGD), characterized by recurrent life-threatening infections, due to an inability of
phagocytes to appropriately destroy microbes.*” NADPH oxidase consists of a core component,
referred to as flavocytochrome bsss, which is a heterodimer composed of one molecule of p22°Phox
(Cyba), and one molecule of gp91°P"* (Cybb).*® In order for electron transport to occur through
the flavocytochrome, it must be activated by a number of cytosolic proteins, which change the
conformation of the flavocytochrome. One of the cytosolic subunits, p67Ph°%, attaches directly to
the flavocytochrome.*® At high concentrations and in combination with a Rac, p67°"* is
sufficient to induce electron transport.*® The protein p40P™* binds to p67Ph°%, and is thought to act
as a shuttle, aiding in the translocation of p67°"* to the core component of NADPH oxidase.*®
Meanwhile, p47P"°* is heavily phosphorylated during neutrophil activation and is thought to
stabilize the interaction between the core component and p67°"°* #® After neutrophil activation,

such as in response to microbial infections, p67P"°%, p40P"°x and p47Phox all work together to
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facilitate the activation of NADPH oxidase. Figure 2 provides an overview of the NADPH
oxidase structure in a resting and activated state.*’

The activity of NADPH oxidase is essential for effective microbial killing through its
production of oxygen radicals and their reactive products, collectively referred to as ROS.*® The
direct product of NADPH oxidase activity is superoxide anion (O2), which is produced in large
amounts in neutrophils, and directly pumped into the phagocytic vacuole.*® O>  will then undergo
spontaneous or enzymatic dismutation to hydrogen peroxide (H20,).%° Through the Fenton
reaction, H,O, can oxidize ferrous iron to generate the highly reactive hydroxyl radical OH-.>°
Furthermore, during oxidative burst in neutrophils, the granule-associated enzyme MPO will
convert H>O» to the highly bactericidal hypochlorous acid (HOCI).>® These oxygen derivates can
restrict bacterial growth by damaging their DNA, protein, and lipid molecules.>

Finally, in response to pathogens, neutrophils will also release NETs, through a process
known as NETosis. NETs are extracellular web-like structures composed of DNA-histone
complexes and a number of different neutrophil granule proteins, such as elastase, MPO, and
cathepsins.’! NETs function to trap microbes, preventing them from spreading, while also

ensuring a high concentration of antimicrobial peptides within the NET to kill the microbes.>!

13



Resting Activated

Microbes
Inflammation
cell membrane q

cytosol
GDP -
NADPH NADP* + H*

202 202

7

14



Figure 2. Schematic representation of NADPH oxidase in a resting and activated state. The
catalytic subunit, gp9 1P, along with p22P"°*, form the core component (flavocytochrome bssg).
The three components, p47°%, p67P"°% and p40Ph°* form a cytosolic complex in a resting cell, but
upon activation, will translocate to the core component in the membrane. The G-protein Rac, when
bound to GDP, is found in the cytosol in the resting state, and will also translocate to the membrane
component upon activation. Upon assembly, the NADPH oxidase enzyme generates superoxide
anion (O2") by transferring electrons from cytoplasmic NADPH and donating them to molecular
oxygen (O). Created using Biorender.com
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1.2. Salmonella typhimurium (ST)

Salmonella enterica (S. enterica) is a Gram-negative, facultative intracellular anaerobe,
capable of infecting both humans and animals. S. enterica causes different types of disease in
different species, including typhoid fever. S. enterica can be divided into six different subspecies,
which are then further divided into over 2,500 serovars, differentiated based on their flagellar,
carbohydrate, and LPS structures.’> Non-typhoidal serovars (which do not cause typhoid fever),
such as Salmonella enterica serovar Enteritidis and Sa/monella enterica serovar Typhimurium
(ST), are capable of infecting a broad range of hosts including humans, cattle, poultry, and
swine.>? Interestingly, ST causes an acute self-limiting gastroenteritis in humans, but a systemic
disease resembling typhoid fever in mice.>* Meanwhile, Salmonella serovars Typhi and Paratyphi
are only capable of infecting humans, and cause systemic typhoid or enteric fever.>

As infection with ST in mice leads to typhoid-like fever, this model is frequently used to
study human typhoidal infection. However, it is important to note that there are limitations with
this model. First, as ST causes enteritis, rather than typhoid fever, in humans, the host responses
to ST are likely quite different.>* Second, genes associated with serotype Typhi that are required
for causing typhoid fever in humans are not present or are altered in ST, making it difficult to
study their role and impact during infection.>* Nevertheless, several strengths of this mouse
model outweigh its limitations. ST-infected mice have been critical for identifying and
establishing the role of different virulence mechanisms of serotype Typhimurium, such as
Salmonella pathogenicity islands (SPI) 1 and 2.°* This mouse model has also been successfully
used to identify and test various typhoid fever vaccine candidates, further highlighting the

usefulness of ST infection in mice to better understand the pathogenesis of typhoid fever.>*
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1.2.1. ST mechanism of infection

Salmonella infections are typically acquired through contaminated food. They are one of the
most common causes of food-borne illness in both developed and developing countries.* Since
Salmonella is often ingested, the first obstacle ST must overcome is the acidic pH in the stomach
of the host. Fortunately for ST, it is able to protect itself against acid shock via the acid tolerance
response, which allows ST to maintain the intracellular pH at values higher than those in the
extracellular environment.>® Once past the stomach and in the small intestine, ST must traverse
the intestinal mucosal layer prior to adhering to intestinal epithelial cells.> In mice, ST appears
to preferentially adhere to M cells of the Peyer’s patches in the intestinal epithelium, resulting in
the formation of membrane ruffles that further engulf adherent bacteria in large vesicles called
Salmonella-containing vacuoles (SCVs).>> SCVs are unique membrane-bound compartments,
distinct from a phagosome or lysosome. They are the only intracellular compartment in which
Salmonella can survive and replicate.’” Meanwhile, the secretion of small chemo-attractant
proteins, such as IL-8, in the intestinal epithelium is induced.*® The release of chemo-attractant
proteins initiates the recruitment and migration of phagocytes into the lumen.>® Once across the
epithelium, Salmonella is engulfed by resident macrophages.> Macrophage death, and the
escape of bacteria from the intracellular environment, can result in further systemic infection (as
the bacteria can enter the bloodstream).>® Once in circulation, the bacteria are opsonized by
complement factors, allowing for quick cellular uptake, typically in the liver, spleen, or BM.>

ST pathogenesis relies on the ability of the bacteria to invade and replicate within host cells.
As previously mentioned, following invasion into cells, ST resides within the SCV. In order to
create and maintain the SCV, ST uses specialized secretion systems that are capable of modifying

host cell function by injecting a number of effector proteins into the cytoplasm of the host cell.®
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These effector proteins can alter basic host cell functions, such as membrane trafficking, signal
transduction, and cytokine gene expression.’® ST employs two different type III secretion
systems (T3SSs), which are encoded by Sa/monella pathogenicity islands 1 (T3SS1) and 2
(T3SS2). The two secretion systems have different functions — T3SS1 is required for the invasion
of non-phagocytic cells, while T3SS2 is involved in intracellular survival and biogenesis of the
SCv.e!

1.2.2. Host response to ST

Salmonella, though residing within the SCV, is not entirely shielded from the surveillance of
the host immune system. Internalized ST introduces various PAMPs, such as LPS, flagella, and
bacterial DNA, which can be detected by PRRs expressed by immune cells.”® TLRs are the first
PRRs to recognize infection with ST, with various isoforms distributed on the outer membrane of
the cell or within intracellular vesicles.>® Upon encountering PAMPs, TLRs engage signaling
adaptors, including MyD88 (myeloid differentiation primary response 88) and TRIF [TIR
(Toll/interleukin-1 receptor) domain-containing adaptor protein inducing interferon beta],
initiating a cascade of events that activate transcription factors, such as NF-kB and interferon
regulatory factor 3 (IRF3).5 This activation ultimately leads to the production of pro-IL-1§
(among other inflammatory cytokines) and a type I IFN response that is crucial for orchestrating
the host defense against Salmonella infection.>?

Additionally, once Salmonella is contained in the SCV, NLRs can sense PAMPs within the
cytosol. A subfamily of cytosolic PRRs, known as NAIPs (the NLR family apoptosis inhibitory
proteins), recognize components of the SPI-1 T3SS and flagellin, which recruit NLRC4
(nucleotide-binding domain, leucine rich repeat-containing family, and CARD (caspase

recruitment domain)-containing protein 4) to form multimeric signaling complexes called
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inflammasomes.%? This complex formation typically requires an adaptor protein, ASC (an
apoptosis-associated speck-like protein with a CARD), which recruits pro-Caspase-1, a protease
crucial for cytokine maturation.>® Activated Caspase-1 cleaves pro-IL-1p and pro-IL-18 into their
mature forms, as well as the pore-forming protein gasdermin-D (GSDMD).33%? Cleaved
GSDMD creates pores in the plasma membrane of host cells, releasing pro-inflammatory
cytokines and inducing an inflammatory form of cell death known as pyroptosis, effectively
eliminating the infected cell.®

1.3. Leucine rich repeat kinase 2 (LRRK2)

The Lrrk2 gene is found in the ParkS locus on chromosome 12q12 in humans and on
chromosome 15 in mice.%**** The murine homolog of Lrrk2 is up to 88% identical to human
Lrrk2, showing conservation of disease-causing residues.® It is therefore appropriate to examine
murine models of Lrrk2 mutations. Lrrk2 encodes a large, 286-kDa protein, called LRRK2 or
receptor-interacting protein kinase 7 (RIPK7), that contains several functional domains.®® The
central core includes a Roc (Ras of Complex proteins) domain which encodes a GTPase, a COR
(C-terminal of Roc domain), and a serine/threonine kinase domain, all surrounded by multiple
protein-protein interaction domains.%**7-%° The N-terminus harbours the armadillo, ankyrin, and
leucine-rich repeat region, while the C-terminus contains the WD40 domain, which is crucial for
protein folding.%®7% Structural studies and cell-based assays indicate that the biochemical
activity of LRRK2 is orchestrated through a complex interplay between the scaffolding and
enzymatic domains of the protein.%® With the diverse enzymatic and protein-interacting domains
of LRRK2, it is likely that LRRK?2 is involved in many different cellular pathways and interacts

with several different binding partners.”!
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1.3.1. LRRK?2 tissue distribution

LRRK2 is expressed at low levels throughout the body, with highest levels in the kidney,
lung, and BM.%372 Several studies also point to the high expression of LRRK?2 in immune cells,
such as neutrophils, monocytes, macrophages, microglia, and B lymphocytes.”?’* LRRK2
protein expression has also been confirmed in BMDMSs.”* Hakimi et al. further observed a
significant upregulation in Lr7k2 mRNA in BMDMs following exposure to microbial structures,
such as bacterial LPS and lentiviral particles.”

1.3.2. LRRK?2 and inflammatory conditions

The Lrrk2 gene has been linked to disease susceptibility in several inflammatory disorders.
Familial and genome wide association studies (GWAS) implicated LRRK2 in the susceptibility
to Parkinson’s disease (PD), Crohn’s disease (CD), and leprosy.”>"’

PD is a progressive, late-onset disorder of the nervous system, and aberrant functioning of
the immune system has been proposed as a component of susceptibility to and progression of
PD.”® Mutations in Lrrk2 are the most common known cause of autosomal-dominant PD.” Many
variants of the Lrrk2 gene have been described; however, only six are considered pathogenic:
p.N1437H, p.R1441C, p.R1441G, p.Y1699C, p.G2019S, and p.12020T.°7-7°-8° Of these mutations,
the p.G2019S mutation is the most common PD-associated Lrrk2 mutation, accounting for
approximately 1% of all sporadic cases and 4-5% of familial PD cases.3! The Lrrk2¢291%5
mutation affects the kinase domain of LRRK2, and has been demonstrated to result in a
hyperactive kinase, increasing autophosphorylation and phosphorylation of other substrates.°

CD is a chronic inflammatory bowel disease, characterized by inflammation of the

gastrointestinal tract, and is thought to result from a dysregulated immune response to
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commensal intestinal microbiota.®? The involvement of the Lrrk2 locus in CD was first suggested
by a meta-GWAS in 2008, and later confirmed by other meta-GWAS.”7#3

Leprosy is a chronic dermato-neurological infectious disease caused by Mycobacterium
leprae.’® In 2009, Zhang et al. identified a trend toward the presence of leprosy and a single-
nucleotide polymorphism (SNP) in Lrrk2.%* Later studies revealed a significant association of
Lrrk2 with Type-1 reactions, which are the main contributors to nerve damage in leprosy.’%>

The association of Lrrk2 with various immune and inflammatory conditions suggest its
involvement in the immune system. However, the precise mechanisms by which distinct Lrrk2
mutations mediate their pathogenicity remain unclear and require further investigation.

1.3.3. LRRK?2 and bacterial infections

The role of LRRK?2 in bacterial infections is not clear, with some studies showing a
protective role, while others suggesting a potential detrimental effect of LRRK2. With respect to
Salmonella infection, Gardet et al. successfully showed that LRRK?2 contributes to the restriction
of Salmonella in macrophages in vitro, with LRRK2 knock-down cells showing greater bacterial
burden following infection with ST.” Other studies have also shown that Lr#k2”~ mice exhibited
impaired clearance of ST, while mice harbouring the hyperactive Lrrk262%/°S mutation showed
enhanced resistance to ST following in vivo infection.”>3¢ Similarly, Lrrk2”- mice showed
increased susceptibility to oral infection with Listeria monocytogenes (LM), a facultative, Gram-
positive and intracellular bacterium.®’

In contrast to ST and LM infection, inhibition of LRRK2 kinase activity has been shown to
enhance restriction of Mycobacterium tuberculosis (Mtb), an intracellular pathogen, by human

and mouse macrophages.®® Furthermore, Lr7k2”~ mice showed an early protective effect against

aerosol Mtb infection, while Lrrk292°%5 mice showed significantly higher bacterial burdens.38%
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Together, these findings point to the importance of LRRK?2 in exerting pleiotropic effects on
bacterial control and inflammation through mechanisms that appear to depend on the type of

bacterial infection and host susceptibility.

22



1.4. Rationale

Various Lrrk2 mutations are associated with different inflammatory diseases such as PD, CD
and leprosy.”>~"7 Previous studies have shown that LRRK?2 is highly expressed in immune-related
tissues, such as the BM, and various myeloid cells, including neutrophils, monocytes, and
macrophages.’>”® Increased LRRK2 expression has also been observed in response to bacterial
components in murine BMDMs.”? Therefore, LRRK?2 likely has a function in the innate immune
system.

Previous work from Shutinoski et al. has demonstrated that Lrrk2 deficiency in female mice
led to relatively higher ST bacterial burden and reduced survival.”> Conversely, female mice
harbouring the Lrrk29?97°S mutation controlled infection with ST better, and displayed enhanced
survival, suggesting that the agonistic Lr7k2%?°/*S mutation results in an enhanced inflammatory
response to infection with ST.”? It was further shown that the p.G2019S mutation and loss of
function effect conferred by Lrrk2 KO was mediated by myeloid cells, which are critical players

in the innate immune system.””

1.5. Hypothesis
Lrrk29201% mutation modulates the expansion and function of myeloid cells which confers

better control of ST infection in mice.

1.6. Objectives

Aim 1. Evaluate the impact of Lrrk29?°S mutation on the BM compartment following

infection with ST.
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Aim 2. Determine whether the Lrrk2620/%S-mediated protection from ST infection is due to an
enhanced inflammatory response and/or an improved intrinsic ability of myeloid cells to fight
infection.

Aim 3. Investigate the molecular mechanisms contributing to the reduced bacterial burden in

Lrrk29%01% myeloid cells.
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2. MATERIALS AND METHODS

2.1. Animal strains

All mice used were housed at the University of Ottawa’s animal facility under specific
pathogen-free conditions and maintained in accordance with the Canadian Council on Animal
Care (CCAC) guidelines. Protocols and procedures were monitored by the University of Ottawa
Animal Care Committee and Ethics Board. All mice used were females and were age-matched
for experiments.

C57BL/6 mice were obtained from Jackson Laboratories and were bred and maintained in
our facility. Lrrk26201% knock-in mice were originally generated by Novartis Pharmaceuticals
and were obtained from Dr. Schlossmacher. Lrrk2%?%S mice were maintained in our facility and
bred as homozygous mouse lines. Lrrk2P%%*S mice were a kind gift from Dr. Schlossmacher and
were bred and maintained by the Schlossmacher lab.

2.2. Bacterial strains
Three bacterial strains were used for experiments:

1. SL1344 strain Salmonella enterica serovar Typhimuirum (ST-WT)

2. ST strain with a mutation in the inv4 gene (ST-AinvA), which codes for an inner
membrane component of the SPI-1 T3SS. Therefore, no myeloid cell death will occur
with ST-AinvA, but as the SPI-2 T3SS remains intact, intracellular replication is not
affected.

3. 021915 strain of Listeria monocytogenes (LM)

2.3. In vivo infection model

Animals were infected by intravenous (I'V) tail vein injections. ST-WT bacteria were re-

suspended at 2 x 10* CFU/mL in cold phosphate-buffered saline (PBS) and 100 uL were injected
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into each mouse. Mice were sacrificed five days after infection. The bacterial burden in the BM
and spleens was assessed upon euthanasia. To collect BM cells, hind limbs were excised and
placed in R8 medium [RPMI-1640 (Gibco, #31800-089) supplemented with 8% fetal bovine
serum (FBS; Gibco, #12483-020) and 55 uM 2-mercaptoethanol (Gibco, #21985-023)]. Bones
were then flushed using a 26-gauge needle (BD, #309625) through a 100 um cell strainer. The
resulting single cell suspension was centrifuged at 1500 rpm for 7 minutes and resuspended in
R8 medium for a final concentration of 107 cells/mL. Cells were counted manually on a
haemocytometer using 3% Acetic Acid with methylene blue (StemCell Technologies, #07060).
Methylene blue selectively stains nucleated cells, and thus will not count red blood cells. Whole
spleens were homogenized using frosted glass slides (Fisherbrand, #22-034-486) and filtered
through a 70 um cell strainer. The resulting single-cell suspension was centrifuged at 500 x g for
5 minutes and resuspended in 10 mL R8 medium. Ten-fold serial dilutions of the BM and spleen
cell suspensions were made, and 100 puL aliquots were plated onto LB-agar plates (LB Broth:
Fisher BioReagents, #BP1426; Difco Agar: BD, #214010) containing 50 ug/mL streptomycin
(Sigma-Aldrich, #S6501). Plates were incubated at 37°C overnight and colony-forming units
(CFU) were then counted.

2.4. Flow cytometry

Uninfected and infected mouse BM immune cells were analyzed by flow cytometry. BM
cells were prepared as described above. Up to 6 x 10° cells were transferred to 5 mL tubes
(Falcon, #352052) and washed with PBS. To assess cell death, Zombie Yellow™ (BioLegend,
#423104) was used (an amine-reactive fluorescent dye that can pass through cells with damaged
membranes). Zombie Yellow dye was diluted (1:100 in PBS) and 100 puL was added to each

tube. The tubes were incubated for 15 minutes at room temperature, protected from light, prior to
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proceeding to surface staining. To prevent non-specific binding of antibodies, FcBlock (anti-
CD16/32) (BD BioSciences, #553142) was added to the cells in PBS followed by a 5-minute
incubation period at 4°C. Then, fluorophore-conjugated antibodies against various cell surface
receptors were added. Cells were protected from light and incubated for 30 minutes at 4°C. A list
of antibodies used can be found in Table 1.

Table 1. Flow cytometry staining antibodies

Antibody Conjugated Source Catalog Number
Fluorophore

Lin* FITC eBioscience 22-7770-72

c-Kit Pe-Cy7 eBioscience 25-1171-82

Sca-1 APC BioLegend 122511
PerCp-Cy5.5 eBioscience 45-5981-80

CD16/32 PE eBioscience 12-0161-82
PerCP-Cy5.5 BioLegend 156623

CD34 eFluor450 eBioscience 48-0341-80

CD11b APC BioLegend 101212
Pe-Cy7 BioLegend 101215

CDl1lc FITC BioLegend 117305

MHC-II APC eBioscience 17-5321-81

Ly-6C PE BioLegend 128008
PerCp-Cy5.5 eBioscience 45-5932-82

Ly-6G FITC Proteintech FITC-65078
eF450 eBioscience 48-9668-82
PE BioLegend 127067

LRRK2 AlexaFluor594 Novus Biologicals NB300-268 AF594

*Lin cocktail contains antibodies against the following markers: CD3, CD45R, CD11b, Ter-119,

Ly-6G

Cells were washed with PBS to remove excess unbound antibodies and resuspended in PBS.

Cells were acquired the same day as staining on the flow cytometer (BD LSRFortessa or BD

Celesta). Data was analyzed using FlowJo software.

For LRRK2 staining, cells were first stained with cell surface markers (as described above).

To allow for intracellular staining of LRRK2, cells were fixed and permeabilized using an

Intracellular Fixation & Permeabilization Buffer Set (eBioscience, #88-8824-00), according to
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the manufacturer’s protocol. For the protocol, cells were stained with the LRRK?2 antibody for 30
minutes at room temperature, protected from light.

2.5. Generation of bone marrow-derived macrophages (BMDM:s)

BM progenitors harvested from the hip, tibia, and femur of representative mouse strains were
extracted and flushed as described above. 100 mm plastic petri dishes were coated with 50 ng of
M-CSF (BioLegend, #576404). Thirteen to fifteen million BM cells were resuspended in 10 mL
R8 medium (containing 50 pg/mL gentamicin (Gibco, #15750-060) and added to each petri dish.
Cells were incubated at 37°C for 6-8 days to allow macrophage differentiation to occur.

For seeding, cells were rinsed with PBS, and then incubated in PBS for five minutes at 37°C.
Cells were gently scraped with a cell scraper and collected. Cells were resuspended in R8
medium and seeded at 10° cells/well in 96 well plates or 3 x10° cells/well in 24 well plates.

2.6.Purification of monocytes

BM cells were harvested in a similar manner as described previously. EasySep Mouse
Monocyte Isolation Kit (StemCell Technologies, #19861A) was used to purify and isolate
monocytes. The purity of monocytes was confirmed by flow cytometry (CD11b"Ly-6C*Ly-6G")
(Figure 3A). Monocytes were seeded at 10° cells/well in 96 well plates, and 4 x 10° cells/well in
24 well plates.

2.7. Purification of neutrophils

BM cells were harvested in a similar manner as described previously. EasySep Mouse
Neutrophil Enrichment Kit (StemCell Technologies, #19762A) was used to enrich the neutrophil
population. To obtain higher purity, cells were sorted with the Sony SH800 Cell Sorter using a
100 uM sorting chip. Cells were sorted as Ly-6G™ and stained as described previously. WT and

Lrrk26201%5 cells were sorted at the same time, after being stained individually with Ly-6G

28



antibodies conjugated to different fluorophores. After sorting, cells were immediately
resuspended in R8 medium to maintain cell viability. Neutrophils were plated at 10° cells/well in
96 well plates, and 4 x 10° cells/well in 24 well plates. Purity of isolated neutrophils was
assessed via flow cytometry (Figure 3B).

2.8. Generation of bone marrow-derived dendritic cells (BMDCs)

BM progenitors were extracted and flushed as described above. BM progenitors were
cultured at a concentration of 1 million cells/mL in 10 mL R8 medium in the presence of 10
ng/mL GM-CSF (StemCell Technologies, #78017) in T25 flasks at 37°C. The media was
replaced on day 2, 4, and 6 to remove any floating cells. By day 8, GM-CSF DCs differentiate
from adherent cells and become floating cells that can be collected from the supernatant.
BMDCs generated in vitro using GM-CSF mimic monocyte DCs, and purity was assessed via

flow cytometry (Figure 3C).
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Figure 3. Purity of isolated myeloid cells. (A) Representative FACS plot of monocyte purity in
the start (BM) and final (Monocytes) isolated fractions. Monocytes were isolated using the
EasySep Mouse Monocyte Isolation Kit. (B) Representative FACS plot of neutrophil purity in the
start (BM) and final (Neutrophils) sorted fractions. Neutrophils were enriched in BM samples using
the EasySep Mouse Neutrophil Enrichment Kit and sorted as Ly-6G* on a Sony SH800 Cell Sorter.
(C) Representative FACS plot of BMDC purity. BMDCs were differentiated from BM cell samples
cultured in the presence of GM-CSF for 8 days. Data was analyzed using FlowJo software.
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2.9. In vitro TLR agonist treatment

BMDMs were seeded after differentiation in M-CSF-coated dishes. Cells were incubated
overnight at 37°C to prevent cellular stress. The following day, cells were treated with the TLR
agonists outlined in Table 2. Cells were treated for 6 and 24 hours prior to supernatant collection
to measure the production of cytokines.

Table 2. TLR agonists used for experiments

Agonist Source Catalogue Number  Concentration

LPS from E. coli Sigma-Aldrich L4524 100 ng/mL

055:B5 (TLR4)

R848 (TLR7/8) InvivoGen tlrl-R848 100 ng/mL

Pam3CSK4 InvivoGen tlrl-pms 100 ng/mL

(TLR1/2)

CpG ODN 1826 InvivoGen tlrl-1826 100 ng/mL

(TLR9)

Poly I:C Sigma-Aldrich P1530 100 ng/mL
2.10. In vitro infection with ST and CFU assay

To measure the production of cytokines, cells were infected with 5 MOI (multiplicity of
infection) ST-WT. Cells were seeded in 96-well plates in R8 medium without gentamicin. To
prevent the effects of plating-derived cellular stress, BMDMs were incubated overnight at 37°C
prior to infection, and BMDCs, monocytes, and neutrophils were allowed to settle for at least 1
hour at 37°C prior to infection. Briefly, frozen stocks of ST-WT were quickly thawed, washed
with PBS, and resuspended in R8 medium. Bacteria were added to cells, and plates were
centrifuged at 2500 rpm for 6 minutes, followed by a 15-minute incubation period to allow
bacteria to penetrate the cells. Since ST is an intracellular bacterium, cells were rinsed with PBS,
then incubated with R8 medium containing gentamicin [50 pg/mL]. After 1.5 hours, cells were

rinsed with PBS, and R8 medium containing a lower concentration of gentamicin [10 pg/mL]
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was added. Cells were incubated for 6 or 24 hours prior to supernatant collection for use in
enzyme-linked immunosorbent assays (ELISAs).

To measure cell death in BMDMs and BMDCs and IL-1f secretion in myeloid cells,
approximately 1 hour after seeding cells in 96-well plates, cells were stimulated with LPS [10
ng/mL] (Sigma-Aldrich, L4524) and incubated at 37°C overnight. LB broth containing
streptomycin [50 pg/mL] was inoculated with crystals from a frozen stock of ST-WT and
incubated overnight at 37°C and shaking at 250 rpm. The next day, the overnight culture of ST-
WT was sub-cultured (1:80) in LB containing streptomycin [50 pg/mL] at 37°C and shaking at
250 rpm. The culture was grown until it reached an OD (optical density) at 600 nm of 0.83,
where the CFU was estimated to be 5.6 x 108 CFU/mL. Sub-cultured ST-WT was resuspended in
R8 medium and added to the LPS-primed cells at various MOIs. Upon addition of bacteria, cells
were centrifuged at 2500 rpm for 6 minutes and incubated for 3 hours or 6 hours prior to
measuring cell viability via Neutral Red Assay and collecting cell supernatants for ELISAs.

To assess intracellular bacterial burden, ST-Ainv4 was used to allow for quantification of
intracellular ST replication without cell death acting as a confounding variable. Cells were
seeded at the appropriate density in 24-well plates. To prevent the effects of plating-derived
cellular stress, BMDM