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Abstract

Mutations in the Leucine-rich repeat kinase 2 (Lrrk2) gene are associated with familial and
sporadic cases of Parkinson’s disease but are also found in inflammatory-related disorders such as
Crohn’s disease, systemic lupus erythematosus, tuberculosis and leprosy. There is also evidence
that LRRK2 is highly expressed in immune cells, particularly in macrophages, and has been
functionally linked to pathways pertinent to immune cell function such as modulating the course
of infections, cytokine release, autophagy and phagocytosis. Indeed, G2019S mutation in Lrrk2 is
the most common mutation in Parkinson’s disease. Accordingly, we hypothesized that G2019S
mutation in Lrrk2 might enhance the activation of the innate immune system. We tested our
hypothesis by performing challenge experiments in a mouse model of Listeria monocytogenes,
and by measuring the activation of bone marrow derived macrophages (BMDMs) following in

vitro infection with the bacterium.

We found that Lrrk262%1% mutant mice controlled L. monocytogenes better than WT mice. The
mechanism behind the better control of L. monocytogenes by the G2019S mutation of Lrrk2 was
investigated in BMDMs following in vitro infection with L. monocytogenes. Interestingly, we
found that Lrrk22%1% mutation enhances the production of TNF-o, IL-1p and IL-10 by infected
BMDMs. The impact on TNF-a and IL-1p was specifically due to the G2019S mutation of Lrrk2
since there was no impact on the expression of these cytokines in Lrrk2 knockout macrophages.
Western blotting experiments revealed that the G2019S mutation of Lrrk2 enhances MAPK
signaling (TAK1, p38 and ERK). Modulation of the expression of the pro-inflammatory cytokines,
TNF-a and IL-1B by G2019S mutation of Lrrk2 occurred via p38 MAPK activation. The impact

on IL-10 expression occurred through increased ERK activation by the G2019S mutation of Lrrk2.



We did not observe any impact of G2019S mutation of Lrrk2 on the activation of NF-xB and JNK

MAPK pathways.

Increased expression of IL-1B by G2019S mutation of Lrrk2 revealed increased inflammasome
signaling. Inflammasome signaling in response to L. monocytogenes was mainly mediated by the
AIM2- and partly by NLRP3- inflammasome and was dependent on activation of caspase-1. We

found that Lrrk25201% mutation enhanced the expression of NLRP3 and caspase-1.

Finally, we found that the expression of reactive oxygen species (ROS) following infection with
L. monocytogenes was augmented by G2019S mutation of Lrrk2, and this can be an important

mechanism that promotes the enhanced clearance of the bacterium in vivo.

Overall, these results present new insights into the signaling mechanisms through which the
G2019S mutation of Lrrk2 augments innate immune response which leads to better control of

infection.
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1. Introduction

1.1. LRRK2 structure and function

1.1.1. Lrrk2 gene and LRRK2 protein

The leucine-rich repeat kinase 2 (Lrrk2) gene is emerging as a genetic hotspot for disease
associations. The gene locus for Lrrk2 or Park8 is on human chromosome 12 and mouse
chromosome 15 (Funayama et al., 2002; Tong et al., 2009). The mouse and human LRRK2

proteins share 86.7% amino acid identity (www.ncbi.nlm.nih.gov/homologene). The Lrrk2 gene

contains 51 exons that encode a very large (286 kDa) protein, termed LRRK2 or Dardarin, which
consists of 2527 amino acids constituting several domains with different functions (Klein and

Schlossmacher, 2006).

LRRK?2 is a multi-domain protein and belongs to ROCO protein family that includes a central
region of Ras-of-complex protein (Roc) domain, which encodes a GTPase and a serine/threonine
kinase domain surrounded by several protein-protein interaction domains (Mills et al., 2014;
Rudenko and Cookson, 2014; Wallings and Tansey, 2019). The N terminal harbors the armadillo,
the ankyrin and the leucine-rich repeat region (Wallings and Tansey, 2019). At the C-terminal,
there is the WD40 domain, which has been demonstrated to be crucial for protein folding (Kang

and Marto, 2017; Rudenko et al., 2012).

In mammals, LRRK2 and its closest homolog, LRRKZ1, are the only known members of the
ROCO protein family that combine a GTPase and a kinase domain within the same protein,
perhaps suggesting an intricate regulatory mechanism for LRRK2 protein (Biskup et al., 2007)
Furthermore, structural studies, along with in vitro and cell-based assays, suggest that the

biochemical activity of LRRK2 is orchestrated through a complex interplay between the protein's


http://www.ncbi.nlm.nih.gov/homologene

scaffolding and enzymatic domains (Kang and Marto, 2017). Given the multiple, highly diverse,
enzymatic and protein-interacting domains, it is likely that LRRK2 may have different binding
partners in different cell types and be instrumental in many different cellular pathways (Wallings

and Tansey, 2019).
1.1.2. LRRK2 and Parkinson’s Disease

In 2002, Lrrk2 was mapped to 12p11.2-q13.1 in a Japanese family with late-onset autosomal
dominant Parkinson’s Disease (ADP) by using genome-wide linkage analysis (Funayama et al.,
2002). Additionally, Lrrk2 mutations were also found in some patients with sporadic PD in the
following years (Kluss et al., 2019). In families, mutations in LRRK2 can cause PD with age-

dependent but variable penetrance (Kluss et al., 2019).

Lrrk2 mutations are considered as the most commonly known genetic cause of PD worldwide
(Martin et al., 2014). Over 80 variants in Lrrk2 have been reported so far, but only six mutations
including p.G2019S, p.N1437H, p.R1441G, p.R1441C, p.Y1699C and p.12020T provide further
evidence that Lrrk2 mutations can cause PD phenotype (Singleton et al., 2013). Of these mutations,
the G2019S (glycine to serine substitution at amino acid 2019) is the most common genetic
determinant of PD and results in increased kinase activity in LRRK2 (Kang and Marto, 2017). The
Lrrk2%2019 mutation accounts for 1-3% of apparently sporadic and 4-8% of familial PD cases with
an uneven penetrance worldwide (Kang and Marto, 2017). It is worthy to note that PD patients
with the Lrrk2629'% mutation display similar clinical characteristics to patients with sporadic PD

(Thaler et al., 2009).



1.1.3. Tissue distribution of LRRK2

LRRK?2 is highly expressed throughout the brain in the cortex, striatum, hippocampus, midbrain,
cerebellum and olfactory bulb (Kang and Marto, 2017). Furthermore, LRRK2 is expressed in
peripheral organs such as kidney, lung, spleen and peripheral blood mononuclear cells (Hakimi et
al., 2011; Herzig et al., 2011). Interestingly, both the kidney and the lung appear to harbor

higher LRRK2 expression compared to brain tissues (Herzig et al., 2011).

In addition to the brain and peripheral tissues, recent studies point out a high expression of
LRRK?2 in immune cells, such as monocytes, macrophages, microglia (resident macrophages in
the CNS), neutrophils and B lymphocytes in tissue culture models (Hakimi et al., 2011; Moehle et
al., 2012). LRRK2 protein expression was confirmed in murine bone marrow derived
macrophages, dendritic cells, macrophage cell line RAW264.7 and the human monocytic cell line
THP-1 (Hakimi et al., 2011). Hakimi et al. (2011) also observed a significant up-regulation of
Lrrk2 mRNA in bone marrow-derived macrophages after exposure to microbial structures

including bacterial LPS and lentiviral particles.

1.1.4. LRRK?2 and other diseases

Polymorphisms in the Lrrk2 gene have been linked to several immune-mediated inflammatory
diseases such as inflammatory bowel disease (IBD), systemic lupus erythematosus (SLE) and

leprosy (Hui et al., 2018; Wang et al., 2015; Zhang et al., 2019).

Genome-wide association studies have identified Lrrk2 as being encoded by a major
susceptibility gene for Crohn's disease (Liu et al., 2011). Of note, the Lrrk26291% mutation, which
increases the kinase activity of LRRK2, was increased in Crohn’s disease (CD) patients in the

Ashkenazi Jewish population (Rivas et al., 2018).



The systemic lupus erythematosus (SLE) is a prototypic autoimmune disease characterized by
the presence of pathogenic autoantibodies associated with polyclonal B cell hyperreactivity.
LRRK?2 expression is upregulated in B cells from SLE patients with strong correlations to disease
severity (Zhang et al., 2019). It also has been shown that LRRK2 deficiency largely attenuates the

pathogenic progress of lupus-like features in pristane-induced mice (Zhang et al., 2019).

Leprosy is a chronic dermato-neurological infectious disease caused by Mycobacterium leprae
(M. leprae). Wang et al. (2015) demonstrated that Lrrk2 variants are significantly associated with
Leprosy via eighteen single nucleotide polymorphisms (SNPs) in Lrrk2 which have been shown
to preferentially associate with type 1 inflammatory reactions (excessive inflammation) (Wang et

al., 2015).

The mechanisms by which distinct Lrrk2 alleles modulate the risk of developing different types
of inflammatory diseases in various organs, i.e., the gut (IBD), the brain (PD), the kidney (SLE)

and the peripheral nervous system (leprosy), are still unclear and require further investigations.

1.1.5. LRRK2 and infections

LRRK?2 has been implicated in several infections. Interestingly, there are contrasting reports

between the effects of LRRK2 in various bacterial infections.

Mycobacterium tuberculosis (Mtb) is an intracellular pathogen that causes an infectious disease
called Tuberculosis (TB). LRRK2 deficiency in mice resulted in a significant decrease
in M. tuberculosis burden early during the infection (Hartlova et al., 2018). A molecular
mechanism was proposed wherein LRRK2 regulates phagosome maturation which control

Mycobacterium tuberculosis replication (Hartlova et al., 2018).



Salmonella Typhimurium is a facultative, Gram-negative and intracellular bacterium, which
causes a systemic inflammatory disease and an enlargement of the spleen in mice (splenomegaly)
that mimics the typhoid disease caused by S. enterica serovar Typhimurium in humans. It was
recently reported that a high burden of Salmonella Typhimurium was observed in the spleens of
infected Lrrk2-deficient mice resulting in their reduced survival compared to WT littermates (Liu
et al., 2017b). Conversely, mice expressing Lrrk2%2°1% mutation, which increases the kinase
activity of LRRK2, controlled the infection better and displayed improved survival (Liu et al.,

2017b; Shutinoski et al., 2019).

Listeria monocytogenes (Lm) is a facultative, Gram-positive and intracellular bacterium, which
causes systemic inflammatory disease (septicemia) and meningoencephalitis in mice and
immunocompromised humans. Lrrk2- deficient mice showed increased susceptibility to Lm upon

oral infection (Zhang et al., 2015).

Reovirus is a double-stranded RNA virus used as a tractable experimental system for studies of
viral pathogenesis in new-born mice. Mouse pups with reovirus-induced encephalitis that
expressed the Lrrk26201% mutation showed an increased mortality rate despite having lower viral

titers in the brain and the lung (Shutinoski et al., 2019).

Collectively, these data point towards the importance of Lrrk2 mutations in exerting pleiotropic
effects on bacterial control and inflammation depending on the type of bacterial infection and host

susceptibility.

1.1.6. LRRK2 and signaling pathways
The specific domains and structure of LRRK2 implicate that it regulates various cellular signal

transduction events. Determination of the signaling pathway of LRRK2 is somewhat complicated



by the extensive list of protein binding partners and cellular processes to which LRRK2 has been
linked (Manzoni et al.,, 2015). Determining which of these processes and interactors are

physiologically relevant to various diseases is a significant challenge.

There is mounting evidence that LRRK2 exhibits autophosphorylation and external substrates
phosphorylation activity (Webber et al., 2011). Indeed, several LRRK2 variants result in
increasing kinase activity such as Lrrk22%1% mutation (Greggio, 2012). Recent studies suggest a
functional link between LRRK2 kinase and GTPase activity, and mutation in either kinase or

GTPase enzymatic activity of LRRK2 can induce PD (Webber et al., 2011).

Of note, several studies also highlight the interplay of LRRK2 with major innate immune
signaling pathways, such as MAPK and NF-kB signaling pathways (Harvey and Outeiro, 2019).
The MAPK signaling pathway has received attention in the PD field based on recent studies
suggesting that neuroinflammation may contribute to the degeneration of dopaminergic neurons
(Chen et al., 2012). The evidence supports the hypothesis that LRRK2 intersects endogenous
cellular pathways to mediate neuroinflammation, disrupt endocytosis vesicle trafficking as well as
mitochondrial homeostasis and promote cell death (Singh et al., 2019). It has also been shown that
LRRK2 is abundantly expressed in immune cells and enhances NF-xB dependent transcription,
thereby suggesting its important role within the immune signaling pathways (Dzamko et al., 2012).
Thus, by impacting major signaling pathways, LRRK2 can regulate multiple inflammatory

pathways via different mechanisms.



1.2. The innate immune system

1.2.1. The innate immune components

The immune system consists of the innate (non-specific) and the adaptive (specific) components.
The first line of defense against pathogens is mediated by the innate immune system. The innate
immune response consists of physical, cellular and chemical defenses against pathogens. Physical
barriers, such as the skin and the mucous membranes, prevent the invasion of microbes into
potential sites of infection. Cellular defenses constitute the non-specific effector immune cells,
such as macrophages, neutrophils, dendritic cells, natural Killer cells, mast cells, and microglia
(resident macrophages in the CNS), that produce cytokines, chemokines and reactive oxygen
species (ROS) (Lacy and Stow, 2011). The main purpose of the innate immune response is to

rapidly prevent the spread and movement of pathogens throughout the body.

Macrophages and neutrophils, which are critical innate immune cell types, are essential in
controlling common bacterial infections (Silva, 2010). After invading host epithelial surfaces,

microorganisms are immediately encountered by the innate immune cells.

The early detection of pathogens leads to the prompt activation of macrophages, neutrophils and
other innate immune populations required to contain the initial infection. Phagocytic macrophages
conduct the defense against bacteria by means of pattern recognition receptors (PRRs) that can
recognize and bind pathogen-associated molecular patterns (PAMPs) (Mogensen, 2009). Pattern
recognition receptors (PRRs), which are expressed on most cells of the innate immune system
including macrophages, were initially characterized by their capacity to recognize conserved
molecular patterns common to various microbes (PAMPS) (Takeuchi and Akira, 2010). Microbial
nucleic acids, bacterial secretion systems and components of the microbial cell wall such as

Lipopolysaccharide (LPS) are examples of the conserved microbial factors that are sensed by
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PRRs (Newman et al., 2013). They share several different general “patterns” or structures that alert
immune cells to destroy invading pathogens. Damaged host cells can also trigger PRRs by
releasing danger-associated molecular patterns (DAMPS), such as uric acid crystals, ATP and the

heat-shock proteins hsp70 and hsp90 (Lamkanfi and Dixit, 2014).

Currently, four different classes of PRR families have been identified. These families include
transmembrane proteins such as the Toll-like receptors (TLRs) and C-type lectin receptors (CLRs),
as well as cytoplasmic proteins such as the Retinoic acid-inducible gene (RIG)-I-like receptors
(RLRs) and nucleotide-binding and oligomerization domain-like receptors (NLRs) (Takeuchi and
Akira, 2010). Sensing of PAMPs or DAMPs by PRRs upregulates the transcription of genes
involved in inflammatory responses (Takeuchi and Akira, 2010). These genes encode
proinflammatory cytokines, type | interferons (IFNs), chemokines and antimicrobial peptides

(Takeuchi and Akira, 2010).

Eventually, innate immune cells subsequently express an appropriate array of cytokines that

activate the adaptive immune response leading to full pathogen clearance.

1.2.2. Cytokines

Cytokines are considered as intercellular messengers released from a broad range of cells. They
relay soluble regulatory signals that modulate inflammatory responses required for constraining
infections. This array of soluble mediators secreted by different innate immune cells particularly
macrophages, includes Tumor Necrosis Factors (TNFs), Interferons (IFNs), Interleukins (ILs) and

a wide variety of cytokines and chemokines.

IL-1p is a member of the interleukin family of cytokines. This cytokine is produced by activated

macrophages as a pro-protein (pro-1L-1p), which is proteolytically processed to its active form IL-



1B (Duque and Descoteaux, 2014). This cytokine is an important pro-inflammatory mediator
involved in a variety of cellular activities, including cell proliferation, differentiation and apoptosis
(Duque and Descoteaux, 2014). It is also considered as a possible candidate for enhancing
neurodegeneration in the brain (Stojakovic et al., 2017). Inflammasome signaling pathways are the

main signaling pathways that contribute to IL-1p expression (Schroder and Tschopp, 2010).

TNF-a is a powerful pro-inflammatory cytokine, which is rapidly released after infection or
danger signals and is one of the most abundant early mediators in inflamed tissues (Duque and
Descoteaux, 2014). It is also considered as a “master regulator” of pro-inflammatory cytokine
production (Maini et al., 1995). TNF-a induces at least five different types of signals that include
the activation of NF-kB signaling pathway, initiation of apoptosis and activation of extracellular
signal-regulated kinase (ERK), p38 mitogen-activated protein kinase (p38MAPK) and c-Jun N-
terminal kinase (JNK) (Muhammad, 2019). Of note, TNF-a is also considered as one of the major

cytokines that possibly plays an important role in neuroinflammation (Muhammad, 2019).

IL-12 is a heterodimeric cytokine comprised of the p35 and p40 subunits, which come together
after their synthesis and make the bioactive form of 1L-12 (P70) (Duque and Descoteaux, 2014).
Whereas IL-12 is considered as a proinflammatory cytokine, some other families of this group
such as IL-27 and IL-35 are inhibitory cytokines (Duque and Descoteaux, 2014). Accordingly, it
is suggested that the IL-12 family of cytokines epitomizes the central role of immunoregulation
(Vignali and Kuchroo, 2012). This raises the possibility that there is an unappreciated spectrum of
immune balance that is established by the IL-12 family of cytokines (Vignali and Kuchroo, 2012).
This is affected by multiple positive and negative feedback loops and interactions that modulate
many aspects of immune function. One of their signaling pathways is the JAK- STAT signaling

pathway, which is not discussed in this thesis (Vignali and Kuchroo, 2012).



IL-10 is an anti-inflammatory cytokine that plays a critical role in the control of immune
responses. IL-10 regulates the production of pro-inflammatory cytokines by distinct mechanisms
in different cells and tissues. Shin et al.(1999) showed that IL-10 inhibits monocyte TNF-a
production by about half, and its effect is independent of IL-12 and IL-1p (Shin et al., 1999). IL-
10 also is known to repress IL-12 cytokine production in RAW cells (Rahim et al., 2005a).
However, the mechanisms of action remain poorly understood and some believe that IL-10 inhibits
many proinflammatory cytokines. One of the several mechanistic pathways through which IL-10
operates is the JAK-STAT3 pathway, which is not discussed in this thesis (Mosser and Zhang,

2008).

Although numerous studies describe cytokine signaling and its effect on various signaling
pathways, the interplay between such pathways and mechanisms of cytokine release remains

unclear.

1.2.3. Innate inflammatory signaling pathways

Recognition of pathogen-associated molecular patterns (PAMPS) by pattern recognition receptors
(PRRs) leads to the activation of three main inflammatory pathways in macrophages including the
NF-kB signaling pathway, the MAPK signaling pathway and the inflammasome signaling
pathway. Eventually, activation of these pathways leads to the expression of cytokines,

inflammation and various mechanisms of cell death to clear out the pathogen.

1.2.3.1. NF-kB signaling pathway

NF-kB (nuclear factor kappa-light-chain-enhancer of activated B cells) is a protein complex that
serves as an inducible transcription factor, which regulates a network of genes involved in immune
cell responses, cellular differentiation and cellular proliferation (Oeckinghaus and Ghosh, 2009).

Indeed, NF-kB is a central mediator of pro- and anti-inflammatory gene induction in the immune
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response to infection in both innate and adaptive immune cells (Oeckinghaus and Ghosh, 2009).
In response to diverse PAMPs and DAMPs, innate immune cells become rapidly activated and
secrete a large array of cytokines, chemokines and additional inflammatory mediators via NF-kB

signaling pathway (Liu et al., 2017a).

In mammals, the NF-kB/Rel family comprises five members: p50, p52, p65 (Rel-A), c-Rel, and
Rel-B proteins (Oeckinghaus and Ghosh, 2009). Among them, p65: p50 is the most abundant form,

which is activated by pathologic stimuli via the IKK complex (Oeckinghaus and Ghosh, 2009).

There is a strong biochemical and genetic evidence that the IKK complex, which consists of two
catalytic subunits IKKa and IKKf and the regulatory subunit IKKy (NEMO), is bound to the P65:
P50 to make a resting complex in the cytoplasm (Solt and May, 2008). IKKp proteins play an
important inhibitory role to keep this complex inactivated (Solt and May, 2008). Phosphorylation
of IKKp proteins results in the degradation of the IKK complex leading to the release of the p65:
p50 dimers from the inhibitory complex (Solt and May, 2008). This exposes the arginine- and
lysine-rich parts of the p65 for interaction with the importin a/f heterodimers (Giridharan and
Srinivasan, 2018). However, importin  has been shown to directly bind p65 and promote its
nuclear translocation (Giridharan and Srinivasan, 2018). Within the nucleus, the Ran-GTP protein
binds and dissociates the importin-f from the complex with p65 (Giridharan and Srinivasan, 2018).
The free p65 then binds specific nucleotide sequence of the target genes and mediates tightly
controlled transcriptional programs that exhibit a wide degree of cytokine expression (Giridharan

and Srinivasan, 2018).

Nevertheless, the diversity of NF-kB function still raises questions about how a limited set of
signaling mediators can integrate diverse stimuli to achieve a stimulus-specific response. However,

NF-kB does not exist in isolation, and studies have begun to elucidate how crosstalk with parallel
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signaling networks such as inflammasomes or MAPKSs can shape the inflammatory response to

infections.

1.2.3.2. MAPK signaling pathway

MAPKSs (Mitogen-activated protein kinases) are serine-threonine protein kinases that regulate a
variety of cellular processes, including innate immune responses, metabolism, apoptosis and
proliferation (Keshet and Seger, 2010). MAPKSs consist of at least three sequentially acting
serine/threonine kinases, a MAP kinase kinase kinase (MAPKKK), a MAP kinase kinase
(MAPKK) and finally the MAP kinase (MAPK) itself, with each phosphorylating and hence
activating the next kinase in the cascade (Keshet and Seger, 2010). MAPK can regulate effector
proteins or transcription factors to positively or negatively regulate suites of genes (Horton et al.,

2011).

The MAPKSs can be grouped into three main families including p38/SAPKs (stress-activated
protein kinases), ERKs (extracellular-signal-regulated kinases) and JNKs (Jun amino-terminal

kinases) (Horton et al., 2011).

P38 family members contain a TGY motif in the activation segment and include p38a, p38p,
p38y and p385 modules (Zarubin and Han, 2005). The p38 module is strongly activated by
pathogens, environmental stresses and inflammatory cytokines particularly proinflammatory
cytokines (Cuenda and Rousseau, 2007). Evidence indicates that p38MAPK activity is critical for
normal immune and inflammatory response. The p38MAPK pathway is a key regulator of pro-
inflammatory cytokines biosynthesis at the transcriptional and translational levels (Zarubin and
Han, 2005). The upstream cascade for the p38MAPK pathway includes MLK2, MLK3, MEKKSs,

ASKs, TAK1, TAO1 and TAO2 (Keshet and Seger, 2010). Furthermore, important substrates in
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p38 modules include the downstream kinases MK2/3, PRAK, MSK1 and MSKZ2, as well as various

transcription factors (Morrison, 2012).

ERK family members possess a TEY motif in the activation segment and can be subdivided into
two groups: the classic ERKSs that consist mainly of a kinase domain (ERK1 and ERK2) and the
larger ERKSs (such as ERKS) that contain a much more extended sequence carboxy-terminal to
their kinase domain (Zhang and Dong, 2007). MAPKKSs for the classic ERK1/2 module are MEK1
and MEK2, and the MAPKKKSs include members of the Raf family, TAK1, and Tpl2 (Morrison,
2012). MEK/ERK signaling is likely to enhance macrophage activity against intracellular

pathogens (Través et al., 2012).

JNK family members contain a TPY motif in the activation segment and include JNK1, JNK2
and JNK3. The JNK module is activated by pathogens, environmental stresses and inflammatory
cytokines. JNK module plays an important role in cytokine production, apoptosis, inflammation,
and metabolism. Upstream cascades for the JNK modules are MKK4, MKK7, MEKK1, MEKK4,

MLK2, MLK3, ASK1, TAK1, and Tpl2 (Huang et al., 2009; Qi and Elion, 2005).

While pathogen recognition begins at the receptor level, the signaling components downstream
of each receptor and the way they interact with each other ultimately determine the specific

transcriptional response and immunological outcome through these modules.

1.2.3.3. Inflammasome signaling pathway

The inflammasome is an essential component of the innate immune response, which plays an
important role in the clearance of pathogens or damaged cells. Traditionally, inflammasomes have
mainly been studied in professional innate immune cells such as macrophages. Inflammasomes

are large multiprotein complexes, which are intracellular PRRs that are localized within the
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cytoplasm (Broz and Dixit, 2016). They are mainly formed of a cytosolic pattern recognition
receptor (specifically, a nucleotide-binding domain and leucine-rich-repeat [NLR] or absence in
melanoma 2 [AIM2]-like receptor [ALR] family member), an adaptor protein (ASC) and an
effector pro-caspase-1 (Takeuchi and Akira, 2010). Assembly of the various components of the
inflammasomes occurs following the detection of virulence factors or other structural entities of

pathogens.

The inflammasomes recruit pro-caspase-1 via ASC (the adaptor molecule apoptosis-associated
speck-like protein), which harbors PYD (pyrin domain) or CARD (caspase activation recruitment
domain) (Broz and Dixit, 2016). Eventually, assembly and activation of this cascade lead to
cleavage of pro-caspase-1 to its active form caspase-1 (Casson and Shin, 2013). Active caspase-1

cleaves the precursors of pro-IL-1p and pro-IL-18 into mature IL-1p and IL-18 (Shi et al., 2014).

Upon activation, the inflammasomes also promote an inflammatory form of cell death named
pyroptosis, which is regulated by the inflammatory caspases and gasdermin D (GSDMD) by

forming pores in the plasma membrane (Ramos-Junior and Morandini, 2017).

Several inflammasomes have been described so far including NLRP3, NLRP6, NLRP7,

NLRP12, NLRC4 and Aim2 (Broz and Dixit, 2016).

1.2.3.3.1. NLRP3 inflammasome signaling pathway

The NLRP3 (NOD-like receptor family with pyrin domain containing receptor 3) inflammasome
is the best studied and most characterized inflammasome by far among the other inflammasomes.
Activation of NLRP3 inflammasome in macrophages requires two steps: priming and activation.
The priming step (signal 1) is provided by inflammatory stimuli such as PAMP-PRR interactions,

which result in the activation of NF-kB pathway and the expressions of NLRP3 and pro-IL-1p
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(Yang etal., 2019). The second activation step (signal 2) is not that clear (Bauernfeind et al., 2009).
It has been reported that a decrease in intracellular K* concentration is a common trigger of
NLRP3 inflammasome activation among other triggers such as Ca?* signaling, Na* influx and
chloride efflux. Indeed, numerous NLRP3 inflammasome activators are known to induce K* efflux
such as bacterial toxins, nigericin and ATP (Yang et al., 2019). Additionally, reactive oxygen
species (ROS) generation, especially from the mitochondria, is considered as the other identified

trigger of NLRP3 inflammasome activation (Yang et al., 2019).

The NLRP3 inflammasome contains a nucleotide-binding domain (NOD domain), a leucine rich-
repeat (LRR) domain and a pyrin domain (Malik and Kanneganti, 2017). The NOD domain has an
ATPase activity that is required for NLRP3 oligomerization following activation (Yang et al.,
2019). This ATPase activity has recently been implicated as the target of MCC950, which is
commonly used as an NLRP3 inhibitor (Coll et al., 2015). MCC950 is a compound that specifically
inhibits NLRP3 inflammasome activation, but its molecular mechanism has not been fully

elucidated (Yang et al., 2019).

Upon activation, the NLRP3 interacts with ASC via their pyrin domains. The pyrin domain of
NLRP3 interacts with the pyrin domain of ASC to initiate inflammasome assembly (Yang et al.,
2019). It was speculated that MCC950 directly binds to NLRP3 to inhibit NLRP3-NLRP3
interaction and the subsequent ASC oligomerization (Yang et al., 2019). Thus, it may regulate a

key step in NLRP3 activation, such as post-translational modifications (Coll et al., 2015).

Next, the CARD domain of ASC interacts with the CARD domain of pro-caspase-1 to form
NLRP3-ASC-pro-caspase-1 complex (Yang et al., 2019). The close proximity of pro-caspase-1
results in self-cleavage and activation of caspase-1 that cleaves pro IL-1p to mature IL-1B, which

is secreted out of the cell (Malik and Kanneganti, 2017). Caspase-1 cleaves the cytosolic protein
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gasdermin-D, which migrates to the cell membrane and disrupts membrane integrity, resulting in

pyroptosis or inflammatory cell death (Shi et al., 2015).

1.2.3.3.2. NLRC4 inflammasome signaling pathway

The other innate immune response against infection is the activation of the NLRC4
inflammasome, which is one of the important inflammasomes, particularly against pathogens.
Unlike NLRP3, NLRC4 does not contain a pyrin domain but contains a CARD domain through
which it can directly interact with the pro-caspase-1 without the requirement for ASC (Duncan
and Canna, 2018). The NLRC4 uses the NAIPs (NLR family apoptosis inhibitory proteins) as the
cytosolic detectors to recognize PAMPs as well as the virulence factors secreted by the bacterial
type 3 secretion system (T3SS) as well as flagellin, the molecular building block of flagella (Lage
et al., 2014; Scholarlycommons and Reyes Ruiz, 2019). Following ligand binding, NAIPs interact
with NLRCA4 to initiate the assembly of the NAIP/NLRC4 inflammasome, which then recruits and

activates pro-caspase-1 via its CARD domain (Lage et al., 2014).

Like NLRP3, NLRC4 activation results in the activation of caspase-1 and IL-1p as well as

gasdermin-D leading ultimately to pyroptosis (Duncan and Canna, 2018).

1.2.3.3.3. AIM2 inflammasome signaling pathway

AIM2 (Absent in Melanoma 2) was identified as a gene that was differentially expressed in a
model of melanoma (DeYoung et al., 1997). While the function of this protein was unknown at
the time, hints on its function emerged from studies that characterized its localization and pattern
of expression. AIM2 is localized mostly within the cytoplasm of cells, suggesting that it was likely
not involved in directly regulating transcriptional processes (Choubey et al., 2000). AIM2 is a 343

amino acid protein with an N-terminal pyrin domain (amino acids 1-87) and a C-terminal HIN-
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200 domain (amino acids 138-337), which is known to have two oligonucleotide-binding folds
(Fernandes-Alnemri et al., 2009). AIM2 binds cytosolic DNA via its HIN domain and initiates
inflammasome formation via its pyrin domain (Fernandes-Alnemri et al., 2009). The C-terminal
HIN domain binds double-stranded DNA (either viral, bacterial, or even host) and acts as a
cytosolic dsDNA sensor (Tsuchiya et al., 2010). This leads to the oligomerization of the
inflammasome complex. Like NLRP3, the N-terminal pyrin domain of AIM2 interacts with the
pyrin domain of ASC protein containing a CARD domain (caspase activation and recruitment
domain) that recruits pro-caspase-1 to the complex (Fernandes-Alnemri et al., 2009). Like other
inflammasome mediators, this leads to the activation of caspase-1, an enzyme that processes pro-
inflammatory cytokines IL-1B and IL-18 and inflammatory cell death (Schroder and Tschopp,
2010). Several inflammasomes such as NLRP3 and AIM2 require an initial pro-inflammatory
signal to promote the expression of inflammasome platforms and substrates. This priming phase
also referred to as “signal 17, is mostly mediated by NF-kB transcriptional activation for NLRP3

and type I IFN induction for AIM2 (Lugrin and Martinon, 2018).

1.2.3.3.4. Canonical and non-canonical inflammasome pathways

Inflammasomes are also classified into canonical and non-canonical inflammasomes. Both the
canonical and non-canonical inflammasome activation modes eventually lead to cell lysis and the

release of proinflammatory cytokines, but their mechanisms of induction differ significantly.

Canonical inflammasomes include members of the NLR family, such as NLRP1, NLRP3,
NLRC4 and AIM2, which interact with pro-caspase-1, with or without ASC (Casson and Shin,
2013). Eventually, the activation of this cascade leads to cleavage of pro-caspase-1 to its active
form which cleaves the precursors of pro- IL-18 and pro- IL-18 into mature IL-1p and IL-18

(Casson and Shin, 2013). Caspase-1 activation promotes pyroptosis, independently of IL-13
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maturation (Malik and Kanneganti, 2017). Recent evidence has shown that caspase-1 cleaves the
linker between the amino-terminal gasdermin-N and carboxy-terminal gasdermin-C domains in
gasdermin D, which plays a critical role in the process of pyroptosis (Ramos-Junior and Morandini,

2017).

Pyroptosis (inflammatory cell death) is a key defense mechanism against microbial infections
that blocks the replication of intracellular pathogens via cytoplasmic swelling and promotes
phagocytosis of released bacteria by neutrophils and macrophages (Casson and Shin, 2013).
Pyroptosis can control pathogen replication, stimulate adaptive immune responses and enhance

host survival (Bergsbaken et al., 2009).

Non-canonical inflammasome signaling does not involve caspase-1. In mice, the non-canonical
inflammasome  signaling is dependent on caspase-11, whereas human non-canonical
inflammasomes rely on caspase-4 and caspase-5 (Broz and Dixit, 2016). All these caspases can
directly bind intracellular LPS in Gram-negative bacteria and Lipoteichoic acid (LTA) in Gram-
positive bacteria to form the macromolecular complexes, which mediate gasdermin-D cleavage
and induction of inflammatory cell death (Hara et al., 2018; Ming Man et al., 2017). In addition,
non-canonical inflammasomes may also indirectly activate the NLRP3 inflammasome by
triggering potassium efflux through membrane pores formed by gasdermin-D (Yang et al.,
2019). The NLRP3 inflammasome can then mediate the processing of pro-
inflammatory cytokines and result in the release of IL-1p and IL-18 in response to non-canonical

inflammasome activation and cell death (Yi, 2018).
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1.3.  Listeria monocytogenes (L. monocytogenes)

L. monocytogenes is a facultative intracellular and Gram-positive rod-shaped bacterium that lives
in a variety of environments, such as soil and decaying vegetation. It can infect animals and
humans through ingestion of contaminated food and cause significant disease in neonates, the

elderly and immunocompromised individuals (Swaminathan and Gerner-Smidt, 2007).

The pathogenic properties of L. monocytogenes rely on its ability to cross three host barriers (the
intestinal, placental, and blood-brain barriers) alongside its ability to enter, replicate and survive
in a wide range of human cell types, such as macrophages, epithelial cells, and endothelial cells
(Swaminathan and Gerner-Smidt, 2007). Following ingestion, L. monocytogenes can invade
intestinal epithelial cells, enter the host’s phagocytic cells including monocytes, macrophages or
polymorphonuclear leukocytes and cause a systemic infection (Swaminathan and Gerner-Smidt,

2007).

Its presence intracellularly in phagocytic cells ultimately results in its dissemination to the liver,
the spleen and the central nervous system. Infection causes symptoms ranging from mild
gastroenteritis to more severe meningitis and encephalitis (Swaminathan and Gerner-Smidt, 2007).
Of note, the brain infection is directly linked to the extent of bacteria in the systemic compartments;
hence, the brain can be monitored for CNS infection in the context of sepsis (Drevets and Bronze,

2008).

Additionally, L. monocytogenes elicits a strong innate immune response and is considered a well-
characterized and widely used model organism to study innate immune functions as well as the
mechanisms and pathways associated with host infections (Eitel et al., 2011; Pamer, 2004a). L.

monocytogenes infection also impacts a variety of different host cell death pathways including
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inflammasome-mediated pyroptosis (inflammatory cell death), apoptosis (programmed cell death),
necrosis (unprogrammed cell death) and necroptosis (programmed necrosis) (McDougal and

Sauer, 2018).

EGD and 10403S strains of L. monocytogenes have been widely used in research labs, and while
both the strains are genetically close, EGD has a point mutation in the transcriptional regulator
PrfA leading to constitutive expression of several major virulence genes with higher invasiveness

in cultured cells and enhanced virulence in animal models. (Bécavin et al., 2014).

1.3.1. The innate immune response to L. monocytogenes

Innate immunity to L. monocytogenes is mediated via toll like receptors (TLRs) signaling,
particularly TLR2, or the nucleotide-binding oligomerization domain (NOD)-like receptors
(NLRs) (Eitel et al., 2011; Torres et al., 2004). They have been shown to play an important role in
the host’s innate immune responses to L. monocytogenes infections through the induction of pro-
inflammatory cytokines, chemokines and type | interferons by macrophages and dendritic cells

(Torres et al., 2004).

L. monocytogenes has evolved to live within the harsh environment of the host cytosol, and this
is critical for both causing disease and inducing an immune response. Upon entry into the host cell,
L. monocytogenes is initially contained within a phagocytic vacuole (phagosome) (Eitel et al.,
2011). Expression of the lytic enzymes, such as the pore-forming toxin listeriolysin O (LLO),
allows it to escape from the phagosome into the cytosol (Dramsi and Cossart, 2002). Once L.
monocytogenes accesses the cytosol, it is rarely exposed to extracellular host defenses. Therefore,
activation of the cytosolic innate inflammatory pathways is critical for combating L.

monocytogenes.
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1.3.2. L. monocytogenes and innate inflammatory signaling pathways

L. monocytogenes can activate various inflammatory signaling pathways mediated by the
phagocytes. Among them, three signaling pathways including the NF-kB signaling pathway, the
MAPK signaling pathway, and the inflammasome signaling pathway are considered as important
innate signaling pathways to combat with L. monocytogen (Dinner et al., 2017; Pamer, 2004b;
Tsuchiya et al., 2010). Eventually, this activation leads to the expression of cytokines,

inflammation and various mechanisms of cell death to clear L. monocytogenes.

1.3.2.1. L. monocytogenes and the NF-kB and the MAPK signaling pathways

Multiple cytosolic recognition molecules of the innate immune system have been demonstrated
to detect L. monocytogenes. As in many other Gram-positive bacteria, lipoteichoic acids in the L.
monocytogenes cell wall stimulate the NF-kB pathway and the production of proinflammatory
cytokines (Hauf et al., 1997). It has been shown also that LLO secreted by L. monocytogenes can
induce phosphorylation of the IKKa/p, which subsequently promotes the translocation of NF-kB
to the nucleus (Kaya et al., 2002). Furthermore, infection with L. monocytogenes in the
macrophage-like cell lines results in the rapid formation of p65/p50 heterodimeric NF-kB
complexes, which might be involved in the subsequent induction of TNF-a and IL-1 genes (Hauf

etal., 1994).

Alternate signaling mechanisms, including MAPK pathways (consisting of p38, JNK and ERK),
also contribute to the expression of inflammatory cytokines in HeLa epithelial cell lines following
recognition of L. monocytogenes (Tang et al., 1998). L. monocytogenes can also activate the ERK-
1 and ERK-2 MAPK through the action of LLO in the host cells (Tang et al., 1998). It has been
found that the two other MAPK pathways, including p38 MAPK and c-Jun N-terminal kinase, are

also activated by wild-type L. monocytogenes (Tang et al., 1998).
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1.3.2.2. L. monocytogenes and the inflammasome signaling pathways

L. monocytogenes has been reported to activate a variety of inflammasomes via its expression of
LLO, flagellin or DNA released through bacteriolysis (Tsuchiya et al., 2010). In the canonical
inflammasome pathway, activation of caspase-1 leads to inflammatory cell death by pyroptosis, as
well as the processing of the pro-inflammatory cytokines IL-1p and IL-18 into mature (secreted)

forms.

The NLRP3 inflammasome can be activated by L. monocytogenes infection in different ways.
There is evidence that LLO secreted by L. monocytogenes can form pores and damage cell
membranes, which results in leakage of intracellular K+ and activation of the NLRP3

inflammasome (Kim et al., 2010).

The NLRC4 inflammasome, like other NLRC4 agonists, can be activated by the flagellin of L.
monocytogenes in addition to components of the type Il secretion system (T3SS) (Zhao et al.,
2011). As L. monocytogenes is a Gram-positive pathogen and lacks the T3SS, its flagellin is likely

the key activator of the NLRC4 inflammasome (Valeria et al., 2017).

The AIM2 is another member of the inflammasome pathway that detects the presence of altered
or mis-localized DNA molecules within the cell (Tsuchiya et al., 2010). Sauer et al.
(2010) demonstrated that AIM2 can be triggered by bacterial DNA released during cytosolic lysis
of L. monocytogenes (Sauer et al., 2010). Indeed, Warren et al. in 2010 observed that a component
of lysed L. monocytogenes as well as transfected L. monocytogenes’ genomic DNA can activate

the AIM2 inflammasome and subsequently caspase-1.

The non-canonical inflammasome is usually triggered by the binding of cytosolic

lipopolysaccharide (LPS) of Gram- negative bacteria to caspase-11. Although, L. monocytogenes
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is a Gram-positive bacterium and does not have LPS in its cell wall, it has been shown that
transfection of L. monocytogenes extracts into the cytosol of macrophages induced the activation
of caspase-11 (Hara et al., 2018). It has been demonstrated that the transfection of lipoteichoic acid
(LTA), which is present on the cell wall of L. monocytogenes can trigger caspase-11 via NLRP6

inflammasome to induce pyroptosis (Hara et al., 2018).
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Rational

Various Lrrk2 mutations are associated with different inflammatory diseases such as PD, Crohn’s
disease and Leprosy, diseases with inflammation as their important component (Hui et al., 2018;
Kluss et al., 2019; Wang et al., 2015). Hakimi et al. (2011) demonstrated that LRRK2 was highly
expressed in murine BMDMs and is upregulated in response to infection (Hakimi et al., 2011).
Therefore, LRRK2 might have a function in the innate immune system. Subsequently, Liu et al.
(2017) revealed that while Lrrk2 deficiency in peritoneal macrophages resulted in reduced
activation of caspase-1 and secretion of IL-1f in response to Salmonella Typhimurium, hyperactive
Lrrk2%201% muytation enhanced the inflammasome activity revealed by increased caspase-1

activation and IL-1 production (Liu et al., 2017b).

Indeed, prior collaborative works in the labs of Dr. Schlossmacher and Dr. Sad (2019) showed
that upon infection with Salmonella Typhimurium, Lrrk2 deficiency in female mice resulted in a
high burden of Salmonella Typhimurium in the spleen leading to reduced survival of mice
compared to WT littermates (Shutinoski et al., 2019). Conversely, female mice expressing
Lrrk2%201% muytation controlled Salmonella Typhimurium better, and infected mice displayed
enhanced survival suggesting that the Lrrk2 ©2°1% gain of function mutation results in an enhanced
inflammatory response (Shutinoski et al., 2019). Interestingly, this mutation of Lrrk2 resulted in a
reduced viral load in pups infected with reovirus; however, the mice succumbed earlier than WT
mice perhaps due to an enhanced cytokine storm (Shutinoski et al., 2019). Shutinoski et al. (2019)
also demonstrated that this gain-of-function effect conferred by the G2019S mutation and loss of
function effect conferred by Lrrk2 - mutation were mediated by myelogenous cells, which are

considered as critical cells in the innate immune system.
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Collectively, all these results show that Lrrk2 mutations may alter the course of microbial
infections by modulating inflammation due to innate immune response, and this may be dependent

on the genotype of the host as well as the type of pathogen (Shutinoski et al., 2019).

Of note, L. monocytogenes, which is an intracellular bacterium elicits a strong innate immune
response and is a well-characterized and widely used model organism to study innate immune
functions as well as the mechanisms and pathways associated with host infections (Pamer, 2004a).
Furthermore, following systemic infection with some strains of Listeria, the brain can be
monitored for CNS infection, which is directly linked to the extent of bacteremia (Drevets and
Bronze, 2008). Additionally, Lm-EGD has a point mutation in the transcriptional regulator factor
leading to the constitutive expression of several major virulence genes with higher invasiveness in
human cells and animal models (Bécavin et al., 2014). Hence, Listeria monocytogenes-EGD (Lm-
EGD) seems to be an appropriate model for monitoring systemic infection and innate immune

responses via various mechanisms.
3. Hypothesis

Lrrk2%201% mutation in myelogenous cells enhances the inflammatory response which promotes

better control of L. monocytogenes in a mouse model.
4. Objectives

Aim 1. Evaluate the impact of Lrrk220% mutation in controlling L. monocytogenes-EGD

infection.

Aim 2. Evaluate the impact of Lrrk2 ©201% mutation on specific innate immune mechanisms

induced by L. monocytogenes-EGD infection.
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5. Materials and Methods

5.1. Experimental mice models

All mice used in the experiments were housed at the University of Ottawa’s animal facility and

maintained in accordance with the guidelines of the Canadian Council on Animal Care (CCAC).

In evaluating the physiological role of Lrrk2 in the immune system, we have utilized WT and
Lrrk2%201% mutant mouse models in most of our experiments, for both in vivo and in vitro studies.
The Lrrk2%291% mutant mice were originally generated by Novartis Pharma company and
maintained in Dr. Schlossmacher lab at the University of Ottawa. We obtained homozygous mice
from his lab and maintained them in our facility. They were bred by mating male homozygous
knock-in with female homozygous knock-in mice. To confirm the genotype of mice, polymerase
chain reaction (PCR) was performed on the ear samples collected from the mice in the breeding
cages. Of note, Lrrk2%2°1% mutant mice do not show any specific phenotype. Herzig et al. (2011)

reported that this group of mice also displayed normal locomotor activity (Herzig et al., 2011).

Ripk1K4* mutant mice were maintained in our facility by adopting heterozygous breeding
strategy. Lrrk2G20195/G20195 _Rijnk1K45AKA5A double knock-in mice, were generated by crossing
corresponding heterozygote mouse lines. Polymerase chain reaction (PCR) was performed on the

ear samples collected from the pups to determine the genotype.

Most knock-out mice used for the experiments were purchased from the Jackson Laboratory.
These include NIrp3”, Aim27, Caspase 117 mice. Lrrk2” mice were obtained from Dr.
Schlossmacher lab and bone marrow from Nlrc4”’- mice were obtained from Dr. Jenny P. Ting
(University of North Carolina). Caspase1/117- mice were obtained from Jackson Laboratory and

bred in our facility.
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Wild type (WT) C57BL/6J mice were obtained from the Jackson Laboratory (Bar Harbor, Maine,

USA) and bred in our facility.

All mice used in the experiments were age (6weeks-12 weeks) and sex-matched (mostly females)
for experiments. All protocols and procedures were approved by the University of Ottawa Animal

Care Committee and Ethics Board.

5.2. Preparing Listeria monocytogenes-EGD (Lm-EGD) for the experiments

5.2.1. Preparing the Listeria monocytogenes-EGD (Lm-EGD) growth curve

Listeria monocytogenes, EGD strain (Lm-EGD) was used for all the experiments. The original
stock of Lm-EGD was obtained from Dr. Dana Philpott (Immunology Department, University of
Toronto). To prepare standard vials for experiments, the growth curve of Lm-EGD was required.
Lm-EGD from the original stock (stored in -80°C) was cultured overnight on Brain Heart Infusion
(BHI) agar plates. The next day, a single colony was selected and added to the liquid BHI media
and left overnight in a shaker incubator. On the following day, a 1/20 dilution of the culture was
performed, the Optical Density (OD) of cultures was measured at different intervals and a growth

curve was constructed (Figurel).
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Figure 1. Growth curve of Listeria monocytogenes, EGD strain (Lm-EGD).
Growth of Lm-EGD in liquid BHI media and measurement of optical density (OD) at different

time points to determine the exponential growth phase of bacteria. Accordingly, Lm-EGD
exponentially proliferates between OD=0.268 and OD=2.211.
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5.2.2. Preparing Lm-EGD vials for the experiments

To prepare standard vials for all the experiments, bacterial growth was halted at the early phase,
when OD reached around 0.5 (Figure 1). At this phase, the bacterial concentration would be around
4-5x10e8 CFU/mI. Glycerol was added as a preservative to the bacterial culture, and the aliquots
were then distributed in 1 ml vials and stored in -80°C. After one week, 3 random frozen vials
were re-suspended in phosphate-buffered saline (PBS) and serial dilutions were plated on BHI
agar plates. Plates were incubated at 37°C overnight and colony forming units (CFU) were counted
the next day to determine the average of CFU per millilitre (CFU/mI) in each vial. Of note, the
colonies of EGD strain are smaller in size than other types of Listeria such as 10403S strain

(Becavin et al., 2014).

5.2.3. Preparing Listeria monocytogenes-EGD (Lm-EGD) for intravenous (IV) injection

Lm-EGD obtained from the frozen vial, were resuspended in cold PBS to prepare different
concentrations of either 10e5 or 5x10e5 CFU/ml1.100 puL (10e4 or 5x10e4 CFU per mice) from this
prepared stock was injected into each mouse, intravenously. It is worthy to note that the appropriate

concentrations should be prepared just before injecting the mice.

5.2.4. Preparing Listeria monocytogenes-EGD (Lm-EGD) for oral gavage

Orally acquired L. monocytogenes must pass through multiple barriers as well as compete with
the gut microbiota to reach the blood and subsequently the spleen and the brain. Hence, a high

dose of the active form of Listeria is required for infecting mice orally.

To prepare the bacteria in high concentrations, bacterial growth was stopped at the mid-point of

the exponential phase, where OD reached around 1.0 (Figure 1) and the bacterial concentration

30



was estimated to be around 10e9 CFU/mIl. Bacteria were resuspended in PBS and immediately

used to infect mice by using a thin, flexible catheter for orogastric inoculation.

5.3. Measurement of the spleen and the brain bacterial burden

After infecting mice either intravenously or orally, mice were euthanized by using CO- inhalation
followed by cervical dislocation on a specific day to measure bacterial burden in the spleen.
Spleens were removed, homogenized using frosted glass slides (Fisher Scientific #12-550-343)
and resuspended in 5 ml of R8 media. R8 consists of Roswell Park Memorial Institute (RPMI)
medium (Thermo Fisher Scientific #31800089), with 8% heat-inactivated Fetal Bovine Serum
(FBS) (North Bio #NBSF-701) and 50uM 2-mercaptoethanol (Thermo Fisher Scientific #21985-
023) without any antibiotics.

Ten-fold serial dilutions of the spleen suspensions were made and 100 ul aliquots were plated
onto BHI agar plates. Plates were incubated at 37°C overnight and colony forming units (CFU)

were counted the next day (Bécavin et al., 2014).

To measure specifically brain parenchymal CFU, intracardiac perfusion was adopted to remove
the blood from the brain capillaries (Gage et al., 2012). Mice were euthanized with CO2 instead
of cervical dislocation, and then the chest cavity was opened to expose the heart. A blunt needle
was inserted up from the left ventricle, to initiate the flow of PBS solution with pressure. The right
atrium was then excised to allow the incoming blood out until the color of the liver or blood became
white (Figure 2 A). The scalp was then opened, and the brain removed for the measurement of the
bacterial burden (Figure 2 B). The next steps are similar to the measurement of the spleen bacterial

burden.
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Figure 2. Intracardiac perfusion and brain dissection.
Infected mice were euthanized with CO2 instead of cervical dislocation.

A. The chest wall was opened. The sternum was lifted in order to expose the heart. A small
incision was made to the posterior end of the left ventricle. A perfusion needle was inserted
up from the left ventricle, to initiate the flow of PBS solution with pressure. The right
atrium was then excised to allow the incoming blood out until the color of the liver or blood
became white.

B. An incision was made in the skin along the midline from the neck to the nose to expose the
skull. The scalp was then carefully opened, and the brain removed for the measurement of
the bacterial burden.
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5.4. Generation of bone marrow derived macrophages (BMDMSs)

Bone marrow derived macrophages (BMDMs) are considered as primary macrophages, derived
from bone marrow hematopoietic stem cells in vitro, in the presence of growth factors such as
macrophage colony-stimulating factor (M-CSF). M-CSF is a recombinant secreted cytokine,

which allows myeloid precursors to differentiate specifically into macrophages.

To generate BMDMs, mice were euthanized by using CO> inhalation followed by cervical
dislocation. Then, femur and tibia bones were removed, and bones were flushed to collect the bone
marrow cells. Bone marrow cells were washed with PBS and then re-suspended in R8 medium
containing 2-Mercaptoethanol (55uM) and Gentamycin (50pg/mL) to prevent contamination. 100
mm plastic petri dishes were evenly coated with M-CSF (R&D Systems #416-ML-010) at 5 ng/ml
and around 15x10e6 cells were added in each petri dish. R8 media with gentamicin was also added
on top of the cells, in order to provide nutrients to the growing cells. The final volume in each petri

dish was 10mL. These cells were then incubated at 37°C with 5% CO2 for 6 to 9 days.

5.5. Seeding BMDM s for in vitro experiments

The resulting differentiated bone marrow derived macrophages (BMDMs) can be harvested from
day 6 to day 9. Since these cells stick to the bottom of the petri dishes, supernatants can be
aspirated. Cells were then washed with PBS and gently collected by using cell scrapers. Next, cells
were washed again and re-suspended in R8 media. Of note, R8 media must be free of antibiotics

to allow the cells to be infected by bacteria on the following day

Around 10e5 cells per well were added in 96 well plates or 3-4x10e5 cells per well were added

in 24 well plates. The seeded macrophages were incubated overnight at 37°C and 5% CO2. The
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following day, they would be ready to be treated with inhibitors/agonists as well as for bacterial

infection.

5.6. In vitro infection

The following day, cells were infected with Lm-EGD. The frozen vial of Lm-EGD was thawed,
washed and re-suspended in R8 media without any antibiotics. For infecting the cells, various
multiplicities of infection (MOIs) are required. MOI defines the ratio of the number of bacteria to
the cells. While lower MOl including 0, 1,10 and 25 MOI of Lm-EGD were used to infect the cells
for measuring cytokines, 10, 25 and 50 MOI were used for the measurement of cell death. Upon
addition of the bacteria, the plates were centrifuged at 1500 RPM for 7 minutes, followed by a 30-
minute incubation at 37°C to allow bacteria to penetrate the cells. Since Lm-EGD is an intracellular
bacterium, cells were washed with R8 containing Gentamicin (10pg/mL) to eliminate extracellular
bacteria. Next, cells were incubated at 37°C for different time points such as 1, 3, 6 and 24 hours.
In some experiments, cells were also treated with various inhibitors at different time points while
being infected with Lm-EGD. Eventually, supernatants were collected and stored in the freezer (-
80°C) for future experiments. Of note, after 18-24 hours incubation, cells were also used for cell

death assays.

5.7. Cytokine analysis

There are several methods that detect and analyze cytokines in a sample, of which Enzyme-linked
immunosorbent assay (ELISA) is the most commonly used. It is an immunoassay method that
detects the presence and measures the concentration of specific analytes (e.g. cytokines) in a
sample. There are several types of ELISAs including direct, indirect, sandwich and competitive

ELISA (Sakamoto et al., 2018). Among them, sandwich ELISA is the most common method
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which has been used in research labs, due to its high sensitivity and specificity (Sakamoto et al.,
2018). Sandwich ELISA is named so as the antigen is sandwiched between two antibodies, capture
antibody and detection antibody (Sakamoto et al., 2018). All murine ELISA experiments in our
lab were performed by using the sandwich ELISA method. Additionally, all ELISAs were
performed using commercial kits purchased from BD Biosciences and R&D systems. Among

cytokines, TNF-a, IL-10, IL-1pB and IL-12 were measured in our experiments.

(Mouse TNF-a. (BD) #555268, Mouse IL-10 (BD)#555252, Mouse IL-12 (BD)#555256 and

Mouse IL-1p (R&D) #DY401)

The steps involved in an ELISA are almost the same for all our experiments. ELISAs were run
in 96-well microplates coated with a capture antibody specific for the analyte of interest. These
plates were sealed and left at 4°C or room temperature overnight. On the next day, after washing
the plate with PBS-T (1X PBS and Tween 20 in H20) blocking buffer or assay diluent was added
to the wells. Blocking buffer passively binds to all remaining binding surfaces of the plate that are
not occupied by the capture antibody. It reduces the background signal and improves the sensitivity
of the assay. 10% FBS in PBS for TNF-a, IL-10 and I1L-12 and 1% BSA in PBS for IL-1p were

used as blocking buffers.

In the next step, after incubation, the plates were washed again with PBST and, the standards and
the samples were added to the wells. Of note, the ELISA standard curve is prepared by making
serial dilutions of standards with known concentrations. It is one of the essential parts of the ELISA
because cytokines can be quantified by using the standard curve. The samples then were

supernatants of the infected/treated macrophages.
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Upon incubation and washing again, the detection antibody along with an enzyme Streptavidin-
HRP (horseradish peroxidase) (HRP) was added to the wells, leading to the formation of an
antigen-antibody complex. Of note, the plate should be washed several times in every step of

ELISA to remove the unbound antibody or enzyme conjugates.

Finally, after incubation and last washing, the substrate, tetramethylbenzidine (TMB), was added
to the wells. The substrate is the chemical which is converted by the enzyme to generate color.
After developing the color thoroughly, stop solution (diluted sulphuric acid 2 N) was added to the

wells to stop the reaction.

Of note, the amounts of reagents, the incubation time and the number of washes for each specific

cytokine have been explained in the kits in detail.

Eventually, absorbance was measured at 450 nm in a microplate reader. Data were analyzed and

quantified using SoftMax Pro software.

5.8. Western Blotting

Western blotting is commonly used to separate and identify proteins among a mixture of proteins.
In this technique, proteins are separated based on their molecular weight through gel
electrophoresis (Mahmood and Yang, 2012). The proteins are then transferred to a membrane
producing a band for each protein, following which the membrane is incubated with labelled
antibodies specific to the protein of interest. The bound antibodies are then detected by developing
the film. The thickness of the band corresponds to the amount of protein present (Mahmood and
Yang, 2012). While this method is considered to be highly sensitive and specific which has been

used by research and clinical laboratories, there are some disadvantages such as high cost, high
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technical demand as well as false-positive results (Ghosh et al., 2014). It means that an antibody
can react with a non-intended protein, which sometimes happens. There are several steps involved

in the western blot method.
5.8.1. Lysate preparation from cell culture

The BMDMs which were infected with 10 MOI of Lm-EGD, as described in section 5.6., were
used as samples for cell lysate collection. The cells were lysed at 0, 1, 3, and 6 hours post-infection
for measurement of the desired proteins by western blot. Of note, 4x10e5 cells were seeded in a
24 well plate to have more amount of proteins present in the lysates. The lysis breaks down the
cell membrane to separate proteins from the non-soluble parts of the cells. 1% Sodium dodecyl
sulfate (SDS) lysis buffer with B -Mercaptoethanol was used to lyse the cells. 120 uL of lysis
buffer was used to lyse 4x10e5 cells. Immediately following cell lysis, proteolysis,
dephosphorylation, and denaturation begin to occur (Ghosh et al., 2014). This activity should be
kept to a minimum by preparing samples on ice. The lysates were boiled at 96°C for 5 minutes,
to reduce disulfide bridges in the proteins and denature (unfold) the proteins, so that they can get

better access to the antibody. They were then stored in the freezer (-20°C) for future experiments.
5.8.2. Loading and running the gel

The cell lysates were loaded on different percentages of polyacrylamide gels, depending on the
size of the protein of interest. As a rule, the higher the size of the protein, the lower percentage of

the gel should be used.

A protein marker or ladder was used to estimate the size of proteins resolved by gel
electrophoresis. Western blot ladders were obtained from Bio-Rad company (lot number#161-

0375) which showed sizes from 10 kDa to 250 kDa. The protein ladder was added to the gel
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followed by the addition of 12-15 uL of lysates to the wells. Electrophoresis of the gel was then

run at 100-130 V for 1-2 hours.

Electrophoresis is performed with a negative pole on one end of the gel and a positive pole on
the opposite end of the gel. The negatively charged SDS, which is present in the gel, bound to
proteins causes migration of protein complexes towards the positive pole during electrophoresis,

allowing proteins to be separated by size (Ghosh et al., 2014)

5.8.3. Transferring the samples

Once electrophoresis is completed, proteins must be transferred from the gel onto a suitable
membrane for antibody staining and detection. Polyvinylidene fluoride (PVVDF) membranes were
used in all of my experiments, as they offer better protein retention and physical strength compared
to other membranes. To transfer the proteins from the gel onto the PVDF membrane, a sandwich
of layers including filter sponge, filter paper, membrane and gel is made. The transferring time

and voltage are around 100 v for 1-2 hours, depending on the protein of interest.

5.8.4. Immunoblotting and detection

The first step in immunoblotting is to rinse and block the membrane with non-specific protein,
such as 5% bovine serum albumin (BSA) in TBST. Tris Buffered Saline Solution (TBS) with 0.5%
Tween- 20 (TBST) was used as a washing buffer in every step of my western blot experiments to
wash unbound proteins. BSA as a non- specific protein, binds to the surface of the membrane
where proteins are not already present to avoid binding of antibody non-specifically to the

membrane.

After blocking, the membrane was incubated with a primary antibody diluted in buffer containing
BSA. The primary antibody detects and binds to the specific amino-acid sequence of the protein
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of interest. Incubation time for the membrane soaked in the primary antibody can be from some

hours in room temperature to overnight at 4°C, depending on the protein of interest.

Upon washing to remove unbound primary antibody, secondary antibody diluted with blocking
buffer was added. Secondary antibody, which detects the primary antibody, can be anti-mouse,
rabbit or rat, depending on the type of primary antibody used. Secondary antibodies used for
western blotting are typically conjugated with an enzyme; the most commonly used enzymes are
Horse Radish Peroxidase (HRP). Once the substrate is added, it reacts with HRP and emits light.
The membrane is then exposed to a radiography film in a dark room or can be imaged with a
chemiluminescent imaging system, to detect the light emitted which appears in the form of protein
bands on the film. Eventually, the protein ladder was marked on the radiography film to provide a
reference for various molecular weights of proteins in order to compare with the proteins of

interest.

Eventually, the membrane can be stripped to remove previous primary and secondary antibody

and used for the detection of another protein of interest.

-Primary and secondary antibodies used for western blot analysis purchased from Cell signaling

company:

Rabbit anti-IKKo/pB (#2370), Rabbit anti-phospho- IKKo/p (#2697), Rabbit anti-p65 (#8242),
Rabbit anti-phospho P65(3033), Rabbit anti-P38MAPK (#8690), Rabbit anti-phospho-
p38MAPK(#4511), Rabbit anti-MK2 (#3042), Rabbit anti-phospho-MK2(#3007), Rabbit anti-
ERK1/2(#4695), Rabbit anti-phospho ERK1/2 (#4370), Rabbit anti-NLRP3(#15101), Rabbit anti-
TAKL1 (#5206s), Rabbit anti- phospho TAK1 (#9339s), Rabbit anti-total INK(#9252), Rabbit anti-

phospho INK (#9251), Rabbit anti-P-RIPK1(Ser 166)(#65746), Rabbit anti- RIPK1(#3493)
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Mouse anti-B actin (33700), Goat anti- rabbit, HRP-linked antibody (#7074), Horse anti-mouse,

HRP-linked antibody (#7076), Goat anti-rat, HRP-linked antibody (#7077).

Mouse anti caspase-1 (Santa cruz#SC-56036), Rat anti-caspase-11 (Novus biologicals#10454)

5.9. Measurement of cell death

Cell death experiments determine the proportion of dead cells within a population of cells, which
have been treated with a chemical or infected with bacteria. There are various methods for
measuring cell death. When the cells die, the cell membrane losses its integrity. Cell death can also
be assessed by using a dye which penetrates the cell and stains the dead cells. Evaluating the
percentage of cells stained represents the proportion of dead cells in the population. Staining cells
with a dye, zombie yellow is one such method for the measurement of cell death that we used in

all of our experiments.

5.9.1. Zombie Yellow staining

The BMDMs which were infected with Lm-EGD at 0, 10, 25 and 50 MO, as explained in section
5.6., were used as samples. Zombie Yellow™ (BioLegend, San Diego, CA) is an amine-reactive
fluorescent dye, which is detectable by flow cytometry. Although it can pass through the cells with
permeable membranes (dead cells), it cannot penetrate the cells with the intact membrane (live

cells).

The cells were washed with PBS and stained with diluted Zombie Yellow dye (1:100 in PBS).
Since Zombie Yellow dye is light sensitive, the plates were incubated in dark at least for 30
minutes. After washing with PBS again, the dead and live cells were fixed in order to prevent
deterioration. 1% paraformaldehyde (PFA) was used to fix the cells. Finally, the fixed-stained cells
were transferred to FACS tubes and acquired on LSR Fortessa flow cytometer. Of note, one group
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of cells was not stained with Zombie to detect the background fluorescence of cells. Acquired data

were analyzed by FlowJo software.

5.10. Statistical analysis

All statistical analyses were carried out using SoftMax Pro software and graphs were made using
GraphPad Prism 8 software. The error bars indicate standard error of the mean £ S.E.M. All values
were compared using one-way ANOVA or unpaired t-test depending on the number of variables
involved and the factors to be compared. The statistical test used for analysis has been indicated

in the individual figure legends, where *p<0.05; **p<0.01; ***p<0.001; ****p<0.001.
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6. Results

6.1. The first objective is evaluating the impact of Lrrk2 ©201° mutation in controlling

Listeria monocytogenes-EGD (Lm-EGD) infection.

6.1.1. The Lrrk2 ©20195 mutant mice and WT mice show the same bacterial burden in the

spleen and the brain tissues upon oral gavage.

Lm-EGD is one of several enteric microbes that is acquired orally through the ingestion of
contaminated food, invades the gastric mucosa and then disseminates to peripheral tissues causing
systemic disease (Swaminathan and Gerner-Smidt, 2007). Orally acquired Lm-EGD must pass
through multiple barriers as well as compete with the gut microbiota to reach the spleen and the
brain. It has been estimated that only 1 in 10° bacteria reach the underlying lamina propria (Pitts
and D’Orazio, 2018). Hence, a large dose (>10° CFU) of bacteria is required for infecting mice
orally. Preparing bacteria for oral gavage and the method of oral gavage have been described

thoroughly in the materials and methods section 5.2.4.

To begin with, we infected only WT mice orally with Lm-EGD (10e9 CFU), euthanized mice at
3- and 5- days post-infection and finally quantified the bacterial burden (CFU) in the spleens and
brains of infected mice as described in the materials and methods section 5.3. While one mouse
displayed the spleen involvement at day 3, every other mouse showed the spleen bacterial burden

at day 5 (Figure 3 A, B).

In this regard, Lrrk262°1% mutant mice and WT mice were infected orally with 10e9 CFU Lm-
EGD and then were euthanized at day 5 post-infection, at which the bacterial burdens (CFU) in
the spleens and the brains were evaluated. The bacterial burden in the spleen and the brain was

comparable between two groups (Figure 3 C, D). It should be noted that infection through the oral
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route did not achieve a high bacterial burden in the spleen as most of the mice had approximately
10e4 CFU/spleen. Furthermore, we did not want to evaluate the gut immune system in response to

Listeria monocytogenes; thus, we did not continue this method.
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Figure 3. The infection of WT and Lrrk2%201% mutant mice through the oral route results in
a similar bacterial burden in the spleen and the brain.

Graphs display bacterial colony forming unit (CFU) in adult mice following oral infection with
Lm-EGD.

A, B. WT mice were infected orally with Lm-EGD (10e9 CFU) and (A) at day 3 and (B) at day 5
post-infection, spleens and brains were collected, and the bacterial burden was evaluated after
plating serial dilutions on BHI agar plates. Every dot corresponds to a single mouse (n=3 in each

group).

C, D. Lrrk2%20%% mutant and WT mice were infected orally with Lm-EGD (10e9 CFU) and at day

5 post-infection, (C) spleens and (D) brains were collected, and the bacterial burden was evaluated
after plating serial dilutions on BHI agar plates. Data are pooled from 3 independent experiments,
and each experiment has 3 replicates (n=9 in each group), presented as mean + SEM. Every dot
corresponds to a single mouse. Statistical significance was calculated by unpaired two-tailed
Student’s t-test, where *p<0.05; **p<0.01; ***p<0.001; ****p<0.001 using GraphPad Prism 8
software.
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6.1.2. Female WT mice display a trend towards higher bacterial burden in the spleen and

the brain via intravenous (1) route compared to male WT mice.

Intravenous (IV) infection model is widely used in research laboratories because it is highly
reproducible (Pitts and D’Orazio, 2018). Mice given a lethal dose of Listeria monocytogenes by
the 1V route generally succumb to the infection within four days, and sub-lethal infection results
in CFU in the spleen and the liver that show little mouse-to-mouse variation (Pitts and D’Orazio,
2018). Therefore, we continued our experiments by injecting mice with Lm-EGD in the tail vein

instead of oral gavage, which we performed previously.

To determine the appropriate gender and the optimal doses for injection, male and female adult
WT mice (8-12 weeks old) were injected with various doses of Lm-EGD. Bacteria were prepared

from the frozen stock for injection as described in the materials and methods section 5.2.3.

To begin with, only WT male mice were injected with 10e4 CFU of Lm-EGD (Bécavin et al.,
2014). Since day 3 is considered as the peak of bacterial burden following infection of mice with
Lm-EGD, we euthanized mice at day 3 post-infection and quantified the bacterial burden (CFU)
in the spleens and the brains of infected mice as described in the materials and methods section
5.3. Although all spleens showed bacterial burden, brains did not show any infection (Figure 4 A).
Then, only female WT mice were injected with a higher bacterial dose of 10e5 CFU. All spleens
and brains displayed Lm-EGD infection (Figure 4 B). Eventually, both female and male WT mice
were injected with a bacterial dose of 5x10e4 CFU (a bacterial dose between 10e4 and 10e5 CFU).
Interestingly, female WT mice showed a trend towards higher CFU in both brains and spleens

compared to male WT mice (Figure 4 C).
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Therefore, we continued our experiments by injecting female Lrrk26291% and WT mice with

either 10e4 or 5x10e4 CFU for most experiments.
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Figure 4. Female WT mice display a trend towards higher bacterial burden in the spleen and
the brain compared to male WT mice.

Graphs show bacterial colony forming units (CFU) of the spleen and the brain from adult male
and female WT mice (8 weeks-12 weeks) inoculated with Lm-EGD via tail vein injection. Spleens
and brains were collected, and the bacterial burden was evaluated after plating serial dilutions on
BHI agar plates.

A. Spleens and brains were collected from male WT mice (n=3) injected with 10e4 CFU at day 3
post-infection.

B. Spleens and brains were collected from female WT mice (n=3) injected with 10e5 CFU at day
3 post-infection.

C. Spleens and brains were collected from male and female WT mice (n=3) injected with 5x10e4
CFU at day 3 post-infection.

Every dot corresponds to a single mouse.
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6.1.3. Lrrk26201% mutant-mice show significantly lower bacterial burden in the spleen than

WT mice.

It has been shown that G2019S mutation in Lrrk2 enhances microbial control in response to
Salmonella infection (Shutinoski et al., 2019). Therefore, we aimed to investigate the impact of
Lrrk2%201% mutation on controlling Listeria monocytogenes. Both Lrrk2¢201% and WT mice were
injected with 10e4 and 5x10e4 CFU of Lm-EGD via the tail vein. Bacteria were prepared from the

frozen stock for injection as described in the materials and methods section 5.2.3.

Mice were sacrificed at day 3 following infection, and the bacterial burdens in spleens were
quantified as described in the materials and methods section 5.3. Lrrk2 ©2°1% mutant mice injected
with 5x10e4 CFU had significantly lower bacterial CFU in the spleens in comparison to WT mice
(Figure 5 A). A similar trend was observed in the spleens of mice injected with a reduced dose of

Lm-EGD (10e4 CFU) intravenously (Figure 5 B).

It should be noted that infection through the IV route resulted in a very high bacterial burden in
WT mice that was significantly reduced in the Lrrk2 ©2°% mutant mice (Figure 5 A, B). In contrast,
the oral route did not achieve a high bacterial burden in the spleen as most of the mice had

approximately 10e4 CFU/spleen (Figure 3).

Since infection in the brain is directly linked to the extent of bacteria in the systemic
compartment, the brain was monitored for CNS infection in the context of sepsis (Drevets and
Bronze, 2008). Accordingly, we decided also to evaluate bacterial burden in the brains of infected
mice. It should be noted that blood was perfused from the brains to determine the bacterial burden
specifically in the brain parenchyma. The brains were perfused via intracardiac perfusion method

which has been described in the materials and methods section 5.3. The bacterial burden was
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assessed in the perfused brains of WT and Lrrk2 ©2°1% mutant mice. Brains of infected Lrrk26201%
mice showed a trend towards lower bacterial burden compared to infected WT brain tissues (Figure

5C).
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Figure 5. Lrrk2 G209 mutant mice showed significantly reduced Lm-EGD burden in the
spleen.

Graphs display bacterial colony forming unit (CFU) of spleens and brains from adult Lrrk26201%
and WT mice inoculated with Lm-EGD via tail vein injection.

A, B. Spleens were collected from Lrrk2%2°1% mutant and WT mice infected with 5x10e4 or 10e4
CFU Lm-EGD

C. Brains were perfused with PBS and collected from Lrrk26291% mutant and WT mice infected
with 5x10e4 CFU Lm-EGD.

At day 3 post-infection, the bacterial burden was evaluated in the collected spleens and perfused
brains upon plating serial dilutions on BHI agar plates. Data are pooled from 2-3 independent
experiments, and each experiment has at least 3 replicates and presented as mean = SEM.

Every dot corresponds to a single mouse. Statistical significance was calculated with unpaired two-
tailed Student’s t-test, where *p<0.05; **p<0.01; ***p<0.001; ****p<0.001 using GraphPad
Prism 8 software.
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6.2. The second objective is evaluating the impact of Lrrk2 219 mutation on specific innate

immune mechanisms induced by L. monocytogenes-EGD infection.
6.2.1. Lrrk26201% mutation enhances inflammasome activity in macrophages.

Our in vivo results have so far indicated that Lrrk2 62919 mutant mice displayed a lower bacterial
burden in the spleen in response to Lm-EGD. Since the second aim of this thesis was to determine
the innate immune mechanism through which Lrrk2 2019 mediates better control of Lm-EGD, we
decided to perform in vitro experiments on BMDMSs, representative cells of the innate immune

system.

Liu et al. (2017) showed that the Lrrk22°1% mutation modulates the innate immune system by
enhancing the inflammasome activity via promoting caspase-1 activation and IL-1p production in
peritoneal macrophages infected with Salmonella (Liu et al., 2017b). In this regard, we were
interested in evaluating whether Lrrk2¢2°1° modulates inflammasome signaling in response to Lm-

EGD.

To this end, Lrrk2%2°1% and WT bone marrow derived macrophages (BMDMs) were prepared
and infected with Lm-EGD as described in the materials and methods sections 5.4,5.5 and 5.6. We
used lower MOI including 0, 1, 10, 25 MOI for measuring IL-1p secretion and 0, 10, 25 and 50

MOI for measuring cell death.

We observed that IL-1B expression was significantly increased in Lrrk2 G209 mutant
macrophages compared to WT cells (Figure 6 A). Interestingly, the impact on cell death was less
pronounced as Lrrk2 ©2019 mutant macrophages displayed slightly increased cell death in
comparison to WT cells (Figure 6 B). These results indicate that Lrrk2 ©201°S mutation enhances

inflammasome activity by promoting IL-1p expression without a significant impact on cell death.
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Figure 6. Lrrk262019 mutation results in increased expression of IL-1p by macrophages.

Lrrk2201% and WT BMDMSs were generated, and at day 6 to 9 of differentiation, they were
infected with Lm-EGD for 24 hours.

A. Expression of IL-1p in the supernatants of infected WT and Lrrk2%2°1% mutant BMDMSs was
evaluated by ELISA. Macrophages were infected with various MOIs of Lm-EGD (0,1,10,25),
and IL-1pB expression was evaluated at 24 hours post-infection. Data were pooled at least from
3 biological replicates, each performed in triplicates. Graphs depict mean £S.E.M. Statistics
were done using unpaired t-tests, where *p<0.05; **p<0.01; ***p<0.001; ****p<0.001 using
GraphPad Prism 8 software.

B. WT and mutant BMDMs were infected with various MOIs (0,10,25 and 50) and cell death
evaluated in control and infected cells at 24 hours post-infection by Zombie Yellow staining
via flow cytometric analysis. The graph displays the percentages of cell death. The data shown
IS representative of three similar experiments, and each experiment was performed in
triplicates.
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6.2.2. Lrrk2G6201% mutation does not modulate inflammasome activity in macrophages in

response to the combined treatment with LPS and ATP.

Having shown that the inflammasome activity was enhanced in Lrrk2%2°1% mutant macrophages
in response to Lm-EGD infection, we aimed to investigate whether this also occurs following other
triggers. While Lm-EGD is a Gram-positive bacterium, we used LPS, which is the major
component of the Gram-negative bacteria and is considered as a potent activator of the
inflammasome signaling pathway when used in conjunction with ATP (Zha et al., 2016). Among
the various inflammasomes, NLRP3 inflammasome is considered as the most studied
inflammasome platform. Two-signal model has been proposed for NLRP3 inflammasome
activation in macrophages. The first signal (priming) is provided by LPS that enhances the
expression of NLRP3 and pro-IL-1p through the activation of the NF-kB pathway (Lu et al.,
2008). The second signal (activation) is triggered by ATP, which results in the efflux of potassium
ions that triggers the assembly of the NLRP3 inflammasome and consequent processing of pro-

IL-1P and pro-caspase-1 to IL-1p and caspase-1 respectively (Zha et al., 2016).

In this regard, WT and Lrrk22°1% mutant macrophages were generated as described in the
materials and methods sections 5.4 and 5.5. Instead of using Lm-EGD, we stimulated cells with

LPS and ATP.

We observed that WT and Lrrk2%201% mutant macrophages express similar levels of IL-1B in
response to LPS+ATP treatment (Figure 7A). However, there was more cell death in Lrrk26201%
mutant macrophages (Figure 7B). This indicates that Lrrk22°2% might be regulating cell death via

different pathways from the IL-1p expression in response to LPS and ATP.
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To determine the role of NLRP3 signaling further, we treated macrophages with an NLRP3-
inhibitor (MCC 950). MCC950 is a potent and selective inhibitor of the NLRP3 inflammasome,
which blocks the release of IL-1. It inhibits NLRP3 inflammasome by preventing oligomerization
of the inflammasome adaptor protein ASC (apoptosis-associated speck-like protein containing the
CARD) (Coll et al., 2015). Upon the addition MCC950, the expression of IL-1B was completely
abrogated (Figure.7A). This indicates that IL-1p expressed by BMDMs in response to the

combined LPS and ATP treatment is mainly dependent on the NLRP3 inflammasome.
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Figure 7. Expression of IL-1B is similar in WT and Lrrk26291% mutant bone marrow derived
macrophages (BMDMS) in response to the combined LPS and ATP treatment.

WT and Lrrk2 ©291% mutant BMDMs were generated and treated with LPS (100 ng/ml) and
ATP(2.5mM) in vitro.

A. WT and mutant BMDMs were treated with 100 ng/mL of LPS for 3.5 hours followed by the
addition of ATP (2.5mM) for 30 minutes. Expression of IL-1p in the supernatants of treated WT
and Lrrk26291% mutant BMDMs was evaluated by ELISA. To inhibit NLRP3, the cells were pre-
treated with 10uM of the NLRP3 inhibitor (MCC 950) for 30 minutes (where indicated). Data
were pooled from three biological replicates, and each experiment was performed in triplicates.
Graphs depict mean + SEM. Statistical analysis was done by unpaired student’s t-test using
GraphPad Prism 8 software.

B. WT and mutant BMDMs were treated with LPS (100ng/ml) and ATP (2.5 mM) at the same
time. Cell death was evaluated in control and treated cells by Zombie Yellow staining via flow
cytometric analysis at 4 hours post-incubation. The graph displays the percentages of cell death.
The data shown is the representative data from three experiments, and each experiment was
performed in triplicates.
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6.2.3. G2019S mutation in Lrrk2 increases the expression of pro-inflammatory cytokines (IL-

1p and TNF-a) and the anti-inflammatory cytokine (IL-10) in response to Lm-EGD.

Since Lrrk2%2%1% promoted the expression of IL-1B in our experiments, we decided to measure
the expression of additional cytokines by macrophages (BMDMs) in response to Lm-EGD. To this
end, Lrrk2®%01% and WT macrophages were generated and infected in vitro as described in the

materials and methods section 5.4,5.5 and 5.6.

While the expression of IL-1B, TNF-a and IL-10 was increased in Lrrk26291% mutant
macrophages compared to WT, the expression of 1L-12 was almost the same (Figure 8). IL-10 is
a potent anti-inflammatory cytokine, whereas TNF-a, IL-1 and IL-12 are pro-inflammatory
cytokines. Since the expression of several cytokines was modulated by Lrrk2 ©2°1% mutation, these
results indicate that Lrrk2%2°1% mutation brings about an imbalance between pro-inflammatory

and anti-inflammatory cytokines in response to Lm-EGD.

Moehle et al. (2012) demonstrated that Lrrk2 knockdown or kinase inhibition in primary
microglia reduced the production of the pro-inflammatory cytokines TNF-a and IL-1p (Moehle et

al., 2012).

Meanwhile, we measured cytokines in the context of Lrrk2- deficient macrophages in response
to Lm-EGD (Figure 9). We observed that while the expression of 1L-10 was high in Lrrk26201%
cells (Figure 8C), Lrrk2- deficient macrophages reduced its production (Figure 9C). In addition,
there was no difference in the expressions of IL-13 and TNF-a produced by Lrrk2- deficient versus
WT macrophages (Figure 9 A, B). Furthermore, the expression of IL-12 was enhanced in Lrrk2-
deficient macrophages, presumably due to the reduction in the inhibitory effect of IL-10 (Figure 9

D).
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These results indicate that the impact on TNF-a and IL-1p was specifically due to the G2019S
mutation of Lrrk2 since there was no impact on the expression of these cytokines in Lrrk2 knockout

macrophages.

Indeed, various mutations in the Lrrk2 gene reveal various effects on the expression of cytokines.
Thus, we proceeded with further investigations to delineate how the effects of Lrrk2%2°1% mutation

on the production of cytokines can be interpreted mechanistically.
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Figure 8. Expression of IL-1B, TNF-a, IL-10 and IL-12 by WT and Lrrk2 ©2°1°S macrophages
in response to Lm-EGD.

WT and Lrrk2 ©291% BMDMSs were generated and infected with Lm-EGD (0, 1, 10 and 25 MOI)
in vitro. The expression level of IL-1f, TNF-a, IL-10 and IL-12 in the supernatants of infected
WT and mutant BMDMs was quantified by ELISA.

(A) IL-1B expression at 24-h post-infection.
(B) TNF-a expression at 6-h post-infection,
(C) IL-10 expression at 24-h post-infection,
(D) IL-12 expression at 24-h post-infection.

Results are pooled from at least 3 biological replicates with each being an average of 3
experimental replicates. Graphs depict mean +S.E.M. Statistics were done using unpaired t-tests,
where *p<0.05; **p<0.01; ***p<0.001; ****p<0.001 using GraphPad Prism 8 software.
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Figure 9. Expression of IL-1B, TNF-a, IL-10 and IL-12 by WT and Lrrk2- deficient BMDMs
in response to Lm-EGD.

WT and Lrrk2- deficient BMDMs were generated and infected with Lm-EGD (0, 10 and 25 MOI)
in vitro. The expression level of IL-1B, TNF-a, IL-10 and IL-12 in the supernatants of infected
WT and mutant BMDMs was quantified by ELISA.

(A) IL-1B expression at 24-h post-infection.
(B) TNF-a expression at 6-h post-infection,
(C) IL-10 expression at 24-h post-infection,
(D) IL-12 expression at 24-h post-infection.

Results are pooled from 2-3 biological replicates with each being an average of 3 experimental
replicates. Graphs depict mean £S.E.M. Statistics were done using unpaired t-tests, where
*p<0.05; **p<0.01; ***p<0.001; ****p<0.001 using GraphPad Prism 8 software.
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6.2.4. Exploring the inflammasome signaling modulated by Lrrk26201% mutation during

infection with Listeria monocytogenes-EGD.

Inflammasomes are multiprotein complexes, which constitute an essential component of the
cytosolic innate immune response. They are mainly composed of a cytosolic pattern recognition

receptor (PRR) such as NLRP3, NLRC4 and AIM2.

Assembly of the various components of the inflammasomes occurs following PAMP-PRR
interactions, which result in the activation of canonical or/and non-canonical inflammasome
cascades. While activation of the canonical cascade leads to the cleavage of pro-caspase-1 to active
caspase-1, activation of the non-canonical cascade leads to the cleavage of pro-caspase-11 to
caspase-11(Shi et al., 2015). Active caspase-1 also called interleukin-13 (IL-1p)-converting
enzyme (ICE) cleaves pro-IL-1p into mature IL-1p, which is then secreted out of the cell (Ming
Man et al., 2017). Additionally, active caspase-1 along with active caspase-11 leads to an
inflammatory form of cell death called pyroptosis (Ming Man et al., 2017). Having shown that
Lrrk2%291% mutant macrophages displayed high IL-1B expression in response to infection with Lm-
EGD, we aimed to understand the mechanisms by which the inflammasome signaling pathways

are modulated in response to Lm-EGD.

L. monocytogenes has evolved to live within the harsh environment of the host cytosol. Access
to the cytosol is critical for both causing disease and inducing an immune response. Upon entry
into the host cell, L. monocytogenes is initially contained within a phagocytic vacuole. Secretion
of the virulence factor, listeriolysin O (LLO) pokes hols in the phagosomal membrane, which

facilitates the escape of L. monocytogenes into the cytosol (Nguyen et al., 2019).
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Of note, understanding how Lm-EGD activates or avoids the inflammasomes is critical to
interpret results obtained in the context of Lrrk2%2°1% mutant macrophages. Therefore, we grew
bone marrow derived macrophages from various mutant mice, carrying a mutation in different
components of inflammasomes, and then infected the cells with various MOIs (0,10,25 and 50) of
Lm-EGD to measure the impact on cytokine expression and cell death as described in the materials

and methods sections 5.4,5.5 and 5.6.

6.2.4.1. Inflammasome signaling in BMDMs in response to Lm-EGD infection is partially

dependent on the NLRP3 inflammasome.

Listeriolysin O (LLO), which is a pore-forming toxin, is a member of a large family of
cholesterol-dependent cytolysins that are secreted by L. monocytogenes inside the host cell
(Meixenberger et al., 2010; Nguyen et al., 2019). Mariathasan and colleagues have demonstrated
that LLO acts like many other NLRP3 triggers and results in intracellular K+ disruption to activate
the NLRP3 inflammasome (Mariathasan et al., 2006). While their original interpretation was that
the role of LLO was to facilitate access of L. monocytogenes to the cytosol, it is also possible that
pore formation was the critical function of LLO in NLRP3 activation (Mariathasan et al., 2006).
Hamon et al. (2011) also demonstrated that extracellular LLO induces NLRP3 dependent caspase-

1 processing and IL-1p released by stimulating K* efflux (Hamon and Cossart, 2011).

We observed that NIrp3 knock out macrophages infected with Lm-EGD showed a slightly lower
expression of IL-1B (Figure 10A). Interestingly, Nlrp3 knock out cells remarkably displayed less
cell death compared to WT cells (Figure 10B). These results indicate that modulation of
inflammasome signaling in response to Lm-EGD infection as a result of host mutation may occur
through perturbation of NLRP3. It is, therefore, possible that Lrrk2%2°1% mutation modulates

inflammasome signaling through the activation of NLRP3.
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We also observed that the expression of TNF-a and IL-10 was slightly higher in Nlrp3-knockout
macrophages compared to WT cells (Figure 11 A, B). One possible explanation of increased
expression of TNF-a and IL-10 by NIrp3”- macrophages may be related to their reduced cell death
which may allow cells more time to express cytokines. Interestingly, the expression of IL-12 by
NIrp3”- macrophages was profoundly reduced when compared to WT cells (Figure 11 C). This
occurred even at low MOI of L. monocytogenes which does not induce cell death, indicating that
NLRP3 promotes IL-12 expression by macrophages independently of cell death. The expression
of IL-10 was similar in WT versus NIrp3” macrophages infected with 10 MOI of L.
monocytogenes, indicating that the impact of NLRP3 on IL-12 may not be related to I1L-10 levels.

It is likely that NLRP3 interacts with another signaling pathway to promote IL-12 expression.

Overall, it is interesting that NIrp3-deficient cells show not only a reduction in IL-1f but also an

imbalance in the expression of other cytokines.
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Figure 10. Nlrp3deficiency results in reduced expression of IL-1p and cell death.

WT and NIrp3 knock out bone marrow derived macrophages were infected with Lm-EGD and
supernatants were collected at 24 h post-infection.

A. The expression of IL-1p was evaluated in the supernatants of infected WT and NIrp3 " BMDMSs
by ELISA. Macrophages were infected with various MOIs of Lm-EGD (0,10,25), and IL-1P
expression was quantified at 24-hours post-infection. Data shown is the representative of 3
biological replicates, each performed in triplicates. Graphs depict mean £S.E.M. Statistics were
done using unpaired t-tests, where *p<0.05; **p<0.01; ***p<0.001; ****p<0.001 using GraphPad
Prism 8 software.

B. WT and NIrp3 - BMDMs were infected with various MOls (0,10,25 and 50) and cell death was
evaluated in control and infected cells at 24 hours post-infection by Zombie Yellow staining via
flow cytometric analysis. The graph displays the percentages of cell death. Data shown is the
representative data of three similar biological replicates, and each experiment was performed in
triplicates.
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Figure 11. Nlrp3 deficiency modulates the expression of inflammatory cytokines by BMDMs
in response to infection

WT and NIrp3 - BMDMs were generated and infected with Lm-EGD (0, 10 and 25 MOI) in vitro.
The expression of various cytokines was quantified by ELISA in the supernatants of control and
infected cells at different time points.

(A) TNF-a expression levels at 6-h post-infection,
(B) 1L-10 expression levels at 24-h post-infection,
(C) IL-12 expression levels at 24-h post-infection.

Results are pooled from 2 biological replicates with each being an average of 3 experimental
replicates. Graphs depict mean £S.E.M. Statistics were done using unpaired t-tests, where
*p<0.05; **p<0.01; ***p<0.001; ****p<0.001, using GraphPad Prism 8.
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6.2.4.2. Inflammasome signaling in response to Lm-EGD is independent of the NLRC4

pathway.

The NLRC4 inflammasome is another member of the Nod-like receptor (NLR) family of pattern
recognition receptors that detect various pathogens and danger signals. The NLRC4
inflammasome detects flagellin and the components of the type 111 secretion system (T3SS) (Zhao
etal., 2011). Since Lm-EGD is a Gram-positive pathogen and lacks T3SS, its flagellin is likely the
key activator of the NLRC4 inflammasome (Sauer et al., 2011). However, it has been suggested
that Lm-EGD avoids activation of the NLRC4 inflammasome by shutting off flagellin expression
in mammalian hosts (Way et al., 2004). As such, L. monocytogenes inflammasome activation was
shown to be independent of NLRC4 (Sauer et al., 2010). Additionally, our results did not show
any significant difference in the expression of IL-1p and cell death in WT and Nlrc4-deficient

macrophages in response to Lm-EGD (Figure.12 A, B).

Moreover, the levels of TNF-a., IL-10 and IL-12 were comparable in Nlrc4” and WT cells post

Lm-EGD infection (Figure 13 A, B, C).

Consequently, since the NLRC4 inflammasome does not seem to contribute to the cytokine
expression and cell death resulting from Lm-EGD infection, we decided not to proceed with further
experiments to evaluate this inflammasome signaling pathway in the context of infected

Lrrk2%201% macrophages.
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Figure 12. Nlrc4 deficiency results in a similar expression of IL-1p and cell death, compared
to WT cells.

WT and Nlrc4 knock out bone marrow derived macrophages were infected with Lm-EGD and
supernatants were collected at 24 h post-infection.

A. The expression of IL-1p was quantified in the supernatants of infected WT and Nlrc4 - BMDMs
by ELISA. Macrophages were infected with various MOIs of Lm-EGD (0,10,25), and IL-1f
expression was evaluated at 24-hours post-infection. Data is representative of two biological
replicates, each performed in triplicates. Graphs depict mean +S.E.M. Statistics were done using
unpaired t-tests, where *p<0.05; **p<0.01; ***p<0.001; ****p<0.001 using GraphPad Prism 8
software.

B. WT and Nlrc4 knock out BMDMs were infected with various MOIs (0,10,25 and 50) of Lm-
EGD and cell death was evaluated in control and infected cells at 24 hours post-infection by
Zombie Yellow staining via flow cytometric analysis. The graph displays the percentages of cell
death. The data shown is representative of two similar experiments, and each experiment was
performed in triplicates.
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Figure 13. Nlrc4 deficiency does not impact the expression of cytokines in response to Lm-
EGD.

WT and Nirc4 "*BMDMs were generated and infected with Lm-EGD (0, 10 and 25 MOI) in vitro.
Expression of various cytokines was quantified by ELISA in the supernatants of control and
infected cells at different time points.

(A) TNF-a expression levels at 6-h post-infection,
(B) 1L-10 expression levels at 24-h post-infection,
(C) IL-12 expression levels at 24-h post-infection.

Results are pooled from 2 biological replicates with each being an average of 3 experimental
replicates. Graphs depict mean £S.E.M. Statistics were done using unpaired t-tests, where
*p<0.05; **p<0.01; ***p<0.001; ****p<0.001, using GraphPad Prism 8
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6.2.4.3. Inflammasome signaling in response to Lm-EGD is mainly dependent on caspase-1

for IL-1p expression and caspase-11 for cell death induction.

Assembly of the various components of the inflammasomes occurs following PAMP-PRR
interactions, which result in the activation of inflammatory caspases. Inflammatory caspases are a
family of cysteine proteases that play essential roles in inducing inflammatory cell death and
proteolytic activation of cytokines (Ming Man and Kanneganti, 2015). Inflammasomes are also
classified into canonical and non-canonical inflammasome signaling pathways. Both canonical
and non-canonical inflammasome activation eventually leads to cell lysis and the release of
proinflammatory cytokines, but their mechanisms of activation are different (Casson and Shin,

2013).

Canonical inflammasomes include members of the NLR family, such as NLRP1, NLRP3, NLRC4
and AIM2, which interact with pro-caspase-1 (Franchi et al., 2009; Tsuchiya et al., 2010). This
interaction leads to the consequent of pro-caspase-1 cleavage and the expression of the effector
(active form) caspase-1. Caspase-1, which is the most characterized inflammatory caspase in
humans and mice, was originally identified as IL-1 converting enzyme (ICE) (Thornberry et al.,
1992). Studies with caspase-1 also demonstrated that caspase-1 can also induce cell death
(Bergsbaken et al., 2009). However, caspase-1-deficient mice, while deficient in the processing of

proinflammatory cytokines, show no overt defect in cell death (Li et al., 1995).

Non-canonical inflammasome signaling does not involve caspase-1. Murine caspase-11 is a
partially characterized member of the non-canonical inflammasome signaling family. Murine
caspase-11 can be activated by intracellular LPS in Gram-negative bacteria and/or Lipoteichoic

acid (LTA) in Gram-positive bacteria (Hara et al., 2018; Kayagaki et al., 2013).
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We harvested BMDMs from caspase 1/11 and caspase 11 knock out mice and infected them as

described in the materials and methods section 5.4, 5.5, 5.6.

Although caspase 1/11- deficient BMDMs do not produce IL-1f at all, cell death was partially
reduced (Figure 14 A, B). This indicates that there are other pathways which are independent of
inflammasome-mediated pathways that induce cell death in macrophages infected with L.

monocytogenes (Mcdougal and Sauer, 2018)

Interestingly, caspase-11 deficient BMDMs express remarkably high levels of IL-1p while
significantly reducing cell death compared to WT macrophages (Figurel4 A, B). These results
suggest that the expression of IL-1B in BMDMs is mainly dependent on caspase-1, but cell death

is mainly dependent on caspase-11 in response to Lm-EGD.

Consequently, modulation of inflammasome signaling in response to Lm-EGD infection, as a
result of host mutation, may occur through caspase-1 or caspase-11. It is, therefore, possible that
Lrrk2%201% mutation modulates inflammasome signaling through the activation of either of these

two inflammatory caspases.

We further evaluated other cytokines secreted by the infected caspase 1/11-deficient
macrophages. Although TNF-a expression level was comparable between caspase 1/117
macrophages and WT cells, the level of I1L-10 was increased in caspase 1/117 cells (Figure 15 A,
B). Conversely, the level of IL-12 was significantly reduced (Figure 15 C). This pattern of
cytokines is somehow similar to the pattern of infected Nlrp3” BMDMs as already discussed
(Figure 11 B, C). Like NIrp3™, one possible explanation of increased expression of 1L-10 produced
by caspase 1/117 macrophages may be related to their reduced cell death. Meanwhile, IL-10 is

considered as a potent inhibitor of 1L-12; thus, it can reduce the expression of IL-12 (Rahim et
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al., 2005b). However, this occurred even at low MOI of L. monocytogenes which does not induce
much more cell death significantly, indicating that IL-10 and IL-12 expression can be regulated

by another pathway independently of cell death.
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Figure 14. Inflammasome signaling in BMDMSs, in response to Lm-EGD, is mainly dependent
on caspase-1 for IL-1p expression and caspase-11 for cell death.

A. Expression of IL-1p was quantified in the supernatants of infected WT and caspasel/11 and
caspase 11 knock out BMDMs by ELISA. Macrophages were infected with various MOlIs of Lm-
EGD (0,10,25), and IL-1pB expression was evaluated at 24-hours post-infection. Pooled data of 2-
3 biological replicates, each performed in triplicates. Graphs depict mean +S.E.M. Statistics were
done using one way ANOVA, where *p<0.05; **p<0.01; ***p<0.001; ****p<0.001 using
GraphPad Prism 8 software.

B. WT, caspase 1/11- and caspase 11- deficient BMDMs were infected with various MOls
(0,10,25 and 50), and cell death was evaluated in control and infected cells at 18-24 hours post-
infection by Zombie Yellow staining via flow cytometric analysis. The graph displays the
percentages of cell death. Data shown is the representative data of 2-3 similar experiments, and
each experiment was performed in triplicates.
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Figure 15. Caspase 1/11 deficiency modulates the expression of inflammatory cytokines by
BMDMs in response to Lm-EGD infection.

WT and caspase 1/11- deficient BMDMs were infected with Lm-EGD (0, 10 and 25 MOI) in vitro.
The expression of various cytokines was quantified by ELISA in the supernatants of control and
infected cells at different time points.

(A) TNF-a expression levels at 6-h post-infection,
(B) IL-10 expression levels at 24-h post-infection,
(C) IL-12 expression levels at 24-h post-infection.

Results are pooled from 2 biological replicates with each being an average of 3 experimental
replicates. Graphs depict mean £S.E.M. Statistics were done using unpaired t-tests, where
*p<0.05; **p<0.01; ***p<0.001; ****p<0.001, using GraphPad Prism 8.
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6.2.4.4. AIM2 promotes inflammasome signaling in response to Lm-EGD.

Our results have so far indicated that the inflammasome signaling resulting from Lm-EGD
infection is mainly dependent on caspase-1 for IL-1p expression. Additionally, we have already
investigated the contribution of NLRP3 and NLRC4 inflammasome signaling for IL-1f3 expression
in response to Lm-EGD. We found that while NLRC4 played no role in inducing IL-1f3 expression,
NLRP3 deficiency led to a slight reduction compared to WT, thereby suggesting that receptors
other than NLRP3 and NLRC4 could be activated in response to Lm-EGD to induce IL-1B

expression.

The AIM2 inflammasome detects the presence of altered or mis-localized DNA molecules, such
as genomic DNA released into the cytosol upon loss of nuclear envelope integrity or foreign DNA
accumulating in the cytosol during the life cycle of intracellular pathogens including viruses,
bacteria, and parasites (Theisen and Sauer, 2016). Warren et al. in 2010 observed that transfected
L. monocytogenes’ genomic DNA could activate the AIM2 inflammasome (Warren et al., 2010).
Additionally, it has been demonstrated that AIM2 is an intracellular DNA receptor that plays an
important role in the activation of caspase-1 upon infection with L. monocytogenes (Tsuchiya et
al., 2010). Accordingly, we were interested in exploring AIM2, another inflammasome signaling
pathway, which may significantly modulate IL-1p expression through caspase-1 in response to

Lm-EGD.

In this regard, we generated bone marrow-derived macrophages from Aim2 “-and WT mice and
infected them with various MOIs of Lm-EGD as described in the materials and methods section

5.4,55,5.6.
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Interestingly, our results demonstrated that while infected Aim2- deficient macrophages do not
secrete IL-1p at all, cell death is partially reduced (Figure 16 A, B). It can be interpreted that while
the production of IL-1p in response to Lm-EGD is mainly dependent on the AIM2 inflammasome
pathway, cell death seems to be partially dependent on AIM2. Hence, AIM2 seems to play a
significant role in inflammasome signaling in response to Lm-EGD for IL-1p expression. Indeed,
these results complement the results revealed in the context of infected caspase 1/11-deficient

BMDMs (Figure 14 A, B).

It is, therefore, possible that Lrrk22%1% mutation modulates inflammasome signaling through

modulation of AIM2.

Investigating other cytokines, we observed that the expression of TNF-a and IL-10 in Aim2-
deficient macrophages versus WT cells in response to Lm-EGD were comparable. (Figure 16 C,
D). This implies that AIM2 inflammasome does not have any impact on the expression of other

cytokines.
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Figure 16. Aim2 deficiency results in a striking abolishment of IL-1p and a partial reduction
in cell death.

A. WT and Aim2 knock out BMDMs were infected with Lm-EGD and supernatants were
collected at 24 h post-infection. The expression of IL-13 was quantified in the supernatants of
infected WT and Aim2 knock out BMDMs by ELISA. Pooled data of 2 biological replicates, each
performed in triplicates. Graphs depict mean +S.E.M. Statistics were done using unpaired t-tests,
where *p<0.05; **p<0.01; ***p<0.001; ****p<0.001 using GraphPad Prism 8 software.

B. WT and Aim2 deficient BMDMs were infected with various MOIs (0,10,25 and 50) and
cell death was evaluated in control and infected cells at 24 hours post-infection by Zombie Yellow
staining via flow cytometric analysis. The graph displays the percentages of cell death. Data shown
is the representative data of two experiments, and each experiment was performed in triplicates.

C, D: WT and Aim2- deficient BMDMs were generated and infected with Lm-EGD (0, 10
and 25 MOI) in vitro. The expression of various cytokines was quantified by ELISA in the
supernatants of control and infected cells at different time points.

C. TNF-a expression levels at 6-h post-infection,
D. IL-10 expression levels at 24-h post-infection,

Results are the representative of 2 biological replicates with each being an average of 3
experimental replicates. Graphs depict mean +S.E.M. Statistics were done using unpaired t-tests,
where *p<0.05; **p<0.01; ***p<0.001; ****p<0.001, using GraphPad Prism 8.
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6.2.4.5. Lrrk2%201% mutation promotes the expression of NLRP3 and the activation of

caspase-1 and caspase-11.

According to the previous results regarding enhanced inflammasome activity by Lrrk26201%
mutant macrophages (Figure 6) and the mechanisms through which L. monocytogenes activates
inflammasome signaling pathways (sections 6.2.4.1, 6.2.4.2, 6.2.4.3, 6.2.4.4), we designed further
experiments to measure inflammasomal proteins in the context of infected Lrrk26291% mutant

macrophages by western blot.

In this regard, BMDMs were generated and infected with 10 MOI of Lm-EGD, as described in
sections 5.4, 5.5 and 5.6. The cells were lysed at 0, 1, 3, and 6 hours post-infection, and the

extracted cell lysates were used for detecting proteins of interest by western blot.

We observed an increased expression in the level of NLRP3 and slightly enhanced expression of
active (cleaved) caspase-1 in the mutant cells compared to WT cells (Fig 17 A). It can be
interpreted that the mutant macrophages activate the inflammasome signaling pathway by
enhancing NLRP3 expression in response to Lm-EGD resulting in increased IL-1p secretion.
Intriguingly, Gordon et al. (2018) revealed that inhibition of the NLRP3 inflammasome had a

therapeutic effect when treating rodent models of Parkinson’s disease (Gordon et al., 2018).

Additionally, the level of active caspase-11 was also increased in Lrrk220% macrophages (Figure
17A). The slight enhancement of active caspase-11 or active caspase-1 can be responsible for the
slight increase in cell death that we observed in Lrrk2%2°1% mutant macrophages in response to

Lm-EGD (Figure 6).
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Having shown that the Lrrk26291% mutation enhanced the NLRP3 inflammasome mediator in
western blotting, we decided to evaluate the impact of inhibiting NLRP3 on the expression of IL-

1B by WT and Lrrk2%2°2% macrophages upon infection.

To address this, we generated macrophages and infected them as described in sections 5.4, 5.5
and 5.6 and then treated the cells with an NLRP3 inhibitor (MCC 950). It should be noted that we
used the same concentration of NLRP3 inhibitor (MCC950) as we used with LPS+ATP treatment

(Figure 7).

Inhibition of NLRP3, reduced the expression of IL-1 by the mutant cells and WT cells similarly
(Figure 17 B). This suggests that WT and Lrrk22°1% mutation seem to regulate the production of
IL-1p via modulation of the NLRP3 inflammasome signaling pathway in response to Lm-EGD
infection. However, the up-regulation of IL-1B production in Lrrk2 %1% macrophages may not

be solely due to the up-regulation of NLRP3.
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Figure 17. High expression of NLRP3, active caspase-11 and active caspase-1 in the
Lrrk262019S mutant macrophages versus WT cells in response to Lm-EGD.

A. Western blots of lysates extracted from WT and Lrrk2%2%1% mutant macrophages infected with
10 MOI of Lm-EGD at 0, 1, 3- and 6-hours post-infection for key proteins of inflammasome
signaling pathways including NLRP3, active-caspase 11 and active-caspase 1. Each western
blot was repeated twice to thrice.

B. BMDMs were generated from WT and Lrrk2°2°1% mice and infected with Lm-EGD. Cells were
treated with the NLRP3 inhibitor (MCC 950, 10uM) where indicated. Expression of IL-1p
cytokine in the supernatants of control, infected cells in the presence or absence of NLRP3
inhibitor (MCC 950, 10uM) was quantified by ELISA.

Statistics were done using unpaired t-tests, where *p<0.05; **p<0.01; ***p<0.001; ****p<0.001,
using GraphPad Prism 8.
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6.2.5. Lrrk2%291% mutation does not modulate NF-kB pathway in response to Lm-EGD

infection.

The transcription factor NF-kB is a key mediator of the inflammatory response which regulates
multiple aspects of innate immunity. NF-xB is normally sequestered in the cytoplasm as an
inactive complex with IKKa/p (Solt and May, 2008). It becomes activated in response to immune
and stress stimuli, including ligands of various cytokine receptors and interactions between
pattern-recognition receptors (PRRs) and pathogen-associated molecular patterns (PAMPS) (Liu

etal., 2017a).

Among the NF-xB family members, P65: P50 complex is the best characterized form, which is
activated by pathogenic stimuli via the IKKa/B complex (Oeckinghaus and Ghosh, 2009).
Typically, the IKKa/p is bound to the P65: P50 complex, which is present in a resting state in the
cytoplasm (Solt and May, 2008). Activation (phosphorylation) of IKKa/B, causes degradation of
this complex resulting in the release of p65 dimers from this inhibitory complex (Giridharan and
Srinivasan, 2018). P65 then translocases to the nucleus and binds to the nucleotide sequence of the
target genes and mediates tightly controlled transcriptional programs that regulate the expression
of a wide variety of cytokines (Giridharan and Srinivasan, 2018). LLO secreted from L.
monocytogenes activates the NF-«xB signaling pathway in endothelial cells via the phosphorylation
of IKK B in IKKo/B complex (Kaya et al., 2002). It has also been shown that L. monocytogenes
can induce the phosphorylation of IKKo/B complex, which subsequently promotes the
translocation of p65 to the nucleus which might be involved in the subsequent transcriptional

induction of TNF-a and IL-1 genes (Hauf et al., 1994).

Our previous results revealed that Lrrk2¢2°1°S mutation increases the expression of some

cytokines in response to Lm-EGD (Figure 8). In this regard, we performed western blotting to
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measure the activation of IKKa/p and p65, which are two key proteins belonging to the NF-xB

signaling pathway.

We generated WT and Lrrk2°2°1% BMDMs and infected them with Lm-EGD (10 MOI) as
described in sections 5.4, 5.5, 5.6. Cell lysates were collected at different time points (0,1,3 and 6

hours) for performing western blotting as described in the materials and methods, section 5.8.

Our western blotting analysis appears to indicate that there is increased phosphorylation of
IKKa/p in Lrrk26201% BMDMs; however, the expression of total IKKa/B was also higher (Figure
18). A similar result was obtained with the phosphorylation of p65 (Figure 18). Thus, Lrrk26201%

mutation does not amplify the NF-kB signaling pathway in response to Lm-EGD.
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Figure 18. Activated IKKo/p and activated p65 expression were similar in Lrrk26201% mutant
and WT BMDMs in response to Lm-EGD infection.

Western blots of lysates extracted from WT and Lrrk2%2%1% mutant macrophages infected with
10 MOI of Lm-EGD at 0, 1, 3 and 6- hours post-infection for key proteins of NF-kB pathway
including IKKa/p and p65. Each western blot was repeated twice to thrice.
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6.2.6. Lrrk25201% mutation enhances the activation of the MAPK pathway in macrophages in

response to Lm-EGD infection.

PRR-PAMP interaction and cytokine-receptor signaling can promote sequential activation of
kinases within different MAPK cascades. These cascades transmit various extracellular signals
and thus control a large number of distinct and even opposing cellular processes, such as
inflammation, proliferation, survival and apoptosis (Keshet and Seger, 2010). Three main MAPK
sub-families have been identified including p38 (stress-activated protein kinases), JNK (Jun
amino-terminal kinases) and ERK (extracellular-signal-regulated kinases), which contribute to the
regulation of pro-inflammatory and anti-inflammatory cytokines (Lucas et al., 2005; Morrison,
2012; Sabio and Davis, 2014). Of note, there has been evidence suggesting that all these MAPK
modules can be activated by infection with L. monocytogenes in Hela epithelial cells (Tang et al.,

1998).

Since our results have so far indicated that Lrrk2¢2°1% mutation affects the production of pro-
inflammatory cytokines, IL-1B and TNF-a (Figure 8 A, B), and anti-inflammatory cytokine IL-10
(Figure 8 C), we aimed to figure out whether MAPK pathways are modulated by Lrrk262019
mutation in response to Lm-EGD. To address this, we decided to evaluate the expression/

activation of p38, ERK and JNK proteins by western blotting.

We generated WT and Lrrk262%1% BMDMs, infected them with Lm-EGD (10 MOI) as described
in the materials and methods sections 5.4, 5.5, 5.6. and collected cell lysates at various time points
(0, 1, 3 and 6 hours) post-infection. These lysates were then used for performing western blots as

described in the materials and methods, section 5.8.
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While we did not observe any difference in the levels of phosphorylated and total forms of INK
between WT and Lrrk2629'% mutant macrophages, Lrrk2629'% mutation enhanced the
phosphorylation of p38 (the active form of p38) in response to Lm-EGD infection (Figurel9).
Moreover, the levels of both phosphorylated and total ERK1/2 were significantly enhanced in

response to Lm-EGD infection (Figure 19).

P38MAPK is strongly activated by environmental stresses, infections and inflammatory
cytokines, that contribute to inflammation, apoptosis, cell differentiation and cell cycle regulation
(Raingeaud et al., 1995). It has been shown that microglia (resident macrophages in the CNS)
regulate the production of IL-1p and TNF-a via the p38 MAPK signaling pathway (Bachstetter
and Van Eldik, 2010). Additionally, LPS stimulation induces the activation of p38a (an isoform of
p38) in macrophages, which subsequently activates a downstream signaling cascade of
proinflammatory cytokines, including TNF-a, IL-1, and IL-6 (Kang et al., 2008; Ono and Han,

2000).

Sequestered in the cytoplasm of un-stimulated cells, p42/p44 ERK1/2 is phosphorylated and
subsequently activated in response to cytokines, infections and growth factors (Lu and Malemud,
2019). Consequently, active (phosphorylated) ERK1/2 is translocated to the nucleus, where it
activates transcription factors (Lu and Malemud, 2019). The ERK1/2 signaling pathway has been
implicated in diverse cellular events, including proliferation, growth, differentiation, cell
migration, cell survival, metabolism and transcription of cytokines (Carter et al., 1999; Lu and
Malemud, 2019). Joseph et.al. (2016) also displayed that the level of IL-10 was reduced by
inhibiting ERK MAPK mediator, suggesting that ERK1/2 mediates IL-10 expression (Joseph et

al., 2016).
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Collectively, ERK and p38 seem important in the regulation of pro-inflammatory and anti-

inflammatory cytokine expression in response to infections.

Having shown that the Lrrk26291% mutation enhanced the activation of p38 and ERK as well as
the production of cytokines in response to Lm-EGD infection, we decided to evaluate the impact
of inhibiting p38 and ERK on the production of cytokines by WT and Lrrk2%%°'% macrophages

upon infection.

To address this, we generated macrophages as described in sections 5.4, 5.5. We pre-treated the
cells with various doses of the p38 MAPK inhibitor (LY2228820,100 nM) or ERK inhibitor (U-

0126, 1uM), and infected them as described in section 5.6.

Inhibition of p38, reduced the production of TNF-a and IL-1p by the mutant cells to the levels
observed in WT cells (Figure 20 A, B). This suggests that Lrrk2%2°1% mutation may be regulating
the production of cytokines via augmentation of the p38 MAPK pathway in response to Lm-EGD

infection.

Inhibition of ERK signaling with the commonly used inhibitor (U-0126) reduced the expression
of 1L-10 in Lrrk2%2%1% macrophages to the levels similar to WT macrophages in response to Lm-
EGD (Figure 21 C). These results indicate that Lrrk2%2°1% mutation drives the over-expression of

ERK and its subsequent activation to up-regulate IL-10 expression upon Lm- EGD infection.

Interestingly, Kim et al. (2019) has recently demonstrated that LRRK2 kinase activity plays a
critical role in manganese-induced inflammation via p38 and ERK MAPK signaling in

macrophages and microglia (Kim et al., 2019).
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Figure 19. Enhanced expression of activated p38 and ERK 1/2 in the Lrrk26201% mutant
macrophages versus WT cells in response to Lm-EGD infection.

Western blots of lysates extracted from WT and Lrrk2%2%1% mutant macrophages infected with
10 MOI of Lm-EGD at 0, 1, 3 and 6- hours post-infection for the activated and total forms of key
proteins of MAPK pathways including p38, ERK, and JNK. Each western blot was repeated twice
to thrice.

103



TNF-o (pg/ml)

A B

Lm-EGD(6h) Lm-EG0(24N)
500
- mm WT 500 - mm WT
400 B B85 )
] ? 400 - MEG?{”BS
3 300
2004 z
o 200
m
100 =
N c 100
J“"& &P E o
& & ¢ 03@ Lm-EGD(24h) & & P E
-6'} @ o 'S'P Fﬁr
i & 2500+ N o Vo
2000 — mw CP‘& Vﬁ{%
E‘ - MEGMJBS
u —
E 1500
S 1000+
=
5004
o

& & &
& & L P
&8

W

o

104



Figure 20. Inhibition of p38 reduced the levels of TNF-o and IL-1B in Lrrk26201%
macrophages to WT levels.

BMDMs were generated from WT and Lrrk2%%91% mice. Cells were pre-treated with the
p38MAPK inhibitor (LY2228820,100 nM) for 30 minutes followed by infection with Lm-EGD
(10 MOl for IL-1p and 25 MOI for TNF-a and IL-10) for 6 and 24 hours. The expression of various
cytokines in the supernatants of infected macrophages was quantified by ELISA.

A. Expression of TNF-a levels measured at 6 hours after infection.
B. Expression of IL-1p levels measured at 24 hours after infection.
C. Expression of IL-10 levels at 24 hours after infection.

Data shown is representative of three experiments, each performed in triplicates and presented as
mean = SEM. Statistical analysis was done by unpaired student’s t-test, where *p<0.05; **p<0.01;
***p<0.001; ****p<0.001 using GraphPad Prism 8 software.
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Figure 21. Inhibition of ERK1/2 reduced the levels of 1L-10 in Lrrk26201% macrophages to
WT levels.

BMDMs were generated from WT and Lrrk262°'% mice. Cells were pre-treated with ERK
inhibitor (U-0126, 1uM) for 30 minutes followed by infection with Lm-EGD (10 MOI for IL-1
and 25 MOI for TNF-a and IL-10) for 6 and 24 hours. The expression of various cytokines in the
supernatants of infected macrophages was quantified by ELISA.

A. Expression of TNF-a levels measured at 6 hours after infection.
B. Expression of IL-1p levels measured at 24 hours after infection.
C. Expression of IL-10 levels measured at 24 hours after infection.

Data shown is representative of 2-3 experiments, each performed in triplicates and presented as
mean = SEM. Statistical analysis was done by unpaired student’s t-test, *p<0.05; **p<0.01;
***p<0.001; ****p<0.001 using GraphPad Prism 8 software.
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6.2.7. Lrrk26201% mutation enhances the activation of TAK1 in macrophages in response to

Lm-EGD infection.

Since our results have so far revealed that p38 MAPK may be regulating the production of the
pro-inflammatory cytokines (TNF-a and IL-1B) in infected Lrrk2¢2°'% mutant macrophages, we
conducted experiments to evaluate the role of MK2 as one of the essential substrates in this

pathway.

Morrison (2012) shows that important substrates in the p38 module include the downstream
kinases MK2, MK3, PRAK, MSK1 and MSK2, as well as various transcription factors. It has been
shown that MK2 is an essential component of the inflammatory response as it regulates the

biosynthesis of TNF-a at the post-transcriptional level (Kotlyarov et al., 1999).

Alternatively, the upstream cascade for p38 pathway includes MLK2, MLK3, MEKKS, ASKs,
TAK1, TAO1 and TAO2 (Morrison, 2012; Raman et al., 2007). TAK 1 (TGFp-activating kinasel)
is activated by numerous exogenous and endogenous ligands, such as LPS, IL-1, TNF-a and TNF-
related apoptosis-inducing ligand (TRAIL) and initiates cell signaling leading to the activation of
NF-xB and MAPK (Mihaly et al., 2014). Therefore, since TAK1 directly phosphorylates MAPK

mediators, we reasoned that TAK1 may also be modulated by Lrrk26201%,

We generated WT and Lrrk26201% BMDMs, infected them with Lm-EGD (10 MOI) and collected
cell lysates at various time points (0, 1, 3 and 6 hours) post-infection as described in the materials
and methods, sections 5.4, 5.5, 5.6. These lysates were then used for performing western blots to

detect MK2 and TAK1.
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While the expressions of total and phosphorylated forms of MK2 in Lrrk2 2% mutant and WT
cells were similar, Lrrk2%29'% mutant macrophages expressed more activated TAK1 (Figure 22).
Hence, while MK2 may not be significantly modulated, Lrrk2 ©2°1% seems to increase TAK1
activity over time in response to Lm-EGD. Presumably, the enhanced IL-1 B secretion by the
Lrrk2%201% cells may be augmenting the activation of TAK1, which in turn may be contributing to
the increase p38 MAPK signaling pathway (Figure 19). And while MK2 may not be modulated
by Lrrk2 ©201% (Figure 22), it requires further investigations to find how Lrrk26291% js modulating

other substrates of P38 MAPK signaling pathway as well.
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Figure 22. Increased activation of TAK1 and similar expression of MK2 in the Lrrk2¢2019S
mutant macrophages versus WT cells in response to Lm-EGD infection.

Western blots of lysates extracted from WT and Lrrk2%2°1% mutant macrophages infected with
10 MOI of Lm-EGD at 0, 1, 3 and 6- hours post-infection for the activated and total forms of key
proteins of MAPK pathways including MK2 and TAK1. Each western blot was repeated twice to
thrice.
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6.2.8. Lrrk2¢201% mutation enhances the activation of RIPK1 in macrophages in response to

Lm-EGD infection.

RIPK1 is a member of the receptor-interacting protein (RIP) family of serine/threonine protein
kinases that has emerged as a key regulator of multiple downstream inflammatory signaling
pathways. It regulates cell death including apoptosis and necroptosis as well as inflammatory
responses downstream of TNF-a receptor 1 (TNFR1) (Degterev et al., 2019). In particular,
activation of RIPK1 in the cells of myeloid lineage (e.g., microglia and macrophages) promotes
the expression of proinflammatory cytokines (e.g., TNF-a) independently from cell death

(Christofferson et al., 2012).

Laurien et al. (2020) have shown that RIPK1 phosphorylation at serine 166 (S166) is required
for the activation of RIPK1 kinase-dependent apoptosis and inflammatory activities in vitro and in
vivo. They also provided evidence that S166 phosphorylation enhances the kinase activity of
RIPK1 suggesting that S166 phosphorylation can serve as a reliable biomarker for RIPK1 Kinase-
dependent pathologies (Laurien et al., 2020). Jaco et al. (2017) also demonstrated that activation
of TNFR1 leads to phosphorylation of RIPK1(S166) which activates TAK1 and subsequently P38
MAPK inflammatory signaling pathway (Jaco et al., 2017). Furthermore, TAK1 seems to play a

key role in regulating cell death mediated by RIPK1 (Amin et al., 2018).

On the other hand, LRRK?2 is alternately classified as RIPK7 which shows several interactions
with RIPK1. Amin et al. (2018) demonstrated that LRRK2 stabilizes activated RIPK1 and
therefore promotes ubiquitination of RIPK1, which specifically promoted RIPK1-dependent
apoptosis. Indeed, RIPK1 has been recently considered as a potential therapeutic target for PD

patients (Yuan et al., 2019).
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Since our results have so far indicated that Lrrk2 €219 enhances the activation of P38 MAPK,
TAK1 and expression of TNF-a, we decided to evaluate the impact on the phosphorylation of

RIPK1 in Lrrk2 ©2019 agnd WT BMDMs.

We generated WT and Lrrk2¢21% BMDMs, infected them with Lm-EGD (10 MOI) and collected
cell lysates at various time points (0, 1, 3 and 6 hours) post-infection as described in the materials
and methods, sections 5.4, 5.5, 5.6. These lysates were then used for performing western blots to
detect activated and total RIPK1. Results indicate that the G2019S mutation of Lrrk2 enhances the
S166 phosphorylation of RipK1 (Figure 23A). Thus, these results highlight the increased
phosphorylation of RIPK1 as the most upstream event that is enhanced by G2019S mutation, which

results in increased expression of TNF-a.

It should be noted that K45A mutation of Ripk1 inactivates the kinase activity of RIPK1, and this
has been shown to attenuate the inflammatory response and consequently exacerbate the bacterial

burden following challenge with Salmonella Typhimurium (Shutinoski et al., 2016).

Since we observed increased activation of RIPK1 in LRRK2 €219 mutant macrophages (Figure
23A), we generated Lrrk2 ©291% mice with a K45A mutation of Ripkl to evaluate whether the
enhanced control of Lm-EGD in LRRK2 ©201% mijce is indeed due to the enhanced activation of

Ripk1 in these mice.

We observed that the bacterial burden in Ripkl A mutant and WT mice following challenge
with 10e4 CFU of Lm-EGD was similar in the spleens of infected mice at day 3 post-infection
(Figure 23B). We also observed that the bacterial burden did not increase in the Lrrk26201% -
Ripk1%*A double mutant mice in comparison to the Lrrk2%2°1% mice (Figure 23 C). Rather, there

was a slight reduction in the bacterial burden in the double knock-in mice. These results indicate
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that the enhanced control of L. monocytogenes in Lrrk2%2°1% mice is not due to the enhanced

activation of RIPK1.
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Figure 23. Increased activation of RIPK1 in the Lrrk2¢2°1°S mutant macrophages versus WT
cells in response to Lm-EGD infection.

A. Western blots of lysates extracted from WT and Lrrk2¢291% mutant macrophages infected with
10 MOI of Lm-EGD at 0, 1, 3 and 6- hours post-infection for the activated RIPK1 (Ser166) and
total form of RIPK1. Western blot was repeated twice.

B. Spleens were collected from WT and Ripk1 ¥**A mutant mice infected with 10e4 CFU Lm-EGD
via tail vein injection in vivo. At day 3 post-infection, the bacterial burden was evaluated in the
collected spleens upon plating serial dilutions on BHI agar plates. Graphs display bacterial colony
forming unit (CFU) of Lm-EGD in spleens. Every dot corresponds to a single mouse.

C. Spleens were collected from Lrrk262°1% and Lrrk262°1% /Ripk1“4** double knock-in mutant
mice infected with 10e4 CFU Lm-EGD via tail vein injection in vivo. At day 3 post-infection, the
bacterial burden was evaluated in the collected spleens upon plating serial dilutions on BHI agar
plates. Graphs display bacterial colony forming unit (CFU) of Lm-EGD in spleens. Every dot
corresponds to a single mouse.
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6.2.9. G2019S mutation of Lrrk2 modulates reactive oxygen species (ROS) production in

response to L. monocytogenes infection.

Reactive oxygen species (ROS) are oxygen-containing radicals, such as hydrogen peroxide and
superoxide, which are deadly weapons used by phagocytes and other cell types against pathogens
(Paiva and Bozza, 2014). Phagocytes recognize microbes through many molecular patterns and
try to engulf them. Respiratory burst is a process by which NADPH oxidase (NADPH oxidase 2
[NOX2]) generates ROS in response to microbe recognition and helps to get rid of many microbes
(Paiva and Bozza, 2014). ROS effectively combat certain microbes such as L. monocytogenes, and
it has been shown that ROS inhibit L. monocytogenes invasion into epithelial cells (Chen et al.,

2018).

Indeed, ROS can kill pathogens directly by causing oxidative damage to bio-compounds or
indirectly by various nonoxidative mechanisms through pattern recognition receptors to stimulate
cell signaling cascades (Paiva and Bozza, 2014; Zhang et al., 2016). More importantly, both NF-
kB and MAPK signaling pathways, including P38, ERK and JNK pathways, have been shown to
be activated either directly or indirectly by ROS (Zhang et al., 2016). Since Lrrk2°201% mutation
is associated with the increased activation of the inflammatory signaling pathways and confers a
better protection against bacterial infections in mice, we were interested in evaluating the ROS

levels produced by Lrrk2%201% and WT mice in response to Lm-EGD.

To evaluate whether Lrrk2%2°1% mutation triggers a greater respiratory burst to eliminate Lm-
EGD, we measured ROS levels in naive and infected Lrrk2%2°1% mutant and WT mice through
bioluminescence imaging (Figure 24 A, B). While there was no significant difference in the
production of ROS by naive Lrrk2%2°1% mice compared to naive WT mice (Figure 24 A),

Lrrk2%201% mice produced significantly higher levels of ROS in response to infection compared
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with WT mice (Figure 24 B). This supports the role of ROS in controlling the Lm-EGD infection

in Lrrk2%2°19 mutant mice in vivo.

It was also previously reported that the LRRK2 kinase domain increases the generation of ROS
and causes enhanced neurotoxicity under H.O: treatment (Heo et al., 2010). Additionally,
Shutinoski et al. (2019) detected a significant increase in H20, production in Lrrk2%201% mutant
bone marrow derived macrophages (BMDMs) after exposure to Salmonella (Shutinoski et al.,

2019).

Taken together, ROS may be acting as a mediator in Lrrk2%201% host cells to prevent Listeria
monocytogenes’ invasion along with activating the immune response via stimulating various
signaling pathways. Evaluating whether inflammatory signaling pathways in BMDMs activated

by ROS in vitro requires further investigation.

Furthermore, we measured reactive oxygen species in various ages of naive mice (4 months, 8
months and 10 months) to evaluate whether Lrrk2 ©2°1% mutation enhances the production of ROS
in older mice compared to the young (Figure 25). The results indicate that various aged- Lrrk26201%
mutant and WT mice produced ROS similarly. Accordingly, it can be implicated that age does not
seem to be an important contributing factor in inducing oxidative stress in mutant mice compared

to WT mice.
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Figure 24. Infected Lrrk2%201% mutant mice expressed more reactive oxygen species (ROS)
in response to L. monocytogenes infection.

A, B. Lrrk2%201% mutant and WT mice (8-12 weeks) were injected with 10e4 CFU Lm-EGD via
tail vein and the levels of reactive oxygen species (ROS) were measured in vivo

A. before infection B. at day 3 post-infection.

Mice were anesthetized with isoflurane and injected intraperitoneally (20 ug/ g of body weight)
with L-012 dissolved in PBS. Bioluminescence signaling was measured at 5 min post-injection
using an IVIS Spectrum imaging system. Bar graphs quantifying the data are shown in each panel.

Data are two independent experiments. Pooled data was analyzed using Student’s unpaired t-test
*P <0.05, **P < 0.01, and ***P < 0.001 using GraphPad Prism 8 software.
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Figure 25. Lrrk2%2919 mutant and WT mice of various ages produced reactive oxygen species
(ROS) similarly.

The level of reactive oxygen species (ROS) was measured in naive mutant and WT mice of
various ages. Mice were anesthetized with isoflurane and injected intraperitoneally (20 ug/ g of
body weight) with L-012 dissolved in PBS. Bioluminescence signaling was measured at 5 min
post-injection using an VIS Spectrum imaging system. Bar graphs quantify the data which are
shown in each panel of mice with different ages (4 months, 8 months and 10 months old naive
mice)
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7.Discussion

7.1. The role of Lrrk2 mutations in controlling microbial infections.

Our in vivo results emphasize the protective role that Lrrk292°1% expression plays in mice infected
with L. monocytogenes. The hyperactive G2019S mutation of Lrrk2 conferred a gain-of-function
effect resulting in a reduced bacterial burden in the spleens of mice infected with Lm-EGD (Figure
5). Our findings are consistent with other recent studies reporting the protective role of Lrrk2 in

various other infection models in mice.

According to Liu et al. (2017), Lrrk2-deficient mice are more susceptible to Salmonella
Typhimurium- induced peritoneal inflammation, as they exhibited enhanced bacterial burden in
the spleens compared to WT mice (Liu et al., 2017b). Moreover, Lrrk2 harbors a protective effect
in controlling the infections with S. Typhimurium and reovirus (Shutinoski et al., 2019). Shutinoski
et al. (2019) demonstrated that Lrrk2-deficient mice displayed higher bacterial burden and viral
load in the spleens and the brains respectively. In addition, they observed that the G2019S mutation
in Lrrk2 has a protective effect, and mice carrying this mutation displayed less bacterial burden in
the spleens. These findings strongly support our data that Lrrk22°%% mutation controls the
infection with L. monocytogenes better and significantly reduces the splenic bacterial burden with

a similar trend in the brain (Figure 5).

Another report in 2015 identified a Nod2-type role (NOD2 encodes a cytosolic bacterial sensor
that induces the expression of cytokines and antimicrobial peptide genes) for Lrrk2 in protecting

the murine intestinal tract against L. monocytogenes infection (Zhang et al., 2015). Zhang et al.

123



(2015) infected WT and Lrrk2 knock out mice orally with L. monocytogenes to determine the
bacterial burden in various organs. Bacterial loads were significantly increased in fecal samples
and livers from infected Lrrk2 knock out mice compared with those from WT mice. A similar
trend towards a higher bacterial burden in the Lrrk2- deficient spleens was also observed indicating
that LRRK2 deficiency leads to a specific defect in controlling intestinal infection (Zhang et al.,
2015). These results can partly support our in vivo results, which show that Lrrk2201% mutation
has a protective effect in controlling L. monocytogenes infection. However, we were not able to

show this effect with oral infection (Figure 3).

Conversely, Hartlova et al. in 2018 showed that LRRK2 has a negative impact on the control of
Mycobacterium Tuberculosis (M. tuberculosis). They showed that LRRK2 deficiency in mice
resulted in a significant decrease in M. tuberculosis burden early during an in vivo infection
(Hértlova et al., 2018). However, Weindel et al. (2020) recently showed that there was not any
significant difference in M. tuberculosis burdens in the spleens or the lungs of infected Lrrk2-
deficient and WT mice. In contrast, there was a significant increase in CFU recovered from
BMDMs following infection with M. tuberculosis in vitro, suggesting that Lrrk2- deficient
macrophages can control M. tuberculosis replication early after infection compared to
heterozygote macrophages (Weindel et al., 2020). Indeed, these two recent studies display

controversial data regarding the protective effect of Lrrk2 in controlling M. tuberculosis infections.

Collectively, these data uphold the implication of Lrrk2 mutations in differentially controlling
microbial infections, and this may be dependent on the genotype of the host as well as the type of

pathogen.
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7.2. Lrrk2 increases IL-1p expression in macrophages in response to Lm-EGD.

Although genetic polymorphisms in the Lrrk2 gene are associated with a variety of inflammatory
diseases, and the protective effect of LRRK2 in controlling infections has been shown in several
studies (Liu et al., 2017b; Shutinoski et al., 2019; Zhang et al., 2015), the physiological function

of LRRK2 protein remains poorly understood.

Hakimi et al. (2011) demonstrated a predominance of higher molecular weight of LRRK2 in
murine BMDMs and a significant up-regulation of the protein upon exposure to microbial
structures. Therefore, in order to investigate the mechanism by which LRRK2 operates, we
decided to perform in vitro experiments on BMDMs, representative cells of the innate immune

system.

Liu et al. (2017) also found that the G2019S mutation of Lrrk2, the most common pathogenic
mutation associated with PD, enhanced caspase-1 activation and IL-1p production in peritoneal

macrophages in response to Salmonella Typhimurium.

In agreement with these notions, we also observed that Lrrk2¢2%1 significantly increased IL-
1B expression in BMDMs in response to Lm-EGD (Figure 6). Since inflammasome signaling
pathways are very important in the processing of the IL-1p cytokine, we conducted experiments

to determine which inflammasomal pathway is affected by the Lrrk2%291% mutation.

7.2.1. The role of the inflammasome signaling pathways through which BMDMs respond to

Lm-EGD.
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To explore the inflammasome pathways that are modulated by LRRK2 during infection with Lm-
EGD, we evaluated the expression of IL-1f and the cell death in BMDMs deficient in various

signaling pathways.

Lm-EGD has been shown to induce the activation of caspase-1 which results in cell death by
pyroptosis and activation of caspase-1 results in the secretion of IL-1p and IL-18 production
(Cervantes et al., 2008; Tsuchiya et al., 2010). Consistently, our results showed that the rate of cell
death in caspase 1/11-deficient BMDMs was reduced compared to that in WT cells in response to
Lm-EGD ( Figure 14). We observed that cell death was reduced, but not abolished in caspasel/11-
deficient macrophages (Figure 14). This indicates that there are other inflammasomes independent
cell death pathways that induce cell death in macrophages infected with L. monocytogenes
(McDougal and Sauer, 2018). In contrast to cell death, we observed that caspase-1 activation was
critical in triggering the production of IL-1f in Lm-EGD infected macrophages. This was expected
because several other research groups observed that IL-1p production was dependent on caspase-
1 in the context of L. monocytogenes infection (Eitel, Suttorp, & Opitz, 2011; Hara et al., 2008;

Tsuchiya et al., 2010).

Caspase-11, which was first characterized in the late 1990s (Wang et al., 1998) has recently
received much attention especially in case of infection with Salmonella Typhimurium (Broz et al.,
2012.). It is believed that caspase-11 is mainly activated by LPS, present on the surface of the
Gram-negative bacteria, which gains access to the cytosol, and induces inflammasome signaling
and pyroptosis (Huang et al., 2019; Kayagaki et al., 2013; Kayagaki et al., 2011). It also has been
shown that caspase-11 can be induced by interferon gamma, and interferon beta in addition to LPS
(Lee et al., 2001). In fact, Hara et al. (2018) recently demonstrated that LTA (Lipoteichoic acid),

a molecule present in the cell wall of Gram-positive bacteria including L. monocytogenes, binds
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to and activates NLRP6 inflammasome, leading to the recruitment and processing of caspase-11
and caspase-1 via the adaptor protein ASC. However, Man et al. (2017) found no role for caspase-
11 in the activation of the inflammasome induced by L. monocytogenes, consistent with the notion
that caspase-11 specifically mediates recognition of LPS from Gram-negative bacteria. Thus, there
is controversy regarding the role of caspase-11 in inflammasome signaling by Gram-positive
bacteria, such as L. monocytogenes. In our studies, we have shown that caspase-11-deficient
BMDMs displayed significantly reduced cell death in response to Lm-EGD, confirming that
caspase-11 constitutes an important mediator of cell death in Lm-EGD infected BMDMs (Figure
14). Hara et al. (2018) also demonstrated that the release of IL-1B was impaired in Listeria-
infected Casp11~~ BMDMs compared with WT cells. Conversely, we observed high expression
of IL-1p by caspase-11 deficient BMDMs in the context of L. monocytogenes (Figure 14). We
assumed that caspase-1, which is the main IL-1B converting enzyme (ICE), might be hyper-
activated in the caspase-11 knock out mice, resulting in high IL-1p expression. All in all, further
investigations need to be carried out to further delineate the role of caspase-11 during infection

with Lm-EGD.

Regarding inflammasome signaling mediators, we found that NLRP3 and AIM2 inflammasome

compartments are activated by Lm-EGD (Figure 10, Figure 16)

Whether NLRC4 inflammasome senses L. monocytogenes is controversial. In contrast to
Salmonella Typhimurium, which mainly activates NLRC4 (Mariathasan et al., 2004; Zhang et al.,
2005), L. monocytogenes does not seem to have a significant impact. It has been reported that L.
monocytogenes can slightly activate the NLRC4 inflammasome (Tsuchiya et al., 2010; Wu et al.,
2010). Other reports, however, found no evidence for a critical role of NLRC4 in Listeria-mediated

caspase-1 activation, and this was consistent with our results (Kim et al., 2010; Meixenberger et
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al., 2010). Due to alterations in the expression of flagellin in some L. monocytogenes strains
(Griindling et al., 2004), we speculate that these differences in flagellin expression among bacterial
strains may be responsible for the differential involvement of NLRC4 during L.

monocytogenes infection.

Many studies reported that L. monocytogenes induces the NLRP3 inflammasome (Mariathasan
et al., 2006; Meixenberger et al., 2010; Warren et al., 2008). We also observed that NLRP3-
deficient cells exhibited reduced IL-1p and cell death; therefore, we can conclude that L.

monocytogenes can be predominantly sensed by NLRP3 compared to NLRC4 (Figure 10, 12).

Interestingly, we found that the AIM2 inflammasome mediates an important role in inducing the
secretion of IL-1B and partly in causing cell death in response to infection with Lm-EGD (Figure
16). Tsuchiya et al. (2010) also emphasized that AIM2 plays an important role in inducing the
activation of caspase-1 in macrophages infected with L. monocytogenes. They demonstrated that
the genomic DNA of Listeria is detected by AIM2, thereby inducing the secretion of the caspasel—
dependent cytokines (IL-1p and IL-18). Other findings implicated the role of AIM2, activated by
the DNA of Listeria, in triggering caspase-1 activation, cell death and secretion of the IL-1 family

of cytokines, which are consistent with our findings (Kim et al., 2010; Sauer et al., 2010).

Taken together, the inflammasome-mediated immune response of BMDMs to L. monocytogenes
is mediated primarily with the involvement of NLRP3 and AIM2 inflammasome signaling

pathways leading to the activation of caspase-1 and/or -11.

7.2.2. The role of the inflammasome mediators in the context of Lrrk2¢291% macrophages in

response to Lm-EGD.
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Since we observed that the NLRC4 inflammasome did not have any impact on the production of
IL-1pB, other cytokines, and cell death induced in BMDMSs in response to L. monocytogenes, we

did not evaluate the expression of NLRCA4 in the context of Lrrk2 620195,

While enhanced NLRP3 expression was observed in western blotting performed on infected WT
and Lrrk2%20%% mytant macrophages, inhibiting NLRP3 reduced IL-1B expression in Lrrk26201%
and WT macrophages similarly (Figure 17). Additionally, we did not find any difference in the
production of IL-1B by Lrrk2 %1% and WT macrophages treated with LPS +ATP which is
considered as a potent trigger of NLRP3 inflammasome signaling pathway (Figure 7). Thus, the
up-regulation of IL-1B production in Lrrk2 %1% macrophages may not solely due to the up-
regulation of NLRP3, and this is consistent with the previously published data with

Salmonella Typhimurium (Liu et al., 2017b).

We observed that the activation of caspase-1 was increased in Lrrk2°2°1% macrophages (Figure
17). In this regard, we speculate that the slight increase in caspase-1 activation may contribute to

the increased production of IL-1p, as shown also by Liu et al. (2017) in the context of Salmonella.

We also found slightly increased activation of caspase-11 in Lrrk2 ©291° mutant BMDM s in
response to Lm-EGD (Figure 17). While previous findings showed the impact of caspase-11 on
inflammatory dopaminergic cell death in the brain of a 1-Methyl-4-Phenyl-1,2,3,6-
Tetrahydropyridine mouse model of Parkinson's Disease (Furuya et al., 2004), no other studies
demonstrated the mechanistic association of Lrrk2 mutation and caspase-11 activation in immune
cells, such as macrophages. Further investigations must be done to evaluate the role of caspase-11

in association with Lrrk2 mutations in response to Lm-EGD in immune cells.
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7.3. The profile of inflammatory cytokines in the context of Lrrk2 mutations.

Abundant evidence in humans has demonstrated a role for chronic inflammation and innate
immune activation in PD. Clinical data suggest that a key causative factor could be the
inflammation caused by bacterial or viral infections in PD (Brugger et al., 2015), such that
peripheral infections may enhance neurodegeneration either through direct toxicity of circulating
bacterial toxins or through circulating cytokines that have been produced at the site of the

inflammation (Gelders et al., 2018).

Kozina et al. (2018) found that following administration of LPS, significant differences were
detected in the induction of pro-inflammatory cytokines such as IL-1a, IFN-y and chemokines,
such as CXCL-1 and CXCL-10, in the substantia nigra of Lrrk2R*#41¢ mutant mice. In addition,
Lrrk2 knockdown or Kinase inhibition in primary microglia has been shown to reduce the
production of pro-inflammatory cytokines such as TNF-o and IL-1B (Moehle et al., 2012).
However, the absence of LRRK2 resulted in enhanced secretion of pro-inflammatory cytokines
with high levels of IFN-y but an almost complete absence of the type | IFN-o (Hartlova et al.,
2018). Our results indicate that there is an augmentation of IL-1 and TNF-a levels in macrophages

that is caused by the G2019S mutation of Lrrk2 (Figure 8)

However, some reports observed no differences in cytokines released by Lrrk2-knockout
BMDMs (Dzamko et al., 2012; Hakimi et al., 2011). For instance, Dzamko et al. (2012) found that
Lrrk2-deficient macrophages do not have an altered pattern of pro-inflammatory cytokine
secretion after Toll-like receptor 2 or 4 (TLR2 or TLR4) stimulation, indicating that LRRK2
function might be regulated by PAMP signaling without affecting downstream cytokine responses.
Hakimi et al. (2011) also demonstrated that LRRK2 protein expression does not control IL-6 and

KC cytokine signaling in BMDMs.
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There is also evidence that LRRK2 regulates the secretion of the anti-inflammatory cytokine IL-
10 in mouse macrophages after infection with M. tuberculosis but had very little effect on the
production of pro-inflammatory cytokines such as TNF-a or IL-6 (Hartlova et al., 2018). Our
results also indicate that the G2019S mutation of Lrrk2 results in significant amplification of IL-

10 expression by macrophages (Figure 8).

Thus, it seems that the context is important for LRRK2 in immunological responses and perhaps

unsurprisingly, responses may differ between mutations, species and nature of the stimuli.

We observed that while the expression of pro-inflammatory (IL-1p and TNF-a) cytokines, in
response to Lm-EGD infection, increased in Lrrk2%21% mutant BMDMs, there were no differences
in their expression by infected Lrrk2-deficient BMDMs. In our studies, Lrrk2%1% mutant
macrophages also increased IL-10 expression, while Lrrk2- deficient BMDMs reduced its

secretion in response to Lm-EGD.

However, we found that Lrrk2-deficient BMDMs highly expressed IL-12 compared to WT cells,

possibly due to the reduced expression of the anti-inflammatory effect of I1L-10.

All in all, our data implicate the role of Lrrk2 mutations in increasing the expression of pro- and

anti-inflammatory cytokines.

7.3.1. The role of LRRK2 in NF-kB and MAPK inflammatory signaling pathways in response

to Lm-EGD.

Previous studies have indicated the role of LRRK2 in numerous pathways, including
transcription, mitochondrial function and neurotransmitter release (Cirnaru et al., 2014; Singh et

al., 2019). In the context of immune cells; however, immune signaling pathways are still elusive.
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In the present study, we explored the role of LRRK2 in mediating two important cellular pathways:

NF-kB and MAPK signaling pathway.

NF-kB signaling pathway is considered as one of the key mechanisms of innate immune
signaling, in which LRRK2 has been implicated. A recent study revealed that microglia
from Lrrk2- deficient mice exhibited a reduction in IL-1B and cyclooxygenase-2 expression
resulting in a dampened inflammatory response upon LPS treatment (Russo et al., 2015). It was
also demonstrated that loss of LRRK?2 or inhibition of its kinase activity resulted in the increased
expression of the NF-«B inhibitory subunit p50, leading to an attenuated inflammatory response
in microglia (Russo et al., 2015). Takagawa et al. (2018) conducted studies in transgenic mice
over-expressing LRRK2 and showed that these mice exhibited more severe colitis induced by
dextran sodium sulfate (DSS) than did littermate control animals. They also showed that colitis
severity was driven by LRRK2 activation of NF-kB pathway components including TAK1
complex and tumor necrosis factor receptor-associated factor (TRAF6) in bone marrow-derived
dendritic cells (BMDCs) (Takagawa et al., 2018). In addition, LRRK2 mutations including
Lrrk26201% and Lrrk2R1441C have been recently shown to stimulate 1L-1B-mediated inflammatory
signaling through phosphorylation of RCANL1, which is a protein inhibitor of calcineurin, the main
activator of nuclear factor of activated T-cells (NFAT), leading to the increased transcriptional
activity of NF-xB and IL-8 production (Han et al., 2017). There is also evidence that Lrrk2
deficiency attenuates LPS-induced mRNA and/or protein expression of inducible TNF-a, IL-1
and IL-6 in brain microglia (Kim et al., 2012a). They also demonstrated that the reduced
transcriptional activity of NF-kB resulted from the increased binding of the inhibitory NF-kB

homodimer p50/p50 to DNA in murine microglia (Kim et al., 2012b).
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In our case, we observed that Lrrk2%2%1% had a marginal impact on the expression of total NF-
kB, p65 and subsequent activated forms (Figure 18). We, therefore, assume that Lrrk2©201%
mutation might be enhancing the inflammatory cytokines through the other inflammatory signaling

pathways.

The MAPK signaling pathway is another important signaling pathway which was the first to be

investigated as potentially relating to LRRK2.

MAPK pathway comprises of three proteins situated in a cascade, with different subtypes leading
to the activation of different effectors involved in a range of functions, such as apoptosis and

inflammation.

We observed that Lrrk26291% mutation enhanced the phosphorylation of p38 (activated p38) in
response to Lm-EGD infection (Figure 19). Inhibition of p38, reduced the production of TNF-a
and IL-1B by the mutant cells to the levels observed in WT cells (Figure 20). This suggests that
Lrrk2%201% might be regulating the production of pro-inflammatory cytokines via increased

activation of p38 MAPK.

Moreover, the levels of both phosphorylated and total ERK1/2 were significantly enhanced in
response to Lm-EGD infection (Figure 19). Inhibition of ERK1/2 regulated IL-10 secretion

suggesting that Lrrk26291% might be controlling 1L-10 production through ERK1/2 (Figure 21).

However, we did not observe any difference in the levels of phosphorylated and total forms of

INK in WT and Lrrk2%201% mytant macrophages (Figure 19).

Hsu. et al. (2010) found that LRRK2 binds and phosphorylates MAPK kinases including MKKS3,
6, and 7. It has been shown that LRRK?2 interacts with and phosphorylates MAPK kinases MKK3/6
and MKK4/7 and consequently activates the ERK and p38 MAPK pathways (Yoon et al., 2017).
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They also found that the PD-linked Lrrk2 mutations including G2019S and R1441C enhance the
binding of LRRK2 to MKKG6 (Hsu et al., 2010). Chen et al. (2012) also suggested that mutant
Lrrk2%2019 activates MKK4-JNK-c-Jun pathway in the substantia nigra and causes the resulting
degeneration of dopaminergic neurons in PD transgenic mice (Chen et al., 2012). While these
results showed the association between Lrrk2 and MAPK pathway activation in neurons, their

interplay in immune cells requires further investigation.

It has been recently demonstrated that Lrrk2 deletion also attenuated Manganese (Mn)- induced
production of reactive oxygen species (ROS) and the pro-inflammatory cytokine TNF-o (Kim et
al., 2019). Mn-induced phosphorylation of p38MAPK and ERK signaling proteins were
significantly attenuated in Lrrk2- deficient macrophages. These results indicate that the LRRK2-
mediated- p38 MAPK and ERK signaling pathways play an important role in regulating Mn-
induced toxicity in immune cells, while affecting their functions, such as oxidative stress,
inflammation and apoptosis (Kim et al., 2019). Because Lrrk2¢2°1% enhances the kinase activity,
and LRRK2 kinase is involved in Mn-activated p38, it can be interpreted that Lrrk22°% functions

through p38 MAPK for controlling the inflammation (Kim et al., 2019).

Other studies also reported that the activation of p38 is involved in Lrrk2%21%.induced
inflammation, potentially implicating that G2019S mutation induced LRRK2 kinase activity
through p38 MAPK (Kim et al., 2012b). For instance, G2019S mutation in Lrrk2 increased basal
and LPS-induced levels of phosphorylated p38 and JNK, whereas other pathologic mutations did
not show any changes (Kim et al., 2012b). Similarly, the levels of phosphorylated p38 (P-p38)
were specifically attenuated in Lrrk2 knock down microglia cells after LPS treatment compared to
control cells, while the levels of p-ERK and p-JNK were not different (Kim et al., 2012b). These

results are supportive of our data which displayed that p38 MAPK can be considered as one of the
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main pathways that is enhanced by Lrrk2%2°%% in response to Lm-EGD infection. Nonetheless,
these data demonstrate that the MAPK signaling pathway and LRRK2 function in similar
biological pathways and support a role for LRRK2 in modulating the cellular stress response via

this inflammatory signaling pathway.

Since p38 MAPK seems to be one of the important pathways modulated by Lrrk2 20195 e
decided to evaluate one of its important mediators in downstream and upstream cascades. It has
been shown that (MAPKAPK2 or MK2), a downstream substrate of the p38 MAPK influences
crucial signaling events, regulates inflammatory cytokines, transcript stability and critical cellular
processes in response to diverse extracellular stimuli (Soni et al., 2019). MK2 is an essential
component of the inflammatory response as it regulates the biosynthesis of TNF-a at the post-
transcriptional level (Kotlyarov et al., 1999). However; we were not able to find any difference in
the expression of MK2 in Lrrk2 ©2°%% and WT BMDMs in response to Lm-EGD by western
blotting (Figure 22). It should be noted that we have not found any study regarding LRRK2-MK2

association so far.

However, Lrrk2%21% mutant macrophages expressed more activated TAK1, an upstream
mediator of p38 MAPK, in response to Lm-EGD (Figure 22). In agreement with this observation,
it has been shown that TAK1 activity was significantly enhanced by LRRK2 after IL-1B
stimulation (Han et al., 2017). TAKL1 is considered to be a central component of NF-kB and MAPK
signaling pathways (Wang et al., 2001). Its activation is triggered by diverse stimuli
including proinflammatory cytokines such as IL-1,TNF, and toll like receptor (TLR) or node like
receptors (NLR) ligands and culminates in the downstream activation of NF-kxB and MAPK

signaling pathways including p38, JNK, and ERK (Ajibade et al., 2013).
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8. Conclusion

Research over the last decade has increased the understanding of the pathophysiological role of
LRRK2 in diseases and supports its role in inflammation and immune cell function. We present
some novel insights into the impact of Lrrk22°1% mutation on the innate immune response to
Listeria monocytogenes (L. monocytogenes). We found that Lrrk22°1% mutant mice controlled L.

monocytogenes better than WT mice. A similar trend was observed in the brain.

The mechanism behind the better control of L. monocytogenes by the G2019S mutation of
LRRK2 was investigated in BMDMs following in vitro infection with L. monocytogenes.
Interestingly, we found that Lrrk2%2°1% mutation enhances the production of TNF-a, IL-1f and
IL-10 in infected BMDMSs. The impact on TNF-a and IL-1B was specifically due to the G2019S
mutation of Lrrk2 since there was no impact on the expression of these cytokines in Lrrk2 knockout
macrophages. | observed that the G2019S mutation of Lrrk2 enhances MAPK signaling (TAK1,
P38 and ERK). Modulation of the expression of the pro-inflammatory cytokines, TNF-a and IL-
1B by G2019S mutation of Lrrk2 occurred via P38 MAPK activation. The impact on IL-10

expression occurred through increased ERK activation by the G2019S mutation of Lrrk2.

| did not observe any impact of G2019S mutation of Lrrk2 on the activation of NF-xB and JNK
MAPK and MK2 pathway. | found that Lrrk22°2% mutant BMDMs enhanced inflammasome
activation in response to L. monocytogenes. | observed that inflammasome signaling in response
to L. monocytogenes is mainly mediated by AIM2 and partly by NLRP3, and is dependent on
activation of caspase-1. | found that Lrrk2%2°1% mutation enhanced the expression of NLRP3 and

caspase-1.
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Finally, I found that the expression of reactive oxygen species (ROS) following infection with
L. monocytogenes was significantly augmented by G2019S mutation of Lrrk2, and this can be an

important mechanism that promotes the enhanced clearance of the bacterium in vivo.

Overall, these results present new insights into the signaling mechanisms through which the
G2019S mutation of Lrrk2 augments innate immune response which leads to better control of
infection. Since the G2019S mutation has been observed in a cohort of Parkinson’s disease
patients, it is conceivable that this mutation can function as a susceptible gene to augment the

inflammatory response in PD.
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