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ABSTRACT

The immune system rapidly mounts an innate immune response to invading pathogens that is
accompanied by antigen-presentation, to promote the development of the adaptive immune
response. These responses orchestrate through signal transduction by PRRs that recognize
PAMPs, which results in the expression of various cytokines and mediators to promote
pathogen control. Herein, we investigated the role of the type I interferon (IFN)- and the
p38MAPK- pathways in response to infection with Salmonella Typhimurium (ST). We delved
into the mechanisms through which IFNAR1-signaling results in host susceptibility against ST
and show that while STAT2 and IRF9 promote susceptibility against ST, this is antagonized
by STATL. Our results indicate that IFNAR1-signaling induces IL-10 production through the
ISGF3 complex, which indeed inhibits the production of IL-1p (via NLRP3 and caspase-1)
resulting in a state of resistance against ST. Furthermore, our work elucidates that MK2, which
is a p38MAPK substrate promotes host resistance, which is contradictory to type | IFNs
despite the fact that MK2 regulates cytokine expression in a similar pattern to IRF9. We
demonstrate that MK2 inhibits inflammasome signaling via NLRP3, caspase-1 and caspase-
11. We also reveal a role for MK2 in regulating IL-1p production via distinct signaling
pathways including inhibition of MSK1/2 besides activation of the autophagic machinery;
which also contribute to the enhanced inflammasome activation seen in Mk2- deficient cells.
Thus, our observations illuminate the fact that the type I IFN pathway and the p38MAPK
pathway are only dependent on each other to a certain extent in modulating the innate immune

response to Salmonella infection, thereby bringing about varied outcomes in the infected host.
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1. INTRODUCTION

1.1 The immune system

The immune system is an association of a variety of cell types and molecules, which
have evolved to protect multicellular organisms from infectious agents (Delves and Roitt,
2000). Effective recognition and response to invading pathogens are the key factors that drive
our immune system. It must be stated that even though the reference is made to the ‘immune
system’ in general, immune responses can broadly be categorized into two types; namely, the
innate and adaptive immune responses, which work in unison to protect the body. (Kindt et

al., 2012; Parkin and Cohen, 2001).

1.1.1 The innate immune response

Innate immunity is the less specific component of the immune system that recognizes
the classes of molecules which are common to most pathogens. It consists of the various cell
types that are present prior to the onset of infection, which express various molecules upon
recognition and activation to provide an immediate response to the encountered pathogen

(Chaplin, 2010).

Skin and mucous membranes provide the first line of defense against microbial species (Delves
and Roitt, 2000; Medzhitov and Janeway, 2000). However, if the pathogens breach these outer
barriers, the resulting tissue damage or infection brings about a cascade of events known as
‘The inflammatory response’ which includes the recruitment of various types of innate
immune cells to the site of infection along with the release of specialized soluble molecules
such as complement proteins; which once activated, bring about the lysis of the targeted
microbe or promote its uptake by phagocytes, thus facilitating the clearance of microbe

(Sj6berg et al., 2009).



Innate immune cells such as the neutrophils, eosinophils, basophils, mast cells, natural killer
(NK) cells, monocytes, macrophages and dendritic cells (DCs) comprise the cellular
component of innate immunity (Janeway, 2001a; Parkin and Cohen, 2001). Except NK cells
which are produced from the lymphoid progenitor, all other cell types are of the myeloid origin.
NK cells are thus the lymphocytes of the innate immune system, which destroy infected cells
that express abnormally low levels of the cell surface proteins called the class I major
histocompatibility complex molecules (MHC-1); which are generally present on all healthy
cells of the body. Thus, the presence of intact MHC-I molecules, spares the normal cells from

NK cell mediated cytotoxicity (Delves and Roitt, 2000; Parkin and Cohen, 2001).

Amongst the various types of cells of innate immunity, neutrophils are the first ones to migrate
at the site of infection (Parkin and Cohen, 2001). They initiate the process of phagocytosis, via
formation of membrane extrusions called pseudopodia around the encountered pathogen. This
results in the engulfment of the microbe into a vesicle called as the phagosome, which then
enters the endocytic pathway where it fuses with lysosomes to form the phagolysosome.
Soluble mediators, such as lysozymes and reactive oxygen species (ROS) , are produced within
this structure which act as potent microbicidal agents, leading to digestion of the ingested

pathogen (Kindt et al., 2012) .

Activated neutrophils also secrete chemokines, which attract other phagocytes such as
macrophages and dendritic cells (DCs) to the site of infection. Apart from neutrophils, IFN-y
produced by NK cells also stimulates macrophage activation. Cytokines released by activated
macrophages particularly heightens the inflammatory state in the body and facilitates
pathogen-control (Parkin and Cohen, 2001). Additionally, during the process of phagocytosis,

macrophages also produce high levels of nitric oxide which combine with reactive oxygen



species to yield potent antimicrobial substances (Lindgren et al., 1996). Dendritic cells, in
addition to promoting pathogen control directly, are known as the major antigen presenting
cells (APCs) of the immune system because of their ability to internalize microbial
components and present antigenic peptides to activate naive T cells of the adaptive immune
system. Thus, dendritic cells serve as a primary link between the innate and adaptive immunity

(Janeway, 2001b).

1.1.2 The adaptive immune response

Adaptive or acquired immunity is the highly specific component of the immune
system. Unlike the innate immune system, adaptive immunity is antigen-specific, capable of
recognizing minute differences in peptide sequences with high specificity. Lymphocytes such
as the B cells and T cells which develop a highly diverse repertoire of receptors on their cell

surface through VVDJ recombination are the cells of this immune system (Kindt et al., 2012).

The B cells possess a unique antigen-binding antibody on their cell surface which is also called
the B-cell receptor (BCR), which is a membrane bound antibody molecule. The binding of an
antigen to the B cell receptor, causes it to divide and proliferate into effector cells called as the
plasma cells; which secrete enormous amounts of specific antibodies directed against the
antigen (Parkin and Cohen, 2001). Amongst the different classes of antibodies produced by
activated B cells, IgM antibodies are the first ones to be secreted in response to pathogen
recognition. Once the antigen binds to the BCR, it is digested and re-expressed on class Il
MHC molecules on the B cell. This allows activation of a specific subset of T lymphocytes
which in turn produce B-cell growth factors, which are cytokines leading to the division and
maturation of B cells into plasma cells. Further interactions between T and B cells, specifically

the binding of CD40 on B cells to CD40 ligand on T cells, stimulates class switching of B cells



from IgM to a different isotype (Parkin and Cohen, 2001). This induces some of the activated
B cells to develop into long-lived memory cells, to react rapidly to successive infections (Kindt

etal., 2012).

Similar to B cells, T lymphocytes express a T cell receptor (TCR) on their cell surface. They
are divided into 2 categories depending on the type of cell membrane proteins, called cluster
of differentiation (CD) markers they possess. T cells expressing CD4 markers are called the
helper T cells (Tw) cells, whereas those expressing CD8 are described as the cytotoxic T cells
(Tc). However, these cells can only be activated when they recognize antigens which are
bound to classes of cell membrane glycoproteins, called major histocompatibility molecules

(MHC) (Medzhitov and Janeway, 2000).

When a naive Tc cell recognizes an antigenic peptide in association with a class | MHC
molecule on the surface of an antigen-presenting cell, it differentiates into effector cells, called
as cytotoxic T lymphocytes (CTLs) which induce rapid cell death of the pathogen (antigen)
presenting cell. Tc cells also express numerous inflammatory cytokines such as IFN-y and
TNF-o which facilitate pathogen control. On the other hand, Tn cells can be activated when
they recognize antigens presented on class-Il MHC molecules of antigen presenting cells
(APCs) such as dendritic cells or macrophages. Once activated, they ‘help’ the production of
antibodies from B cells, apart from aiding the cytotoxic function of CTLs (Janeway, 2001b;

Medzhitov and Janeway, 2000).

Apart from the generation of effector cells which mediate rapid pathogen control, the activated
lymphocytes of the adaptive immune system also generate a class of memory cells, which
survive in the host for a longer time after the pathogen is eliminated. Thus, these cells are

responsible for the phenomenon of ‘immunologic memory’ associated with the adaptive

4



immune system, which facilitates a more vigorous and faster response to subsequent infections

with the same pathogen (Kindt et al., 2012; Parkin and Cohen, 2001).

1.2 Salmonella

Salmonella is an intracellular, gram negative, rod shaped, facultative anaerobe which
belongs to the family Enterobacteriaceae (Coburn et al., 2007; Eng et al., 2015). The genus is
broadly classified into 2 species; Salmonella enterica and Salmonella bongori, the former of
which is divided into 6 subspecies based on their genome sequence analysis (Reeves et al.,
1989). Additionally, the subspecies are further categorized into serovars based on a scheme
proposed by Kauffman White. This system distinguishes the subspecies on the basis of 3 major
surface antigens; O antigen (represents the oligosaccharides present in lipopolysaccaharide
(LPS) of bacterial cell membrane), H antigen (determined based on flagellar proteins), and K
antigen (found only on capsular surfaces). Approximately 2500 serovars have been identified,
most of which belong to Salmonella enterica subspecies enterica, also referred to as

Salmonella enterica (Eng et al., 2015).

The infections caused by Salmonella enterica remain major threats for public health
worldwide, both in industrialized and underdeveloped countries. Salmonella enterica serovars
Typhi and Paratyphi can be referred to as typhoidal strains, which cause severe typhoid fever
and paratyphoid fever in humans, respectively (Hume et al., 2017). Salmonella enterica
serovar Typhimurium (S. Typhimurium) is the most studied non- typhoidal strain which causes
self limiting gastroenteritis in healthy individuals (Coburn et al., 2007; Haraga et al., 2008). It
is also the causative agent of most cases of invasive non-typhoidal Salmonella infection

(iINTS); often associated with immune suppression or impairment due to the burden of HIV



(Feasey et al., 2012). In such immunocompromised patients, iINTS can also lead to life

threatening septic shock thus requiring appropriate antibiotic therapy (Carden et al., 2015).

S. Typhimurium (ST) has a broad host spectrum and can thus cause natural infections in
animals. In susceptible strains of mice, such as C57BL/6J, it causes a systemic disease
associated with elevated temperature along with intestinal pathologies similar to those seen
during human typhoidal infections (Santos et al., 2001). Infections of mice with S.
Typhimurium can thus be considered as pertinent models for studying typhoid fever in
humans. Interestingly, the disease outcome varies starkly among different strains of mice.
Susceptible strains of mice (e.g. C57BL/6J, BALB/c) yield to infection rapidly even when
infected with 102 bacteria, whereas resistant strains of mice (e.g. 129SvJ) develop a chronic
infection which declines progressively, but is never completely resolved (Broz et al., 2012a).
The innate resistance to Salmonella in these strains of mice has been associated with the
presence of the functional natural resistance associated macrophage protein 1, NRAMP- 1
(Vidal et al., 1995). The NRAMP-1 protein actively pumps divalent cations from the
phagosome into the cytoplasm, thereby limiting ST from accessing important metabolic
cofactors (Gruenheid et al., 1999). Susceptible strains of mice have a mutation in the Nrampl
gene; which results in an accumulation of ions in the phagosome, favouring the intracellular

replication of pathogens (Vidal et al., 1995).

Even though the limitation persists that S. Typhimurium causes different disease conditions in
humans and mice, it must be remembered that by using knock out mice and performing in vivo
studies, this mouse model has provided insights into the innate and adaptive immune response

to Salmonella infections (Coburn et al., 2007; Santos et al., 2001).



1.2.1 Mechanism of infection

Oral ingestion of contaminated food or water; or close contact with an infected
individual are the common ways of acquiring Salmonella infection. In fact, Salmonella is one
of the most common pathogens isolated from contaminated food items inclusive of but not
limited to swine, cattle and poultry (Eng et al., 2015). The ingested pathogenic Salmonella
survives the inhospitable environment of the digestive tract and invades the intestinal mucosa.
It penetrates specialized epithelial cells, called microfold cells or M cells leading to the
internalization of the bacterium into antigen presenting cells such as macrophages and
dendritic cells where it survives and replicates (Monack et al., 2004; Tahoun et al., 2012). The
ability of macrophages and dendritic cells to migrate throughout the body promotes the
systemic spread of infection. Salmonella thus reaches secondary sites of infection such as
spleen, liver and bone marrow (Hume et al., 2017; Kaur and Jain, 2012). The ability of
Salmonella to resist the anti-bacterial mechanisms in host cells makes it a model organism to

study host-pathogen interactions.

1.2.2 Salmonella and its virulence

The pathogenesis of Salmonella reveals a distinct mechanism of the bacterium, wherein
it induces its own uptake into the host cells through a process called as phagocytosis (Garcia-
del Portillo and Finlay, 1994). The genetics defining this behavior can be attributed to gene
clusters located in the chromosomal DNA of Salmonella, called as Salmonella pathogenicity
islands (SPIs). Most important virulence genes are distributed within 12 SPIs; out of which
SPI-1 and SPI-2 code for Type Ill secretion system (T3SS) (Siriken, 2013). The effector
proteins of the T3SS are secreted from the bacterial cell into the host cytoplasm, thereby

allowing pathogen invasion and replication. The effector proteins of SPI-1 promote bacterial



entry into epithelial cells, whereas SPI-2 proteins promote the intracellular survival and
replication of bacteria in various types of cells (Hansen-Wester and Hensel, 2001; Hume et al.,

2017; Santos et al., 2003).

Following its engulfment into macrophages, Salmonella resides in a specialized vacuole-
called as the Salmonella containing vacuole (SCV). The SPI-1 T3SS effector protein SopB,
induces the extension of the epithelial cell membrane and ruffle formation, both required for
Salmonella entry (Lou et al., 2019). It also prevents the secretion of digestive enzymes in this
vacuole, thus facilitating bacterial survival. The SopB protein also appears to play an important
role in the influx of polymorphonuclear leukocytes (PMNSs) in the intestinal tract, besides
causing an alteration of ion balance within the cells, which leads to fluid accumulation and
consequent diarrhoea (Wallis and Galyov, 2000). Other SPI-1 effector proteins such as SipA
and SipC, trigger actin remodulation in the host cell membrane, thereby leading to the
formation of membrane channels for pathogen uptake (Hume et al., 2017). Yet another SPI-1
encoded gene, invA, has a pivotal role in bacterial invasion. It was shown that infection with
Salmonella Typhimurium which have a mutation in invA gene, result in non-functional T3SS
and therefore are unable to efficiently invade host cells and cause infection (Galan and Curtiss,

1991).

SPI-2 T3SS effector proteins such as SifA and SifB, stimulate the formation of Salmonella
induced filaments (SIFs) from the SCV, which are characteristic of the intracellular bacterial
replication (Abrahams and Hensel, 2006; Knodler and Steele-Mortimer, 2003). These proteins
also suppress the immune response of the host by limiting antigen presentation to DCs thus

allowing the systemic spread of infection (Waterman and Holden, 2003).



1.3 The inflammatory response

Inflammation is the body’s attempt to heal itself after injury or defend itself against
foreign invaders thus forming a vital part of the body’s immune response. Acute inflammation
IS seen in response to tissue damage or infection; however, persistent acute inflammation and
failure of tissue repair can result in chronic inflammation associated with pathological
conditions like arthritis, cardiovascular and autoimmune diseases (Majno and Joris, 2004;

Medzhitov, 2008).

The inflammatory response is initiated within minutes after bacterial invasion or tissue damage
and is characterized by vasodilation; bringing about increased blood flow into the damaged
tissue which causes more heat in the body along with the redness of the infected area. Apart
from this, vascular permeability of the blood vessels also increases, leading to leakage of fluids
from the blood vessels, which results in accumulation of fluids in the tissue causing it to swell
(Fullerton and Gilroy, 2016). Following this, phagocytes such as neutrophils and macrophages
pass through the blood capillaries by a process called as extravasation and arrive at the site of
inflammation. Phagocytosis of the invading pathogen brings about the release of inflammatory
modulators such as cytokines, reactive oxygen and nitrogen species, and antimicrobial
peptides, all of which contribute to amplify the inflammatory response (Kindt et al., 2012;
Medzhitov, 2008). Among other cytokines, TNF-a and IL-1p are known as the major pro-
inflammatory cytokines as they are highly pyrogenic and can upregulate the inflammatory
response to very high levels (Coondoo, 2011; Zhang and An, 2007). Even though the pro-
inflammatory cytokines are the most necessary mediators to initiate an inflammatory response;
they are transient molecules and an exacerbated production of these cytokines may be

deleterious and even lead to death of the host organism (Cavaillon, 2001; Dinarello, 2000).



Therefore, anti-inflammatory cytokines are a series of immunoregulatory molecules that are
required to supress the pro-inflammatory cytokine response. They include cytokines such as
IL-10, IL-4, IL-13 and transforming growth factor (TGF-B) (Dinarello, 2000; Zhang and An,

2007).

On the basis of thereof, in order to initiate an immune response, the pathogens first need to be
recognized by the immune system. A variety of receptors present on the surface of immune
cells have the capability to distinguish the self (host) from the non-self (pathogen) and only
recognize molecules which are typically absent in the host organism. These receptors called
pattern-recognition receptors (PRRs) detect pathogen associated molecular patterns (PAMPS),
which are broad structural motifs conserved within each microbial species. PRR-PAMP
interaction and downstream signaling results in the activation of innate immune cells which
promotes pathogen clearance and activation of the acquired immune response (Medzhitov,

2008; Medzhitov and Janeway, 1997).

1.3.1 TLRsignaling

A vast majority of pattern recognition receptors have been identified in mammals,
including Toll-like receptors (TLRs), RIG-I-like receptors (RLRs), NOD-like receptors
(NLRs) and AIM2-like receptors (ALRSs) (Akira et al., 2006). Among these, TLRs were the
first to be identified and have vital functions in immune response. TLRs are transmembrane
proteins which are predominantly expressed on the cell surface of immune cells such as
macrophages and dendritic cells; in addition to being expressed on non-immune cell types like

fibroblasts and epithelial cells (Kawasaki and Kawai, 2014).

TLRs contain an extracellular leucine-rich repeat (LRR) domain which provides site for ligand
binding on the receptor. Additionally, they also have an intracellular Toll/interleukin-1

10



receptor (TIR) domain which enables downstream signaling events by recruiting several
adaptor proteins (Medzhitov, 2001). Each TLR detects a distinct repertoire of PAMPS; thus
enabling the identification of a broad variety of viruses, bacteria and fungi by the immune

system.

Salmonella expresses several PAMPs such as lipopolysaccharide (LPS), recognized by TLR4,
flagellin which binds to TLRS5, and lipoproteins which are detected by TLRs 1/2/6 (Gilchrist
et al., 2015). Among these, LPS, is one of the best studied immunostimulatory components of
Salmonella. LPS first binds to a soluble protein, called lipid binding protein (LBP) which
facilitates the interaction between LPS and CD14; a co-receptor which modulates LPS
recognition and its subsequent transfer to TLR4. Another important protein, called as MD-2
appears to be associated with TLR4 and confers responsiveness to LPS (Schromm et al., 2001,
Shimazu et al., 1999; Wright et al., 1989). LPS binding to TLR4 activates two distinct signal

transduction pathways via recruitment of several downstream adaptor proteins (Figure 1).

The myeloid differentiation response gene-88 dependent pathway (Myd88), is responsible for
NF-kB gene transcription leading to the production of pro-inflammatory cytokines such as
TNF-a and IL-12 (Gilchrist et al., 2015; Medzhitov, 2001). Differentiation of naive CD4* T
cells into T cells is also stimulated by IL-12 secreted by phagocytes. These T cells produce
IFN-y which initiate a positive feedback mechanism by further enhancing the secretion of IL-
12 by dendritic cells and macrophages. Being a major consequence of TLR signaling, the
secretion of these cytokines facilitates bacterial control and clearance (Gilchrist et al., 2015;

Kawai and Akira, 2006)

Besides the MyD88 dependent pathway, LPS-TLR4 signaling also induces a Toll-interleukin-
1 receptor domain-containing adaptor-inducing IFN-B (TRIF) dependent pathway (Kawasaki
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and Kawai, 2014), which induces the activation of tank binding kinase (TBK-1) and IxB kinase
(IKK) which mediate the induction of type | interferons (IFN-1) through IRF-3 (Interferon
regulatory factor) phosphorylation (Figure 1) (Akira and Takeda, 2004; Baccala et al., 2007,

Hécker et al., 2011).

1.3.2 IFN signaling

Interferons (IFNs) are released by host cells in response to pathogens, causing nearby
cells to heighten their immune response. Type I, type 1l and type Il1 are the three definite IFN
families. Type I IFNs consists of IFN-a, IFN-B, IFN-¢, IFN-«, IFN-m, IFN-6 and IFN-t; among
which IFN-a/p have been most studied (McNab et al., 2015). The genes that encode for type |
IFNs are present on chromosome 9 in humans and chromosome 4 in mice (Pestka et al., 2004;
Platanias, 2005). On the other hand, type Il IFN includes only one type, IFN-y, which does not
have structural homology with type I IFNs. However, it was classified in the IFN family due
to its ability to ‘interfere’ with viral replication (Isaacs and Lindenmann, 1987). The type IlI
IFN family consists of IFN-A (1-4) inclusive of IL-29, IL-28A and IL-28B. As previously
described, LPS-TLR4 signaling can stimulate type | IFN production via phosphorylation of
IRF-3. Induction of type I IFNs (IFN-0/p) in mammalian cells brings about the binding of IFN-
o/ to a heterodimeric transmembrane receptor (IFNAR1 and IFNAR 2), which recruits
tyrosine kinases, Janus kinase 1 (JAK1) and tyrosine kinase (TYK2). Phosphorylation of the
receptor by these kinases provides a docking site for the recruitment of signal transducer and
activator of transcription proteins (STAT1 and STAT2). These proteins dimerize and associate
with IFN- regulatory factor 9 (IRF9) to form a trimolecular complex called IFN-stimulated
gene factor 3 (ISGF3), which translocates to the nucleus and binds to its cognate DNA

sequences known as IFN-stimulated response elements (ISRE) thus allowing the transcription
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of several interferon stimulated genes (ISGs) (lIvashkiv and Donlin, 2014; McComb et al.,
2014). In this way, type | IFN signaling acts as a primary barrier for viral infection by
interfering with the viral replication cycle besides acting as a precursor for activation of

subsequent immune responses (Au-Yeung et al., 2013; McNab et al., 2015).

In contrast to type | IFNSs, the biological effects of type Il IFN (IFN-y) are transmitted through
dimerization of the two subunits of its receptor (IFNGR-1 and IFNGR-2), followed by
subsequent recruitment of tyrosine kinases, JAK1 (to IFNGR1) and JAK2 (to IFNGR-2).
Activated kinases phosphorylate STAT1 on tyrosine residue 701 (Tyr 701), which leads to the
formation of a STAT1 homodimer, called gamma activated factor (GAF). This dimer
translocates to the nucleus and binds to gamma activated sequence (GAS) elements which are
present in the promoter regions of responsive genes to mediate transcription of IFN-y
associated genes required for protective immunity (Begitt et al., 2014; Boehm et al., 1997,
Platanias, 2005; Shtrichman and Samuel, 2001). STATL1 is the most important primary
transcription factor induced by IFN-y and this direct transcriptional activity of IFN-y is referred
to as the primary IFN-y response. The IFN-JAK-STAT pathway is thus a primary antiviral

system which is driven by several gene regulatory networks (Figure 1).
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Figure 1. Overview of major signaling pathways activated in response to LPS -TLR4
interaction.

LPS, which is the most studied pathogen associated molecular pattern (PAMP) in Salmonella
is recognized by Toll-like receptor, TLR4. LPS-TLR4 engagement transmits signals for the
activation of NF-xB and MAPKSs via formation of a complex consisting of MyD88 and TIRAP,
which induce pro-inflammatory cytokine production. Internalization of Salmonella and its
endocytic processing also triggers signal transduction through a TRIF dependent pathway,
recruiting TRIF and TRAM adaptor proteins, which phosphorylate IRF3, to induce the
production of type I interferons (IFNs). Type | IFNs bind to either subunit of a heterodimeric
transmembrane receptor, IFNAR, which recruits the binding of JAK1 and TYK2 to IFNAR1
and IFNAR2 respectively. Their activation phosphorylates STAT1 and STAT2, which form a
heterodimer and bind to IRF9 to form the ISGF3 complex. This complex translocates to the
nucleus and binds to ISREs present in the promoter regions of several interferon stimulated
genes (ISGs), to initiate gene transcription. On the other hand, binding of type Il IFN to its
receptor leads to the recruitment of JAK1 and JAK2, which lead to the formation of STAT1
homodimers. This dimer, called the Gamma-activated factor (GAF) translocates to the nucleus
and binds to Gamma activated sequences (GAS) in ISGs, thus enhancing pro-inflammatory
cytokine production. Additionally, type | IFNs can activate the p38 MAPK pathway in a
manner independent from activation of STATS to further facilitate pro- inflammatory cytokine
production.

LPS (Lipopolysaccharide); MyD88(Myeloid differentiation primary response 88); TIRAP
(TIR domain containing adaptor protein); NF-xB (Nuclear Factor kappa-light-chain-enhancer
of activated B cells); MAPK (Mitogen activated protein kinase); TRIF (TIR-domain-
containing adapter-inducing interferon-); TRAM (TRIF-related adaptor molecule); IRF
(Interferon regulatory factor); JAK (Janus kinase); TYK (Tyrosine kinase) ; STAT (Signal
transducer and activator of transcription); ISRE (Interferon stimulated response element).
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1.3.3 MAPK signaling

The MyD88 dependent pathway which is induced post LPS-TLR4 interaction, is
important for the induction of pro-inflammatory cytokines and other anti-microbial substances
via activation of NF-xB and other protein kinase pathways, such as mitogen activated protein
kinases (MAPKSs) (Kawasaki and Kawai, 2014). MAPKSs are a chain of proteins that
communicate signals from the receptor on the cell surface to the DNA in the nucleus of the
cell; thus directing cellular processes such as proliferation, differentiation, development, cell
cycle and cell death (Chang and Karin, 2001; Robinson and Cobb, 1997). These pathways are
known to be activated in response to a variety of stimuli including stress, DNA damage, UV
radiation and pro-inflammatory cytokines. In mammals, well studied typical MAPK pathways
consist of p38 protein kinases (p38a/p/y/d) , Extracellular signal regulated kinases (ERK1/2),
and c-Jun-N-terminal kinases (JNK), all of which are activated in a cascade manner wherein a
MAPK kinase kinase (MAP3K) activates a MAP2K, finally leading to the activation of a
MAPK via phosphorylation on threonine and tyrosine residues (English et al., 1999;

Strniskov4 et al., 2002).

1.3.3.1 Extracellular signal regulated kinases

The ERK signaling cascade is usually initiated by the activation of Ras subfamily of
GTPases which binds and activates Raf kinases which are MAP3Ks of the three-tier cascade
(Wellbrock et al., 2004). This is followed by the activation of MAP2Ks: MEK1/2, which act
as dual specificity kinases, phosphorylating tyrosine and threonine residues of ERKSs,
consequently causing their activation (Payne et al., 1991; Strniskova et al., 2002). ERK
proteins are conserved products of 2 genes with 85% sequence identity; a 44kDa ERK1 and

42kDa ERK2, which are co-expressed in virtually all tissues but with a remarkably variable
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relative abundance, ERK2 being the predominant isoform in brain and hematopoietic cells
(Vantaggiato et al., 2006). Once activated, ERKs can cause the activation of various
transcription factors such as Elk1, c-fos, p53 and c-Jun, which are important for the initiation
and regulation of proliferation and even oncogenic transformation (Shaul and Seger, 2007).
Furthermore, ERKSs can also activate classes of MAPK activated protein kinases (MAPKAPS)
such as Ribosomal S-6 kinases (RSKs) and Mitogen and stress activated kinases (MSKSs),

which can independently phosphorylate distinct sets of substrates (Shaul and Seger, 2007).

1.3.3.2 c-Jun-N-terminal kinases

JNKSs, also called as stress-activated protein kinases (SAPKS) were first recognized
as protein kinases that phosphorylate the transcription factor c-Jun within its amino-terminal
activation domain at Ser 63 and Ser 73 (Pulverer et al., 1991). As the name suggests, they are
activated in response to a variety of stress inducing stimuli besides UV radiation, epidermal
growth factor and heat shock proteins (Kyriakis et al., 1994). Activated JNK binds to amino
terminal domains of transcription factor c-Jun; which further binds to activator protein-1 (AP-
1) motifs leading to the expression of genes responsible for cell proliferation and cytokine
production (Dérijard et al., 1994; Strniskova et al., 2002). Additionally, activating transcription
factor-2 (ATF-2), Elk-1 and B-Cell Lymphoma Protein-2 (BCL-2) were also identified as
substrates of JNK phosphorylation (Gross et al., 1999; Gupta et al., 1995; Strniskova et al.,

2002).

1.3.3.3 p38 protein kinases
The p38 MAPK pathway is known to be activated in response to stress, inflammatory
stimuli or DNA damage (Kotlyarov et al., 1999). Low molecular weight GTP binding proteins

(GTPases) of the Rho subfamily, such as Racl, Ras and Cdc42, contribute to the activation of
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the MAP3Ks (MLK3, TAK1, ASK1 and some members of the MEKK family), which results
in the activation of the MAP2Ks, MKK3 and MKK®6. The p38 MAPK pathway is finally
activated by phosphorylation at threonine-180 and tyrosine-182 residues by these upstream
MAP2KSs. This leads to the activation of several other protein kinases such as MAP kinase-
interacting kinases MNK1/2, MAP kinase-activated protein kinases MK2/3 and MSK1/2, in
addition to transcription factors such as activating transcription factor (ATF2) (Fukunaga and
Hunter, 1997; Raingeaud et al., 1995; Strniskova et al., 2002). It has also been suggested that
the p38 MAPK pathway is activated in response to type | IFNs and that this activation is
mediated by small protein G-Racl in an IFN-a dependent manner (Figure 2) (Li et al., 2004;
Uddin et al., 2000). In addition to this, it has been proposed that the p38 MAPK pathway also
plays an important role in type | IFN-dependent gene transcription via ISRE or GAS elements.
However, neither the activation of p38 itself nor its downstream targets, MK2 and MK3
regulate the phosphorylation of STATS, suggesting that the ability of p38 to regulate type |
IFN-dependent gene transcription has a distinct mechanism from the phosphorylation of

STATSs (Li et al., 2004; Uddin et al., 2000).

One of the major downstream targets of the p38 MAPK pathway, MK2 has a role in many
cellular processes including inflammatory response, gene transcription and cell proliferation.
Studies with MK2 deficient mice have shown that these mice survived a challenge with
lipopolysaccharide (LPS) which was lethal for their wild type littermates and also displayed a
reduction in the maintenance of TNF-o, IL-10, and IL-6 suggesting that MK2 promotes
regulation of cytokines at a post-transcriptional level and thus can be targeted for specific anti-
inflammatory therapy(Kotlyarov et al., 1999). However, as an intact cytokine response is

essential for efficient host defense, it was assumed that the reduction in cytokine production
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may make the mice more susceptible to infection. This was observed in experiments carried
out in Mk2-deficient mice infected with Listeria monocytogenes, where Mk2- deficient mice
displayed diminished resistance to infection (Lehner et al., 2002). MK2 is also known to
regulate TNF-a biosynthesis by phosphorylating Tristetrapolin (TTP) at ser-52 and ser-178.
This leads to the inhibition of TTP dependent degradation of ARE elements of the TNF-a
mMRNA (Hitti et al., 2006). Furthermore, as MK2 plays an important role in the production of
inflammatory mediators such as I1L-6 and TNF-a which participate in intestinal inflammation,
MK2 is implicated in the pathogenesis of inflammatory bowel disease (Feng and Li, 2011).
Taken together, these studies implicate a high potential role of MK2 as a regulator of immune

responses.
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Figure 2. The p38 MAPK activation pathway.

A variety of stimuli, predominantly stress, DNA damage and pro-inflammatory cytokines can
activate the p38 MAPK pathway. Cellular intermediates such as Racl, Ras, Rho GTPases,
receptor adaptor proteins such as TRAFs (TNF-a receptor associated factors) transmit the
initial stimuli to instigate a signal cascade wherein a MAP3K (MEKK1/4, MLK3, TAKor
ASK1) phosphorylates a MAP2K kinase, such as MKK3 and MKK®6. This in turn
phosphorylates and activates the p38 MAPK. Once activated, the p38 MAPK regulates the
activation of several transcription factors involved in cellular responses including MNK1/2,
MK2/3 and MSK1/2. A major substrate of this pathway is MK2, which has a primary role in
regulating TNF-a biosynthesis by phosphorylating the post transcriptional factor,
Tristetraprolin (TTP), and inhibiting its ability to degrade TNF- a mMRNA.

All MAP3Ks are abbreviations for Mitogen-activated protein kinase kinase kinase); MAP2K
(Mitogen-activated protein kinase kinase; MAPK (Mitogen activated protein kinase); MNK1/2
(MAPK interacting protein kinase 1/2); MSK1/2 ( Mitogen and stress activated protein kinase
1/2) ; MK2/3 (MAPK - activated protein kinase 2/3).
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1.4 Cell death

The process of cell death is intricately linked with development in multicellular
organisms. The balance between cell death and cell survival is required to maintain a
homeostatic state in the body (Pasparakis and Vandenabeele, 2015). Pathogens such as
Salmonella have evolved mechanisms to manipulate the host cell machinery involved in
normal cell proliferation, development and cell death such that they ultimately benefit the

pathogen (Knodler and Brett Finlay, 2001).

Programmed cell death (PCD), or apoptosis is an induced and ordered process where a cell
brings about its own lysis, which is crucial for many physiological processes, including the
shaping of developing organs, cell renewal and lymphocyte selection. PCD is usually
considered as a silent form of cell death since the plasma membrane of these cells remains
intact and the intracellular contents are not released outside (Blander, 2014; Green et al., 2009).
However, cell death can also be ‘accidental’ that occurs in response to physical and chemical
insults or exceptionally harsh physicochemical conditions, such as extreme temperatures or
osmotic pressures (Galluzzi et al., 2015; Yang et al., 2015b). These forms of cell death include
but are not limited to necrosis, necroptosis and pyroptosis (Blander, 2014; Pasparakis and

Vandenabeele, 2015) .

Even though cell death may seem beneficial in the context of host defense; as the death of
infected cells reduces microbial infections and lowers the bacterial load, defects in the
signaling pathways that mediate cell death can result in hyper-proliferative diseases such as

cancer (Elmore, 2007; Long and Ryan, 2012; Norbury and Hickson, 2001).
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1.4.1 Apoptosis

Cells which undergo programmed cell death or apoptosis exhibit distinct
morphological changes such as cell shrinkage, membrane blebbing, chromatin condensation
and DNA fragmentation (Kerr et al., 1972). Apoptotic signaling cascades can be distinguished

into extrinsic and intrinsic pathways (Eum and Lee, 2011).

The extrinsic pathway is activated in response to extracellular factors, such as the binding of
death receptor (Fas) to its ligand, Fas ligand (Fas-L). Their complex brings about the
recruitment and cleavage of pro-caspase-8, to active caspase-8 which proceeds to cleave
(activate) caspase-3, which initiates the execution phase of apoptosis (Fadeel and Orrenius,
2005). On the other hand, the intrinsic pathway of apoptosis is activated in response to stress
or metabolic perturbations sensed by host cells. During this process, the mitochondria release
cytochrome C, as a result of activated B-cell lymphoma (BCL-2) family members BAX (BCL-
2-associated X protein) and BAK (BCL-2 antagonist/killer). The released cytochrome C binds
to apoptotic protease activating factor 1 (Apaf-1), which triggers the cleavage and activation
of pro-caspase-9 to active caspase-9 which further activates executioner caspases, caspase-3/7
leading to the display of morphological and biochemical hallmarks of apoptosis including the

formation of apoptotic bodies (Ghobrial et al., 2005).

Apoptotic bodies, formed as a result of membrane blebbing contain intact cell organelles or
cellular contents such as DNA. These entities are ‘eaten up’ by phagocytes by a process called
as efferocytosis which ensures that the intracellular contents of an apoptotic cell are not
released into the extracellular milieu; thus making it a ‘silent’ or non-inflammatory process

(Nagata and Tanaka, 2017; Ravichandran and Lorenz, 2007; Vandivier et al., 2006).
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1.4.2 Necrosis and necroptosis

In contrast to apoptosis, necrosis is usually instigated by a severe cellular insult and
refers to the changes associated with cell death post injury (Nagata and Tanaka, 2017; Yang
et al., 2015b). During necrosis, the injured cells swell, cause disruption of plasma membrane
and eventually burst which results in the release of intracellular contents including the damage
associated molecular patterns (DAMPs) which can trigger inflammatory reactions (Kono and

Rock, 2008; Wallach et al., 2016) .

Necroptosis is a highly regulated form of necrosis, which is usually activated by ligand binding
on death receptors such as tumor necrosis factor receptor (TNFR1 and TNFR2) and Fas. Cell
signaling in the absence of caspases, or when apoptosis is inhibited, results in the formation of
a ‘necrosome’ which predominantly contains the receptor-interacting protein kinase 1 (RIPK1)
and RIPK3. Autophosphorylation of RIPK3 within this complex, induces the recruitment and
phosphorylation of mixed lineage kinase domain like kinase (MLKL) (Wallach et al., 2016;
Yang et al.,, 2015b). Phosphorylated MLKL binds to phosphatidylinositol phosphates
(PIPs) leading to increased osmotic pressure in the cell, thereby promoting plasma membrane

rupture and subsequent host inflammation (Dondelinger et al., 2014).

1.4.3 Pyroptosis

Pyroptosis can be defined as caspase-1 or caspase-11 mediated cell death, associated
with excessive inflammation, and driven by the activation of inflammasomes during an innate
immune response (Bergsbaken et al., 2009; Jorgensen and Miao, 2015). This form of cell death
shares come characteristics with apoptosis, such as DNA fragmentation, nuclear condensation,
and caspase dependence (Bergsbaken et al., 2009). However, similar to necrosis, pyroptosis is

also characterized by rapid plasma-membrane rupture accompanied by the release of
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intracellular contents which leads to inflammation. As a result of this, caspase-1 dependent
cell death is called pyroptosis, where ‘pyro’, meaning fire, reflected the inflammatory nature
of this form of cell death, and ‘ptosis’, which means falling, is equivalent to the terms used for
other forms of programmed cell death (Cookson and Brennan, 2001). It has been reported that
a SPI-1 T3SS encoded protein Salmonella invasion protein B, (SipB), which is secreted and
translocated into host cells activates inflammasome signaling and pyroptosis (Hersh et al.,

1999).

In addition to caspase-1 mediated pyroptosis, a caspase-11 mediated pyroptotic pathway has
also been described which is activated in response to intracellular LPS or lipid A from gram
negative bacteria. Specifically, caspase-11 detects the hexa-acyl lipid A component of gram-
negative bacteria (Hagar et al., 2013). This activation of caspase-11 is relatively slower than
capase-1 activation and can take up to 24 hours to be detected (Broz et al., 2012b; Kayagaki
et al., 2011). The chief function of caspase-11 is to differentiate cytosolic bacteria from
vacuolar bacteria and absence of caspase-11 renders mice extremely susceptible to infection

by bacteria that escape the phagosome and reside in the cytosol (Aachoui et al., 2013).

As mentioned in section 1.3, several PRRs are known in mammals, which can sense various
PAMPs associated with the pathogen. Apart from the transmembrane receptors such as TLRs,
which recognize PAMPs present in the extracellular environment, the host immune cells also
have a distinct set of receptors which are adapted to recognize PAMPs present in the cytosol;
inclusive of RIG-I-like receptor (RLR), the AIM2-like receptor (ALR), and the nucleotide-
binding domain and leucine-rich repeat-containing (NLR) proteins (Takeuchi and Akira,

2010).
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1.4.3.1 Inflammasomes and secretion of IL-1

Among the cytosolic PRRs, certain subsets of NLRs and ALRs are known to form
multiprotein complexes called canonical and non-canonical inflammasomes which activate
pro-inflammatory caspases-1 and 11 respectively (Kayagaki etal., 2011, Martinon et al.,
2002). Activation of these caspases results in the production of proinflammatory cytokines IL-
1B and IL-18 along with stimulating lysis of the infected cell. Each inflammasome contains
either a caspase activation and recruitment domain (CARD) or a pyrin domain (PYD), which
recruits the adaptor protein, ASC whose CARD domain then activates caspase-1. To date, the
role of canonical inflammasomes, NLRP1, NLRP3, NLRC4 and AIM2 in inflammasome
signaling has been firmly established (Bergsbaken et al., 2009; Lamkanfi and Dixit, 2014; von

Moltke et al., 2013).

Two pioneer members of the NLR family include NLRP3 and NLRC4. The NLRP3
inflammasome is being extensively studied given its possible role in human diseases. It is
known to be activated in response to 2 distinct signals; the first signal provided by microbial
or endogenous molecules such as LPS, which induce formation of the inflammasome, and the
subsequent activation triggered by ATP, pore forming toxins or particulate matter (He et al.,
2016). On the other hand, the activation of the NLRC4 inflammasome is dependent on the
detection of bacterial virulence mediators such as flagellin and T3SS proteins (Broz et al.,
2012a). NLRC4 has a CARD domain which interacts with caspase-1 through the CARD
domain in caspase-1. On the other hand, NLRP3 has a pyrin domain (PYD) which is unable
to recruit caspase-1 but is able to interact with the adaptor protein apoptosis associated speck-
like protein containing a CARD (ASC) through its PYD domain. The presence of CARD

domain in ASC facilitates interaction with caspase-1, leading to inflammasome assembly and
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activation. Pro-caspase-1 is activated via autoproteolytic cleavage within this complex. Active
caspase-1 then cleaves the precursors of IL-1B and IL-18, induced by TLR signaling into
mature cytokines (Lamkanfi and Dixit, 2014). Along with this, active caspase-1 also cleaves
gasdermin D (GSDMD), which acts as an effector molecule for pyroptosis (He et al., 2015).
Caspase-1 cleavage divides GSDMD into two domains, GSDMD-N and GSDMD-C terminal
domains. GSDMD-N undergoes oligomerization and interacts with phosphoinositides found
on the cell membrane, thus inducing plasma membrane rupture and pore formation (Shi et al.,
2015; Zhang et al., 2018). It is through these pores that mature IL-1p and IL-18 are released
into the outside environment which trigger inflammatory responses in the host cell (Figure 3)

(Broz et al., 2012a; He et al., 2016).

Most gram-negative bacteria can also facilitate a caspase-11 mediated pathway to drive
pyroptosis and cleavage of IL-1p and IL-18 (Broz et al., 2012b; Case et al., 2013; Rathinam et
al., 2012). This caspase-11 driven pyroptosis is called the non-canonical inflammasome
pathway; which is typically activated in response to cytosolic LPS (Hagar et al., 2013;
Kayagaki et al., 2013). It was shown that caspase-11 can directly bind to LPS via its CARD
domain, without requiring any intermediate intracellular receptor (Shi et al., 2014).
Interestingly, it was also found guanylate binding proteins (GBPs) induced by type I IFNs can
modify the Salmonella containing vacuole which facilitates the entry of LPS from the SCV
into the host cell (Meunier and Broz, 2015). Active caspase-11 can either trigger
oligomerization of GSDMD-N or it can also cleave pannexin-1, which is a membrane channel
for ATP. This allows ATP to be released out of the cell via purinergic signaling, thus opening

P2X7 pores, which allow the release of pro-inflammatory cytokines (Yang et al., 2015a).
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Furthermore, caspase-11 also contributes to the activation of caspase-1 thus promoting the

secretion of IL-1p (Figure 3).

1.4.3.2 Significance of pyroptosis

Pyroptosis of infected cells abolishes the intracellular replicative niche of bacteria
and makes it more susceptible to killing by effector lymphocytes or other phagocytes such as
neutrophils. This process has therefore evolved as an important protective mechanism against
various pathogens (Lara-Tejero et al., 2006; Mariathasan et al., 2005; Molofsky et al., 2006).
IL-1pB secreted out of pyroptotic cells, is an endogenous pyrogen that induces fever apart from
stimulating leukocyte migration and chemokine production (Delaleu and Bickel, 2004). 1L-18
induces the production of IFN-y which is essential for T cell maturation and macrophage
activation (Nakanishi et al., 2001). The lytic death of the infected cell along with pro-

inflammatory cytokine production together modulate pathogen clearance and host defense.
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Figure 3. Canonical and non-canonical inflammasome pathways.

The activation of the best characterized canonical inflammasome, NLRP3, requires 2 signals.
The first signal is provided by microbial molecules(PAMPS) such as LPS from gram-negative
bacteria. PAMP/DAMP mediated activation of TLR4, induces the upregulation of NLRP3
and pro-IL-1p, through the activation of the transcription factor, NF-xB. The second signal is
provided by a plethora of stimuli, including potassium efflux, reactive oxygen species (ROS),
or ATP, which recruit pro-caspase-1 to the inflammasome. The fully activated NLRP3
inflammasome brings about the activation of caspase-1, which cleaves pro-IL-1p to its mature
form, which is secreted out of the cell. Moreover, active caspase-1 also causes oligomerization
of the N-terminal regions of Gasdermin D (GSDMD) , which forms pores in the plasma
membrane thus resulting in pyroptosis of the cell. On the other hand, cytosolic LPS from gram-
negative bacteria can activate the non-canonical inflammasome via caspase-11. Active
caspase-11 then triggers pyroptosis by cleaving GSDMD, along with facilitating IL-1p
secretion.
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1.5 Autophagy

Autophagy is the natural, regulated process for degradation and recycling of cytoplasmic
components, including misfolded proteins, dysfunctional organelles or invading pathogens
(Yu et al.,, 2018). It does so by separating these cytoplasmic constituents into double-
membrane vesicles, called autophagosomes which fuse with available lysosomes, to form
autolysosomes. Within these structures, the engulfed materials are then degraded by the
lysosomal proteases, and small-molecule substances such as amino acids and fatty acids are
released for recycling, so as to maintain cellular homeostasis (Hurley and Young, 2017; Yu et

al., 2018).

Autophagy begins with the formation of a pre-autophagosome, which is formed as a result of
budding of a small portion of the membrane off the endoplasmic reticulum. The development
of the pre-autophagosome is regulated by several proteins, called autophagy related genes
(ATGS). The Unc-51-like kinase (ULK1) complex which consists of ULK1, ATG13, ATG101
and focal adhesion family kinase-interacting protein of 200 kDa (FIP200), are important for
the induction of autophagy and pre-autophagosome formation (Mizushima, 2010).
Autophagosome formation is also chiefly controlled by mammalian target of rapamycin
complex (mMTORC1); as under normal conditions, ULK1 and ATG13 are phosphorylated by
mTORC1 preventing the formation of the pre-autophagosome. However, inhibition of mTOR
by nutrient deprivation or treatment with rapamycin, leads to the interaction between ULK1
and AMPK, which in turn recruits the type 111 Phosphoinositide 3-kinases (PI3K), VPS34 to
promote the development of autophagosome (Mizushima, 2010; Yue and Zhong, 2010).
Elongation of the autophagosome also requires a ubiquitin-like conjugation system, the Atg12-

Atg5-Atgl6L1 complex, which allows elongation of the phagophore, targets substrates and
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proteins to ubiquitin binding adaptors such as sequestosome-1 (p62), and also provides site for
the recruitment of another ubiquitin-like conjugation system, the microtubule associated
protein 1 light chain 3 o/f (MAPILC3A/B, short for LC3) (Hu et al., 2019). LC3-1 is
conjugated to membrane lipid phosphatidylethanomine (PE) by ATG3 and ATG?7, to form
LC3-I1, which brings about the closure of the autophagosome. Following this step, the mature
autophagosome fuses with lysosomes with the help of small GTPase, Rab7 and SNARE
proteins; which brings about the degradation of targeted contents by lysosomal hydrolases (Hu

etal., 2019).

1.5.1 Consequences of autophagic machinery

It has been reported that autophagy can provide an innate immune defense mechanism
against various bacterial pathogens, and dysregulation of autophagy would make the host more
susceptible to bacterial infections (Birmingham et al., 2006; Castillo et al., 2012). For instance,
S. Typhimurium uses type three secretion systems (T3SS) to invade mammalian cells and
replicate in Salmonella-containing vacuoles (SCVs). However, a small population of
Salmonella is unable to establish a stable SCV, and thus, is released into the cytosol, where it
is decorated by a layer of polyubiquitin proteins, which are recognized by ubiquitin binding
adaptors such as p62. Apart from p62, nuclear dot protein 52 (NDP52) are also recruited to
Salmonella, which finally targets them towards autophagy which limits the growth of the
pathogen in host cells. Therefore, this process of autophagy, called, Xenophagy, is considered
to protect the cytosol of eukaryotic cells from bacterial colonization (Birmingham et al., 2006;

Scheidel et al., 2016).

The process of Xenophagy is highly regulated by the AMPK-mTOR pathway. In brief, AMPK

which is activated in response to stress signals such as low glucose, hypoxia, ischemia, and
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heat shock is known to initiate pathways that replenish cellular ATP levels, such as autophagy
(Carling et al., 2011). The AMPK pathway does so by suppressing the activation of mMTORC1.
In this context, intracellular Salmonella has a capability to disrupt the AMPK pathway by
promoting the lysosomal degradation of AMPK complex through the T3SS mediated effector
ssrB; thus activating mTORC1 and hindering the host autophagy-mediated bacterial clearance

(Ganesan et al., 2017).

Apart from providing protection against various pathogens, autophagy also controls the
secretion of pro-inflammatory cytokines such as IL-1fB and IL-18 (Ko et al., 2017). It was
revealed that autophagy provides a route for pro IL-1p to be sequestered into vesicles, which
are targeted to autophagic machinery bringing about degradation of IL-1p. Inhibition of
autophagy leads to enhanced activation of the inflammasome and subsequent secretion of IL-

1B (Harris et al., 2011; Kanneganti et al., 2006).

1.6 Rationale

In some instances, chronic viral infection has been shown to predispose the host to
bacterial invasion through dysregulation of cytokine expression and immune cell death thus
leading to immune suppression (Almand et al., 2017). Even though type | IFN signaling is
primarily antiviral in nature (ref. section 1.3.2); its role in bacterial pathogenesis remains
unclear. The presence of type | IFNs can lead to protection against some bacteria (E. coli,
GBS) (Mancuso et al., 2007); conversely bringing about exacerbation of other infections (L.
monocytogenes, S. Typhimurium) (Auerbuch et al., 2004; Robinson et al., 2012). Previous
research in our laboratory has indicated that Ifnar1-deficient mice in comparison to their WT
counterparts are more resistant to infection with S. Typhimurium. As STAT1, STAT2 and

IRF9 are engaged in the downstream signaling of IFNARL1 in the type I-IFN pathway, we were
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interested to explore the impact of their deficiency on host survival during infection with S.

Typhimurium.

Furthermore, as the p38 MAPK pathway is also known to be activated in response to type |
IFN signaling (Li et al., 2004), and the fact that p38MAPK impacts the expression of various
cytokines (Bachstetter and Eldik, 2010; Baldassare et al., 1999; Cuenda and Rousseau, 2007),
we wanted to investigate whether the enhanced resistance of Ifnarl-deficient mice to a

challenge with ST is related to the modulation of the p38MAPK pathway.

1.7 Hypothesis
We hypothesized that, p38 MAPK promotes type I-IFN expression, which leads to the

susceptibility against a challenge with Salmonella Typhimurium.

1.8 Objectives
1. Todetermine the mechanism through which type-I IFN exacerbates bacterial infection.
2. To unravel the role of p38-MAPK-MK?2 axis in modulating response to bacterial

infection.
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2. MATERIALS AND METHODS

2.1 Mice

All mice used in the experiments were housed at the University of Ottawa’s Animal
facility and maintained in accordance with the guidelines laid down by the Canadian Council
on Animal Care (CCAC). The mice that were obtained from Jackson Laboratory (USA)
include, WT C57BL/6J (Stock #000664), Statl~~ (Stock #012606), Stat2~~ (Stock #023309),
Ifn-y~~ (Stock #002287), NIrp3~~ (Stock #021302) , Aim2~~ (Stock # 013144) and 11-10~~
(Jax #002251). B6.Ifnarl 7~ mice , a kind gift from Kaja Murali-Krishna, Emory University,
Atlanta. Irf9~~mice were provided by Dr. Karen Mossman, McMaster University, Hamilton,
ON, Canada. Bone marrow from B6. NIrc4~~ was provided by Dr. Jenny P. Ting (University
of North Carolina). Caspase-1/11~~ and Caspase-11~~ mice were provided by Dr. Richard
Flavell, Yale University, Connecticut, USA. Mk2~~mice were obtained from Dr. Matthias
Gaestel, Hannover Medical School Germany. B6.Stat1~~1rf9~~ and B6.lfn-y~"1rf9~~ double
knockout mice were generated by crossing corresponding single knock-out mouse lines.
Heterozygous breeding strategy was used to maintain Mk2~~ mice as homozygous knock-outs
are not as efficient breeders. All protocols and procedures carried out on the mice were
approved by the University of Ottawa Animal Care Committee and Ethics Board. The mice
used for experiments were all age and sex-matched. Except where otherwise stated, all

knockout lines were on a C57BL/6J genetic background.

2.2 Bacterial strain
SL1344 strain, Salmonella enterica serovar Typhimurium (ST) was used for infections.

Initially, the bacteria were grown in LB broth containing streptomycin at 37°C. Their
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concentration was determined by assessing colony forming units (CFU). They were then

frozen in culture medium containing 20% glycerol and stored at -80°C as 1mL aliquots.

2.3 Invivo infection and assessment of bacterial burden

For in vivo infection, C57BL/6J mice were infected intravenously with 200 CFU of the
wild type Salmonella. ST WT was suspended at 2 x 10> CFU/mL in cold phosphate buffer
saline (PBS) and 100uL was injected into each mouse via the lateral tail vein. Bacterial burden
was measured in the spleens collected from mice euthanized at day 4/5 post-infection, as
required. The spleens were homogenized using frosted end glass slides (Fisher Scientific #12-
550-343) and re-suspended in 10mL of Roswell park memorial institute (RPMI) medium
(Gibco 31800089), with 8% Fetal bovine serum (Gibco 12483020) and 50uM 2-
mercaptoethanol (Gibco 21985023) without any antibiotics, hereafter called as R8 media.
These suspensions were serially diluted several times and 100ul was plated onto Luria
broth (LB) agar plates with streptomycin to enhance specificity; as this strain of Salmonella is
resistant to streptomycin (Pezzella et al., 2004). The agar plates were incubated at 37°C for

18-24 hours and the colony forming units (CFU) were counted visually.

2.4 Generation of bone marrow derived macrophages

Murine bone marrow derived macrophages (BMDMSs) were used in all sets of in vitro
experiments. To culture these cells, mice were first euthanized using CO2 followed by cervical
dislocation. They were sprayed thoroughly with 70% ethanol and a small incision was made
near the hind limbs using a pair of scissors and forceps. The fur around the hind limbs was
removed and the limbs were thus cut out. The muscle tissue surrounding the limbs was
removed and the bones were extracted. By using a 26-gauge needle (BD Biosciences

#309625), bone marrow cells were then flushed out of the bones through a 100 um strainer
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(Fisher Scientific #22363549) into an empty 50mL falcon tube. Following centrifugation, the
cell pellet was resuspended in RPMI medium containing 50pg/mL gentamicin and the number
of cells were counted using a haematocytometer. Subsequently, 50 mm plastic petri dishes
were coated with 5ng/mL of macrophage colony stimulating factor (M-CSF) (R&D Systems
#416-ML-010). In order to avoid crowding of macrophages, MCSF was evenly spread using
an L-stick (Sigma-Aldrich #SPR-L-S10). Approximately, 10-15 x 10" million cells were
added to each petri dish. R8 media containing gentamicin was also added on top of the cells,
the final volume in each petri plate being 10mL. The cells were allowed to differentiate into
macrophages for 6 days by incubation at 37°C. On an average, about 2 million BMDMs can

be harvested from each plate from days 6-9 and used for experiments.

2.5 Invitro infection

After 6 days of differentiation, BMDMs were collected from petri dishes. To do so, the
R8 media was aspirated out from the petri dishes, and the cells were washed once with PBS.
Next, 5-10mL of PBS was added to the plates, and using a cell scraper, the cells were lifted
off the plate into an empty 50mL falcon tube. Following centrifugation at 500g for 5 minutes,
the cell pellet was resuspended in R8 without gentamicin, and the number of cells were
counted. A minimum of 3 X 10° cells were seeded into each well of a 24 well flat bottom
plate (Fisher Scientific #353047); or 10° cells/well of a 96 well flat bottom plate. These plates
were incubated at 37°C overnight; to ensure that the cells are properly adhered to the wells and
to avoid infecting/treating the cells when stressed. The following day, the vial of Salmonella
was taken from -80°C and allowed to thaw. It was then centrifuged down, the glycerol was
removed, and the pellet was re-suspended in R8 media without any antibiotics. Different

multiplicities of infection (MOIs) were made from it and used for infections. As per
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standardized protocols in the lab, a MOI of 10 was used to detect cytokine and protein
expression; whereas higher MOIs (50,100) were used to analyze cell death. The bacteria were
added to the wells, and the plate was spun down at 2500 RPM for 6 minutes. Following an
incubation of 30 mins at 37°C, the media with the bacteria was aspirated out and R8 media
with 50pg/mL of gentamicin was added to all the wells, to eliminate any extracellular bacteria.
This plate was again incubated for an additional 2 hours at 37°C, after which the media was
replaced with R8 with a lower concentration of gentamicin (10pg/mL). The infection was then

allowed to proceed for desired timepoints (30 minutes, 3/6/24 hours) as required.

In some experiments, the cells were pretreated with a variety of agonists/inhibitors along with
ST. In these cases, the chemicals were added to the cells 30 minutes prior to the infection, and
consequently at every step when the cells were infected and/or the media was replaced. All

inhibitors/agonists used have been outlined in Table 1.
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2.6

Table 1. Inhibitors and agonists used for experiments.

Inhibitor/Agonist

Source

Notes

Recombinant mouse IFN-B | PBL Interferon source

MCC950

Ultra-pure LPS (E. coli

(Cat. # 12400-1)
Caymen chemical
(Cat. # 17510)
Sigma-Aldrich

IFNAR agonist
NLRP3 inhibitor

Cell wall component of |

055:BS) (Cat. # 1.4524) gram-negative bacteria
used to stimulate TLR4 |
1Y2228820 Selleckchem p38 MAPK inhibitor
| (Cat. # S1494) ‘ |
Purified NA/LE Rat Anti- BD Biosciences Neutralizing antibody for

Mouse IL-10

(Cat. # 554421)

IL-10

SB 747651A Tocris MSK /2 inhibitor
dihydrochloride (Cat. # 4630)
Selleckchem ERK /2 inhibitor
HOIZEEOH (Cat. # S1102)
Torin Cayman Chemicals, Inducer of autophagy
, ~(Cat# 10997) ,
Rapamycin LC Laboratories Inducer of autophagy

(Cat. # R-5000)

Hydroxychloroquine Sigma-Aldrich Inhibitor of autophagy
sulfate (HCQ) (Cat. # H0915)
Bafilomycin Al Sigma-Aldrich Inhibitor of autophagy

from Streptomyces griseus

(Cat. # B1793)

Note: All inhibitors/ agonists were diluted in R8 from stock.

Cell death

Two different assays were used to measure cell death, both performed at 16-24 hours

post ST infection.

2.6.1 Neutral Red assay

In this method, a solution of 5% Neutral red dye in RPMI was made (Sigma-Aldrich
#N2889). Neutral red is a cationic dye which concentrates in the lysosomes of viable cells.
Therefore, as the cells die, their ability to uptake the dye decreases. To avoid formation of
crystals, the prepared solution of neutral red was passed through a 0.22um filter (EMD
Millipore #SLGO033SS), and then added to the cells. The plate was incubated for 15-45 minutes

at 37°C. Post-incubation, the dye was removed, and the cells were washed once with PBS.
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Finally, the dye was extracted from the cells by addition of a solubilization agent (consists of
acetic acid and ethanol in water).The absorbance of the dye was measured at 570 nm using a
FilterMaxTM F5 plate reader. The absorbance was directly proportional to the viability of

cells.

2.6.2 Zombie yellow assay

Staining of cells with Zombie Yellow™ (BioLegend, San Diego, CA) followed by flow
cytometric analysis was also used as one of the methods to determine cell death. In this assay,
the cells were first washed with PBS, and then a solution of Zombie Yellow™ (1:100 in PBS)
was added. This plate was incubated in the dark for 30 minutes at room temperature, after
which the cells were washed once again with PBS. Finally, 1% paraformaldehyde (PFA) was

used to fix the samples, which were then acquired on LSR Fortessa flow cytometer.

2.7 Cytokine analysis

Cytokines were measured by Enzyme-linked immunosorbent assays (ELISAS), in the
supernatants of ST infected macrophages collected 6 (TNF-a) and 24 hours (IL-1p, IL-10 and
IL-12) post-infection. All ELISAs were performed using commercial kits (Table 2).
Essentially, all ELISAs had the following steps: Special, extra-high binding 96-well plates
(Fisher Scientific #14245153) were coated with 50uL of capture antibody against the antigen
of interest. These plates were left in 4°C overnight; after which they were washed 3 times with
PBS-T (1X PBS and Tween 20 in H20-Wash buffer). 150uL of blocking buffer (10% FBS in
PBS for IL-10, IL-12,and IL-10; and 1%BSA in PBS for IL-1B) was then added to all the
wells. Following incubation for 1 hour at room temperature, the plates were washed with
PBS-T thrice, and 50uL of culture supernatants were added to the respective wells along with

the addition of standards. Post-incubation for an additional 2 hours, the plates were washed 5
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times with PBS-T and 50uL of detection antibody conjugated with streptavidin-HRP was
added to all the wells and incubated for 1 hour in the dark. Finally, the plates were washed
again for 5 times with wash buffer and 50uL of tetramethylbenzidine (TMB) (Invitrogen
#2023) was added and incubated in the dark for up to 20 minutes, depending on the
development of colour in the standards and the samples. At the appropriate time, the reaction
was stopped by addition of 25uL of stop solution (2N sulphuric acid in H20 ). The absorbance
of the plate was measured at 450nm on FilterMaxTM F5 plate reader and the data was analyzed

using SoftMax Pro software and Graphpad Prism 8.

Table 2. ELISA kits used in the experiments

Cytokine | Source | Catalog number
Mouse TNF-a BD OptEIA™ 555268
Mouse IL-1f3 .~ R&D Systems | DY401
Mouse IL-10 | BD OptEIA™ | 555252
Mouse IL-12 | BD OptEIA™ | 555256
Mouse IL-6 BD OptEIA™ | 555240

2.8 Western Blotting

BMDMs that were seeded on day 6/7 of differentiation, were infected with ST the next
day. The cell lysates were collected at desired timepoints post-infection. The entire procedure
of lysate collection was performed on ice. At first, the supernatants were removed, and the
cells were washed with cold PBS. 1% Sodium dodecyl sulfate (SDS) lysis buffer with -
Mercaptoethanol was used to lyse the cells and the lysate was collected in 1.5mL Eppendorf
tubes. The lysates were instantly boiled at 96°C for a period of 5 minutes to minimize

degradation of proteins and were then stored at -20°C for future use. The cell lysates were run
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on different percentages of polyacrylamide gels, depending on the size of the protein of
interest. About 15-20uL of lysate was added to the wells and the gel was run at 130 V for 75
minutes. The proteins were then transferred onto a polyvinylidene fluoride (P\VDF) membrane
by running the transfer process at 100V for 1 hour. The membranes were then blocked for 30
minutes-1 hour on the shaker with blocking buffer (either 5% skim milk in Tris Buffered Saline
Solution (TBS) with 0.5% Tween- 20 (TBST) or 5% bovine serum albumin (BSA) in TBST).
Primary antibodies diluted in appropriate blocking buffer were added to the membranes and
incubated overnight on the shaker at 4°C. The following day, the primary antibody was
restored to 4°C and the membranes were washed thrice with TBS-T for a period of 10 minutes.
Subsequently, appropriate secondary antibodies diluted in blocking buffer were added to the
membranes and left on the shaker for 45 minutes; after which the membranes were washed
with TBST in a similar manner as before. Different substrates were used to visualize protein
expression on photosensitive films- Luminol ECL substrate (Thermo Scientific #32106), Pico
plus (Thermo Fisher #34580) or the highly sensitive West Femto ECL substrate (Thermo
Scientific #34095) was used depending on the level of protein expression. The primary and

secondary antibodies that were used are mentioned in Table 3.
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Table 3. Primary and secondary antibodies used for western blot analysis.

Antibody Source
Rabbit anti-IKK o/ Cell signaling
(Cat. # 2370)
Rabbit anti-phospho-IKKo/f Cell signaling
(Cat. # 2697)
Rabbit anti-NF-kB p65 Cell signaling
(Cat. # 8242)
Rabbit anti- phospho-NF-«kB p65 Cell signaling
(Cat. # 3033)
Rabbit anti-p38MAPK Cell signaling
(Cat. # 8690)
Rabbit anti-phospho- p38MAPK Cell signaling
(Cat. # 4511)
Rabbit anti-MK2 Cell signaling
(Cat. # 3042)
Rabbit anti-phospho-MK2 Cell signaling
(Cat. # 3007)
Rabbit anti-p44/42 MAPK Cell signaling
(ERK1/2) (Cat. # 4695)
Rabbit anti-phospho-p44/42 Cell signaling
MAPK (ERK1/2) (Cat. # 4370)
Rabbit anti-NLRP3 Cell signaling
(Cat. # 15101)

Rat anti-caspase-8 ENZO

(Cat. # 1G12)

Mouse anti-caspase-1 Santa cruz

Rat anti-caspase-11
Rabbit anti-TAK1
Rabbit anti-phospho TAK1
Rabbit anti-total MSK1
Rabbit anti- phospho MSK1
Rabbit anti- Tristetraprolin
Rabbit anti- A20

Rabbit anti- total INK

(Cat. # SC-56036)
Novus biologicals

(Cat. # 10454)
Cell signaling
(Cat. # 52065)
Cell signaling
(Cat. # 9339s)
Cell signaling
(Cat. # 3489)
Cell signaling
(Cat. # 9595)
Cell signaling
(Cat. # 71632)
Cell signaling
(Cat. # 5630)
Cell signaling
(Cat. # 9252)
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Rabbit anti-phospho JNK Cell signaling
( Cat. # 9251)

Rabbit anti-LC3B Cell signaling

(Cat. # 2775)

Rabbit anti- SQSTM1/P62 Cell signaling
(Cat. # 5114)

Rabbit anti- ATG16L1 Cell signaling
(Cat. # 8089)

Mouse anti-f3-actin Cell signaling
(Cat.# 3700)

Goat anti-rabbit, HRP-linked Cell signaling
antibody (Cat. #7074)

Horse anti-mouse, HRP-linked Cell signaling
antibody (Cat. #7076)

Goat anti-rat, HRP-linked Cell signaling
antibody (Cat. #7077)

2.9 Type |l IFN bioassay

A luciferase reporter assay was used to determine levels of type-lI IFN in culture
supernatants of ST infected macrophages. This assay is convenient, relatively inexpensive and
gives quantitative measurements instantaneously. An L929 cell line obtained from Dr. Bruce
Beutler (University of Texas, USA) was used for this assay. This cell line contains the
regulatory region of interferon sensitive response element (ISRE) cloned upstream of a
luciferase reporter. L929-1SRE cells were seeded in a 96 well plate at a concentration of 50 x
10° cells/well, overnight. The next day, SOuL of the ST infected supernatants were added to
the wells and incubated at 37°C for 4 hours. The cells were then washed with PBS and lysed
with 25uL of 1X lysis buffer provided in the luciferase assay system kit (Promega#E1500).
100uL of luciferase assay reagent was added to the wells and luminescence was measured
using FilterMaxTM F5 plate reader and the data was analyzed using SoftMax Pro software

and Graphpad Prism 8.
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2.10 Measurement of Nitric oxide

The Griess assay was used to measure the amounts of nitric oxide(NO) produced in the
culture supernatants of ST infected macrophages. The kit used for this assay was bought from
Thermo Fisher Scientific (#G7921). The Griess reagent was made by combining equal
volumes of N-(1-Naphthyl)ethylenediamine and sulfanilic acid. In a 96 well plate, 10uL of
Griess reagent was added along with 65ul. of deionized water and 75uL of samples or
standards. The plate was then incubated at room temperature for 30 minutes. The addition of
all the components, results in a diazotization reaction which yields an azo chromophore, that
can be spectrophotometrically detected at 570nm using a plate reader. The amounts of NO

produced were analysed using SoftMax Pro software.

2.11 Immunofluorescence

Immunofluorescence was performed on ibidi-treated coverslips, cut to 1 cm? (ibidi, Cat.
#10814), which were deposited into 24 well plates. Cells were seeded onto coverslips 24 hours
before infection. After 6 hours of infection, the cells were rinsed with 1X PBS then fixed in
4% paraformaldehyde in PBS for 15minutes. Cells were then permeabilized with
50 ug ml ! digitonin (Sigma, #D141) in PBS for 10 minutes. Blocking was performed in 1%
BSA and 2% serum in PBS for 30 minutes, following which, the cells were incubated with
anti-LC3B (PMO036) from MBL (1:1500) in the blocking buffer overnight at 4°C. Slides were
then washed three times with PBS and incubated with Anti-rabbit IgG (H+L), F(ab")2 Fragment
-Alexa Fluor® 647 Conjugate (1:1000; Cell Signaling, #4414) in blocking buffer for
30 minutes. The cells were also stained with Hoechst (2.5ug/mL, Invitrogen) for about 15

minutes at room temperature. They were then washed three times with PBS and mounted onto
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glass microscope slides with ProLong Gold Antifade (Invitrogen). Immunofluorescence

images were captured with an inverted Zeiss AxioObserver Z1.

2.12 Statistical analysis

All statistical analysis were carried out using SoftMax Pro software and graphs were
made using GraphPad Prism 8 software. The error bars depict standard error of the
meanzs.e.m. All values were compared using one-way ANOVA or paired/unpaired t-test
depending on the number of variables involved and the factors to be compared. The individual
figure legends indicate the statistical test used for analysis where *p<0.05; **p<0.01;

***p<0.001; ****p<0.0001 ns — nonsignificant.
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3. RESULTS

3.1 Delineation of the mechanism through which type-1 IFN exacerbates bacterial

infection

3.1.1 IFNARL1 induces rapid host susceptibility to ST

Type | IFNs have varied roles in controlling bacterial infections (Auerbuch et al., 2004;
Mancuso et al., 2007). However, the mechanism and the role of type I IFNs in regulating
bacterial pathogenesis has not been fully established. In response to a challenge against
Salmonella typhimirum (ST), it has been shown before that type | IFN signaling is detrimental

to host survival (Robinson et al., 2012).

To this end, our first experiment aimed to reiterate this piece of data. We performed an in vivo
experiment, wherein, WT and Ifnarl- deficient mice were injected with 200 CFU of ST
intravenously, and their survival was monitored. We also assessed their bacterial burden post
5 days of infection. We observed that WT mice succumbed early to infection with ST, whereas
Ifnarl- deficient mice were able to survive for a relatively much longer period of time (Figure
4 A). This also correlated with the reduced bacterial burden seen in the spleens of Ifnarl-
deficient mice, indicating that type I IFN signaling results in poor control of ST (Figure 4 B).
As ST resides in the phagosomes of infected cells, and the development of an acquired immune
response is delayed against phagosomal pathogens in general (Luu et al., 2006; Srinivasan et
al., 2004), it is most likely that the increased resistance of Ifnarl- deficient mice is related to

a modulation of the innate immune response.

MyD88 and TRIF are key signaling adaptor proteins that play a major role in facilitating the
expression of pro- and anti-inflammatory cytokines/chemokines following PAMP-PRR
engagement. For instance, type | IFNs are mainly expressed as a result of TRIF activation via
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the endosomal processing of Salmonella (H&cker et al., 2011). We therefore evaluated the
impact of these signaling adaptors in response to ST infection. As indicated in Figure 5 A,
Myd88~~ and Myd88~-Trif~~ deficient mice had very high bacterial burden, whereas Trif~~
mice had a lower bacterial burden in comparison to WT. However, the magnitude of reduction
observed in Trif~~ mice was much lower in comparison to that observed in Ifnarl-deficient
mice. We also challenged macrophages cultured from these mice with ST in vitro, and
measured cytokine production in the supernatants by ELISAs; 24 hours post-infection. Loss
of MyD88 or Trif resulted in reduced IL-10 production whereas IL-12 production and IL-1p
production was highly dependent on MyD88 (Figure 5 B-D). Overall, these results indicate
that type I IFNs indeed make the host more susceptible to ST , with MyD88 having a dominant

role in bringing about this response.
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Figure 4. Type | IFN signaling is detrimental to host survival.

A) WT and Ifnarl-deficient mice were infected intravenously with 200 CFU of ST as
described in experimental methods and their impact on survival was monitored.

B) In order to determine the bacterial burden in these mice, spleens were collected from them
at day 5 post-infection and homogenized with frosted end glass slides. The splenocytes were
resuspended in 10 mL R8 medium. These suspensions were serially diluted several times and
100uL from each dilution was plated onto LB + streptomycin plates. They were incubated at
37°C overnight after which the colony-forming units (CFUs) were counted visually. Graph
shows the difference in the bacterial burden between the two groups of mice where each dot
represents a single mouse.

Representative data of one experiment of at least two similar experiments is shown, with a
minimum of 3 mice per group in each experiment. Statistical significance was calculated by
unpaired student’s t-test using GraphPad Prism 8 software; where **p<0.01.
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Figure 5. TRIF promotes host susceptibility and inhibits IL-1p production post ST
infection.

A) WT, MyD88~~, Trif7~,and MyD88~~Trif~~ mice were infected intravenously with 200 CFU
of ST as described in the experimental methods. At day 4 post-infection, mice were euthanized,
and their spleens were collected and homogenized. The splenocytes were then resuspended in
10 mL R8 medium and the suspensions were serially diluted several times and 100uL from
each dilution was plated onto LB + streptomycin plates. They were incubated at 37°C
overnight after which the colony-forming units (CFUs) were counted visually. Graph shows
the bacterial burden observed in the indicated groups of mice, where each dot represents a
single mouse. Representative data of one experiment of two similar experiments is shown,
with at least 3 mice per group in each experiment.

(B-D) Bone marrow derived macrophages were generated from WT, MyD88~~, Trif~~ and
MyD88~~Trif~~ mice as described in experimental methods. At day 6 of differentiation, they
were infected with 10 MOI of ST for 24 hours. The expression of various cytokines in the
supernatants of infected macrophages was quantified by ELISA.

Representative data of one experiment of two similar experiments is shown, each performed
in triplicates and presented as meanzs.e.m. Statistical analysis was done by one-way ANOVA,
using GraphPad Prism 8 software; where *p<0.05; ****p<0.0001.
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3.1.2 IRF9 and STAT?2 promote susceptibility whereas STAT1 promotes resistance to

ST infection

Type | IFN signaling results in the assembly of a trimeric transcriptional complex called
as the interferon stimulated gene factor-3 (ISGF3), which is composed of IRF9, STAT1, and
STAT?2 (Ref. Figure 1). We therefore decided to evaluate whether the mice which have genes
knocked out from the ISGF3 complex would display resistance to ST infection, similar to what
was observed in Ifnarl- deficient mice. These mice were injected intravenously with 200 CFU
of ST. At day 5 post-infection, the bacterial burden in Irf9- deficient mice was massively
reduced when compared to WT. This was similar to what we had seen in Ifnarl- deficient mice
(Figure 6 A). Stat2- deficient mice were also resistant to ST, as the bacterial burden was
substantially lower in the spleens of Stat2- deficient mice at day 5 post-infection (Figure 6 B).
On the contrary, Statl1- deficient mice were extremely susceptible to ST infection as these mice
displayed exceptionally high bacterial burden when compared to WT (Figure 6 C). These
results suggested that STAT1 and IRF9 have conflicting roles in controlling ST infection;
while STAT2 and IRF9 exacerbate bacterial infection, STAT1 promotes bacterial control,

even though all three form the ISGF3 transcriptional complex.

53



o 109
@ 108
107
108
105
104
‘1(].'!

CFU/spleen at da

109

— —h
-] -
- oo

1060
10!:

CFU/spleen at day 4

—
-
s

o 109
= 108
=

w 107
S 1086
Enmﬁ
2 104
O 103

WT Stat1™~




Figure 6. IFNAR1/IRF9 promotes susceptibility while STAT1 promotes resistance to ST
infection.

The indicated groups of mice were infected intravenously with 200 CFU of ST. On day 4/5
post-infection, the mice were euthanized, and the spleens were collected. They were
homogenized using frosted end glass slides and resuspended in 10 mL R8 medium. These
suspensions were serially diluted several times and 100uL from each dilution was plated onto
LB + streptomycin plates. They were incubated at 37°C overnight after which the colony-
forming units (CFUs) were counted visually.

Graphs show the bacterial burden observed in the indicated groups of mice, where each dot
represents a single mouse.

Data is pooled from at least 2 independent experiments, with a minimum of 3 mice per group
in each experiment. Statistical analysis was done by one-way ANOVA (A) or unpaired
student’s t-test (B, C) using GraphPad Prism 8 software; where **p<0.01; ***p<0.001; ns —
nonsignificant.
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3.1.3 Resistance of Ifnarl-deficient mice is mediated by IL-10 signaling

As Ifnarl- and Irf9- deficient mice displayed a similar pattern of low bacterial burden,
we then wished to measure cytokine production in Ifnarl- and Irf9- deficient mice in vivo
following infection with ST. However, the consistently reduced bacterial load in these mice
complicates interpretations. Therefore, we decided to measure the production of cytokines in
vitro in macrophages generated from these mice. Macrophages at day 6 of differentiation were
infected with ST (as described in Materials and methods 2.5); and cytokines were measured
in the supernatants collected 6 hours(TNF-a)) and 24 hours (IL-10, IL-12,1L-6) post-infection.
Ifnarl- and Irf9- deficient macrophages displayed drastically reduced levels of IL-10, with
significant reduction in IL-12 and TNF-a (Figure 7). The reduced levels of 1L-10 correlated
with microarray and qRT PCR data submitted by former students in the lab. Analysis of gene
expression revealed that type | IFN signaling promotes the expression of numerous genes,
amongst which IL-10 was indeed one of the genes that was significantly downregulated in

Ifnarl- and Irf9- deficient macrophages following ST infection.

As nitric oxide (NO) is a mediator of many physiological processes, we also measured Nitric
oxide(NO) production in the supernatants of ST infected macrophages post 24 hours of
infection. Infected macrophages produce an enzyme called as inducible nitric oxide synthase
(iINOS) which catalyzes the conversion of L-arginine to L-citrulline, thereby also producing
Nitric oxide; which combines with reactive oxygen species (ROS) produced during the process
of respiratory burst during phagocytosis (Figure 8 A (Nguyen et al., 2017)). Using the griess
assay, NO can be measured indirectly by detecting nitrite formed by oxidation of NO.

Measurements of NO in the supernatants collected from WT, Ifnarl- and Irf9- deficient
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macrophages revealed a reduction in nitrite concentrations in both Ifnarl- and Irf9- deficient

mice, suggesting that type I IFN signaling promotes NO production (Figure 8 B).

Since Ifnarl- and Irf9-deficient mice displayed significantly low levels of IL-10, we
considered the possibility that IFN-I induced IL-10 expression may lead to host susceptibility
against ST. To investigate this further, we infected 11-10- deficient mice alongside Ifnarl-
deficient mice with ST, in vivo and evaluated their bacterial burden and survival. The bacterial
burden and resistance of Ifnarl- deficient mice was considerably similar to 11-10- deficient
mice (Figure 9). Altogether, this data strongly indicated that the enhanced resistance of the

Ifnarl- deficient mice can certainly be attributed to IL-10 signaling.
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Figure 7. Modulation of cytokine expression by IFNAR1/IRF9 signaling.

Bone marrow derived macrophages were generated from WT, Ifnarl- and Irf9- deficient mice
as described in experimental methods. On day 6 of differentiation, they were infected with 10
MOI of ST. The expression of various cytokines in the supernatants of infected macrophages
was quantified by ELISA.

Graph (B) depicts the expression of TNF-a. measured in the supernatants collected 6 hours
after infection. Graphs (A, C and D) indicate the expression of IL-10, IL-12 and IL-6
(respectively) measured in the supernatants collected 24 hours after infection.

Representative data of one experiment of at least two similar experiments is shown, each
performed in triplicates and presented as meanzs.e.m. Statistical analysis was done by one-
way ANOVA, using GraphPad Prism 8 software; where *p<0.05; **p<0.01; ***p<0.001,
****n<0.0001; ns — nonsignificant.
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Figure 8. Type I IFN promotes NO production post ST infection.

(A) The process of respiratory burst of macrophages involves the activation of NADPH
oxidase, that catalyzes the reduction of oxygen into superoxide (Oz ) ions. Superoxide
dismutase (SOD) converts these ions into hydrogen peroxide (H202), which is further
converted into hypochlorous acid (HOCI) by the enzyme myeloperoxidase (MLO). The HOCI
enhances the clearance of pathogens either by itself, or in combination with Nitric oxide. This
image has been taken from the publication by Nguyen, G.T., Green, E.R., and Mecsas -
“Neutrophils to the ROScue: Mechanisms of NADPH oxidase activation and bacterial
resistance.” (has also been cited in references).

(B) Bone marrow derived macrophages (BMDMs) were generated from WT, Ifnarl- and Irf9-
deficient mice as described in the experimental methods. Cells were infected with 10 MOI of
ST for 24 hours. The production of nitric oxide in cell supernatants was measured by Griess
assay, as described in the experimental methods.

Representative data of one experiment of three similar experiments is shown, each performed
in triplicates and presented as meanzs.e.m. Statistical analysis was done by one-way ANOVA,
using GraphPad Prism 8 software; where ****p<0.0001.
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Figure 9. Ifnarl- and 11-10- deficient mice show similar susceptibility to infection with
Salmonella.

A) WT, Ifnarl- and 11-10 deficient mice were infected intravenously with 200 CFU of ST as
described in the experimental methods. At day 5 post-infection, the mice were euthanized, and
their spleens were collected and homogenized. The splenocytes were then resuspended in 10
mL R8 medium and the suspensions were serially diluted several times and 100uL from each
dilution was plated onto LB + streptomycin plates. They were incubated at 37°C overnight
after which the colony-forming units (CFUs) were counted visually. Graph shows the bacterial
burden observed in the indicated groups of mice, where each dot represents a single mouse.

B) Ifnarl- and 11-10 deficient mice were infected intravenously with 200 CFU of ST and their
survival was monitored for as long as they survived.

Representative data of one experiment of two similar experiments is shown, with at least 3
mice per group in each experiment; presented as meanzs.e.m.

Statistical significance was calculated by one-way ANOVA using GraphPad Prism 8 software;
where ****p<0.0001; ns — nonsignificant.
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3.1.4 Deficiency of STAT1 abrogates the resistance of 1rf9~~mice

The downstream IFN-I signaling complex ISGF3 is composed of STAT1, STAT2 and
IRF9, and we observed that STATL in contrast to IRF9 and STAT2 promoted control of ST
(Figure 6). Therefore, we generated Irf9~-Stat1~~mice to evaluate the consequence of STAT1
deficiency in the context of the absence of IRF9. While Irf9~~ mice had greatly reduced
bacterial burden at day 4 post-infection with ST recapitulating the results observed with
Ifnarl~~ mice, loss of STAT1 completely abrogated this resistance of 1rf9~~ mice (Figure 10
A). Since STAT1 also induces IFN-y signaling, we decided to evaluate whether the absence
of IFN-y would abrogate the resistance of 1rf9- deficient mice. In vivo infection of Irf9-
deficient mice and Ifn-y/Irf9 double deficient mice indicated that the loss of IFN-y partially
abrogated the resistance of 1rf9- deficient mice (Figure 10 B). Moreover, we observed that
Ifn-y- deficient mice succumbed to in vivo infection with ST a few days earlier than WT mice
(Figure 10 C). We then performed an in vivo experiment wherein we infected Statl~-1rf9~~
and Ifn-y~1rf9~~ mice parallelly with 200 CFU of ST and assessed their bacterial burden day
4 post infection. The bacterial burden in Stat17-1rf9~~ mice was significantly higher than
Ifn-y~Arf9~~mice (Figure 10 D). Truly, there was more than 80-fold difference in the
bacterial burden of the two groups of mice. These results revealed that the loss of STATL is
more detrimental than IFN-y in 1rf9~~ mice indicating that STAT1 operates in the absence of
IFN-y to promote pathogen protection, whereas the other two subunits of ISGF3 (STAT2 and

IRF9) exacerbate the infection.
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Figure 10. STAT1 signaling originating from IFNAR1 dominates the STAT1 dependent
antibacterial effect in the absence of IRFO.

The indicated groups of mice were infected intravenously with 200 CFU of ST and their impact
on survival or bacterial burden was evaluated.

Graphs (A, B & D) show the bacterial burden observed in the indicated groups of mice, where
each dot represents a single mouse. To determine their CFU, the mice were euthanized, and
the spleens were collected 4 days after infection. Spleens were homogenized using frosted end
glass slides and resuspended in 10 mL R8 medium. These suspensions were serially diluted
several times and 100uL from each dilution was plated onto LB + streptomycin plates. They
were incubated at 37°C overnight after which the colony-forming units (CFUs) were counted
visually. Graph (C) shows the survival study between the two groups of mice.

For graphs A, C & D, data is pooled from at least 2 independent experiments, with a minimum
of 3 mice per group in each experiment; presented as meanzs.e.m. For graph C, representative
data of one experiment of two similar experiments is shown. Statistical analysis was done by
one-way ANOVA (A, B) or unpaired student’s t-test (C, D) using GraphPad Prism 8 software;
where *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; ns — nonsignificant.
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3.1.5 Type I IEN uncouples IL-1p and cell death

To further investigate the differences that we observed in the bacterial burdens of the
different groups of mice, we decided to measure the expression of various cytokines in the
macrophages of WT, Statl~~,Stat2~~,1rf9~~,Stat1~"1rf9~~,Ifn-y~-and Ifn-y~Arf9~~ mice post
ST infection. Macrophages from all these groups of mice were cultured on the same day, and
infected with 10 MOI of ST on day 7 of differentiation. The results revealed that the levels of
IL-10, TNF-a and IL-12 were reduced in cells with a deficiency of Statl-, Stat2- or 1rf9- and
the levels of these cytokines was not impacted by Ifn-y deficiency (Figure 11 A-C). In fact,
the levels of TNF-o and I1L-12 expressed by 1fn-y~-1rf9~~ cells were significantly higher than
Stat1~~1rf9~~cells (Figure 11 B, C). On the other hand, the levels of IL-1B were significantly
enhanced in 1rf9- deficient cells, and this was abrogated by inactivation of STAT1,; i.e. in
Stat1~~1rf9~~ cells. Interestingly, the enhanced levels of IL-1B in the 1rf9- deficient cells were
not normalized upon Ifn-y deficiency (Figure 11 D). These results suggested that IRF9 inhibits
IL-1p production, and STAT1 promotes IL-18 production in Irf9- deficient cells, which is
independent of IFN-y signaling. As a matter of fact, Ifn-y~1rf9~" cells expressed substantially
high levels of IL-1B when compared to Stat1~-1rf9~~cells (Figure 11 D). Cytokine production
by Stat2-deficient macrophages followed the same trend as Irf9- deficient macrophages

(Figure 11 E, F).

As inflammatory cell death is an important mechanism to control the spread of bacterial
infection (Broz and Monack, 2011), we measured cell death in these macrophages following
ST infection. Cell death was measured by neutral red or zombie yellow assays (as described
in Materials and methods 2.6). While 11-10 deficient cells underwent cell death in a similar

magnitude to WT (Figure 12 A), Irf9- and Stat2- deficient cells displayed significant
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resistance to cell death following ST infection as measured by Zombie yellow staining for dead
cells (Figure 12 B, C). Furthermore, we observed that Stat1~~1rf9~~macrophages were highly
resistant to cell death in comparison to Ifn-y~-1rf9~~ macrophages (Figure 12 D) . Thus,
Ifn-y~~1rf9~~ macrophages appear to be more pro-inflammatory in terms of cytokine
expression and cell death when compared to Stat1~-1rf9~~ macrophages which possibly

explains the lower bacterial burden observed in these mice.

We also treated these macrophages with IFN-B, and measured I1L-10 production after 24 hours.
The production of IL-10 was significantly reduced in cells with a deficiency of 1rf9 or Statl,
but not Ifn-y (Figure 13 A). Thus, it appears that it is the impairment of IL-10 in the Irf9-

deficient mice, but not in Stat1- deficient mice, that promotes the resistance against ST.

The next question to be answered was if IL-10 had a role in mediating the enhanced IL-1p
production in 1rf9- deficient cells. To this end, we infected macrophages from WT and 11-10-
deficient mice with ST in vitro and measured the levels of IL-1. We observed that the
deficiency of 11-10 resulted in enhanced amounts of IL-1p, similar to 1rf9- deficient cells
(Figure 13 B). This data strongly suggested that 1L-10 induced the downregulation of IL-1§
via Irf9 ; thus when the expression of 1L-10 is low, IL-1p production increases which confers

resistance to Ifnarl~"- mice.
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Figure 11. STATL in the absence of type Il interferon promotes IL-1p production in
Irfo~ cells.

Bone marrow derived macrophages were generated from the indicated groups of mice as
described in experimental methods. At day 6 of differentiation, they were infected with 10
MOI of ST for 6 and 24 hours. Graphs indicate the expression of various cytokines in the
supernatants of infected macrophages , which were quantified by ELISA.

TNF-a (B) was measured in the supernatants collected 6 hours after infection., whereas the
expression of IL-10, IL-12 and IL-1p (A & C-F) were measured in the supernatants collected
24 hours after infection.

Representative data of one experiment of three similar experiments is shown, each performed
in triplicates and presented as meanzs.e.m. Statistical analysis was done by one-way ANOVA
(A-D) and unpaired student’s t-test (E, F), using GraphPad Prism 8 software; where *p<0.05;
**p<0.01; ***p<0.001; ****p<0.0001; ns — nonsignificant.
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Figure 12. STAT1 promotes cell death predominantly through type I IFN signaling along
with STAT2 and IRF9.

Bone marrow derived macrophages were generated from the indicated groups of mice as
described in the experimental methods. On day 6 of differentiation, they were infected with
ST at 50 and 100 MOI for 24 hours. Cell death was then assessed by either neutral red (NR)
assay (A) or zombie yellow assay (B-D).

Graphs display % cell death. NR optical densities (ODs) were normalized to the unstimulated
control (i.e. cells with R8 medium only). In zombie yellow assay, the cell death was measured
via flow cytometric analysis as described in experimental methods, where the control and
infected cells were compared to an unstained sample to determine the percentage of cell death.

Representative data of one experiment of three similar experiments is shown, and each
experiment was performed in triplicates.
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Figure 13. IL-10 signaling regulates IL-1p production.

A) Bone marrow derived macrophages were generated from the indicated groups of mice as
described in experimental methods. At day 6 of differentiation, they were treated with 1000
units of IFN-B for 24 hours. The graph indicates the expression of IL-10 measured in the
supernatants of treated macrophages, quantified by ELISA.

B) Bone marrow derived macrophages were generated from WT and 11-10- deficient mice as
described in experimental methods. At day 6 of differentiation, they were infected with 10
MOI of ST for 24 hours. The graph indicates the expression of IL-1f measured in the
supernatants of infected macrophages, quantified by ELISA.

Representative data of one experiment of three similar experiments is shown, each performed
in triplicates and presented as mean=s.e.m. Statistical analysis was done by unpaired student’s
t-test, using GraphPad Prism 8 software; where ***p<0.001.
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3.1.6 Regulation of IL-1p and cell death via inflammasome signaling

Having observed that Irf9- deficient macrophages express enhanced levels of IL-1B
and reduced cell death, we next aimed to identify the mechanistic process behind this. Since
inflammasomes play a major role in inducing cell death and IL-1B post-bacterial infection
(Bergsbaken et al., 2009; Jorgensen and Miao, 2015; Lamkanfi and Dixit, 2014), we evaluated
cell death and expression of IL-1B in macrophages with a deficiency in genes implicated in
inflammasome signaling. The assembly of the NLRP3 inflammasome is induced by PAMP-
PRR interaction and an additional signal that is not clear, whereas the NLRC4 inflammasome
is typically activated by recognizing bacterial flagellin. Both these inflammasomes, activate
the effector caspases, caspase-1 and caspase-11 which bring about pyroptotic cell death and
release of IL-1B. We therefore decided to use macrophages from NIrp3-, NIrc4-, Caspasell-
and Caspasel/11- deficient mice. We infected the macrophages from these mice with a range
of MOls (10,50,100) of ST in vitro and measured IL-1f and cell death. We observed that
while the cell death of macrophages was not dependent on NLRP3, as detected by neutral red
and zombie yellow assays (Figure 14 A, B), the expression of IL-1 was entirely abrogated in
Nirp3- deficient mice (Figure 14 C). Inhibition of NLRP3 with an inhibitor (MCC 950)
considerably reduced IL-1p production in 1rf9- deficient cells (Figure 14 D), however, it did

not have any impact on the cell death of these cells (Figure 14 E).

Neither cell death of macrophages nor IL-1p production was entirely dependent on NLRC4
(Figure 15 A, B). However, inhibition of NLRP3 in Nlrc4- deficient macrophages
significantly reduced cell death in Nlrc4- deficient macrophages and reduced IL-1f expression
in both WT and Nlrc4- deficient macrophages (Figure 15 A, B). These results indicate that

cell death following ST infection of macrophages involves a synergy between NLRP3 and
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NLRC4, whereas IL-1p production is completely dependent on NLRP3. In contrast to Nlrp3-
and Nlrc4- deficient macrophages, macrophages with a combined deficiency of Caspase-1 and
Caspase-11 (Casp-1/11~") and Caspase-11 deficiency only, were considerably resistant to cell

death and failed to express IL-1p as expected (Figure 16 A, B).

Apart from NLRP3 and NLRC4, we also performed the same set of experiments in
macrophages from Aim2- deficient mice; as AIM2 is another cytosolic receptor that is known
to recognize ds DNA and activates caspase-1 (Hornung et al., 2009; Man et al., 2016).
However, we found that neither the production of IL-1f nor the cell death was dependent on
AIM2 following ST infection; as Aim2- deficient macrophages produced the same levels of
IL-1p as WT and showed no difference in the magnitude of cell death when compared to WT

(Figure 17 A-C).
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Figure 14. NLRP3 regulates IL-1p but not cell death during infection with ST.

(A-C) Bone marrow derived macrophages (BMDMs) were generated from WT and NIrp3-
deficient mice as described in experimental methods. At day 6 of differentiation, they were
infected with 10, 50 and 100 MOls of ST for 24 hours. Cell death was evaluated by Neutral
red assay (A) and Zombie Yellow assay (B). Graphs display % cell death. NR optical densities
(ODs) were normalized to the unstimulated control (i.e. cells with R8 medium only). In zombie
yellow assay, the cell death was measured via flow cytometric analysis as described in
experimental methods, where the control and infected cells were compared to an unstained
sample to determine the percentage of cell death.

Graph (C) indicates the expression of IL-1 measured by ELISA in the supernatants of infected
macrophages (with 10 MOI ST).

(D-E) BMDMs from WT and Irf9- deficient mice were treated with increasing concentrations
of NLRP3 inhibitor (MCC 950) 30 minutes prior to infection with ST. They were then infected
with 10, 50 and 100 MOIls of ST for 24 hours. Graph (D) indicates the expression of IL-1p
measured by ELISA in the supernatants of infected macrophages (with 10 MOI ST). Graph
(E) indicates the cell death as measured by zombie yellow assay, in the ST infected
macrophages which were pre-treated with 10 uM of the NLRP3 inhibitor (MCC950).

Representative data of one experiment of three similar experiments is shown, each performed
in triplicates and presented as mean+s.e.m. Statistical analysis was done by unpaired student’s
t-test, using GraphPad Prism 8 software; where *p<0.05; **p<0.01.
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Figure 15. IL-1p production post ST infection is independent of NLRC4 whereas cell
death is regulated by both, NLRP3 and NLRCA4.

Bone marrow derived macrophages (BMDMs) were generated from WT and Nlrc4-deficient
mice as described in experimental methods. At day 6 of differentiation, they were pre-treated
with 10uM of NLRP3 inhibitor for 30 minutes, followed by infection with 10 and 50 MOI of
ST for 24 hours.

Cell death was evaluated by Zombie Yellow assay (A), via flow cytometric analysis as
described before. The control and infected cells were compared to an unstained sample to
determine the percentage of cell death. The graph displays % cell death. Representative data
of one experiment of two similar experiments is shown, and each experiment was performed
in triplicates.

Graph (B) indicates the expression of IL-1p measured by ELISA in the supernatants of infected
macrophages (with 10 MOI ST) in the presence and absence of the NLRP3 inhibitor. Data is
pooled from at least 2 independent experiments, each performed in triplicates and presented
as mean + SEM. Statistical analysis was done by unpaired student’s t-test, using GraphPad
Prism 8 software; where, ns — nonsignificant.
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Figure 16. IL-1p expression and cell death after Salmonella infection is regulated by
caspase-1 and caspase-11.

Bone marrow derived macrophages (BMDMs) were generated from WT, Caspase-1/11-and
Caspase-11- deficient mice as described in experimental methods. At day 6 of differentiation
they were infected with 10, 50 and 100 MOI of ST for 24 hours.

Cell death was evaluated by Zombie Yellow assay (A), via flow cytometric analysis as
described before. The control and infected cells were compared to an unstained sample to
determine the percentage of cell death. The graph displays % cell death.

Graph (B) indicates the expression of IL-1p measured by ELISA in the supernatants of infected
macrophages (with 10 MOI ST).

Representative data of one experiment of at least two similar experiments is shown, each
performed in triplicates and presented as mean + SEM. Statistical analysis was done by one-
way ANOVA, using GraphPad Prism 8 software; ****p<0.0001.
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Figure 17. IL-1p and cell death post ST is independent of AIM2.

Bone marrow derived macrophages (BMDMs) were generated from WT and Aim2- deficient
mice as described in experimental methods. At day 6 of differentiation, they were infected
with 10, 50 and 100 MOI of ST for 24 hours.

Graph (A) indicates the expression of IL-1 measured by ELISA in the supernatants of infected
macrophages (with 10 MOI ST).

Cell death was evaluated by Neutral red assay (B) and Zombie Yellow assay (C). Graphs
display % cell death. NR optical densities (ODs) were normalized to the unstimulated control
(i.e. cells with R8 medium only). In zombie yellow assay, the cell death was measured via
flow cytometric analysis as described in experimental methods, where the control and infected
cells were compared to an unstained sample to determine the percentage of cell death.

Representative data of one experiment of at least two similar experiments is shown, each
performed in triplicates and presented as mean + SEM. Statistical analysis was done by
unpaired student’s t-test, using GraphPad Prism 8 software; where *p<0.05.
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3.1.7 Irf9- deficient cells produce higher levels of IL-1p in response to inflammasome

signaling by LPS+ATP

PAMP-PRR interaction enhances the transcription of NLRP3. However, a second
signal which can be provided by various stimuli such as extracellular ATP, particulate matter
and pore forming toxins is extremely important for the inflammasome to be fully activated to
activate caspases and induce pyroptosis (He et al., 2016). In this context, we decided to treat
NIrp3-, Nlrc4- , Caspasell- and Caspasel/11- deficient macrophages with LPS, (as an ideal
bacterial PAMP) and ATP to deliver the second signal. We performed a sequential treatment,
wherein we treated the cells with 100ng/mL of LPS for 3.5 hours followed by the addition of
ATP for 30 mins. We then measured IL-1f in the collected supernatants. We also did a
simultaneous treatment where we stimulated the cells with LPS and ATP at the same time, and

measured cell death post 4 hours of incubation.

We observed that IL-1B production, following this treatment was entirely dependent on
NLRP3 and caspase-1/11 , as the levels of IL-1p were completely abolished in NIrp3- and
Caspase-1/11- deficient macrophages (Figure 18 A, B). On the other hand, Nlrc4- deficiency
alone did not have an impact on IL-1p production; nevertheless, upon the addition of the
NLRP3 inhibitor (MCC 950) the levels of IL-1p were completely nullified in Nlrc4-deficient
macrophages (Figure 18 C). Interestingly, IL-1p production remain unchanged in Caspase-
11- deficient macrophages, suggesting that LPS+ATP does not activate the non-canonical

inflammasome pathways (Figure 18 B).

Since, the enhanced levels of IL-1p in Irf9- deficient macrophages following ST infection were
reduced after NLRP3 inhibition (Ref. Figure 14 D), we were interested to find out if

LPS+ATP treatment would follow a similar pattern. To this end, we treated WT and 1rf9-
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deficient cells with LPS+ATP and noticed enhanced IL-1f production in Irf-9 deficient cells,

which was abolished upon NLRP3 inhibition (Figure 18 D).

We also measured the cell death of macrophages following LPS+ATP treatment, and found
that cells with a deficiency in NIrp3 or Nlrc4 alone, were not resistant to cell death. However,
the inhibition of Nlrp3 in Nlrc4- deficient macrophages reduced the magnitude of cell death
(Figure 19 A, B). We observed only a slight reduction in cell death in Irf9-deficient cells upon
LPS+ ATP treatment (Figure 19 C). These results indicate that, similar to ST infection, the
cell death following LPS+ATP treatment was regulated by a combination of both, NLRP3 and

NLRCA4.
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Figure 18. LPS+ATP induces IL-1p production via NLRP3 and Caspase-1.

(A-D) Bone marrow derived macrophages were generated from the indicated groups of mice
as described in experimental methods. At day 6 of differentiation, they were pre-treated with
10uM of the NLRP3 inhibitor for 30 minutes (C &D only), followed by treatment with LPS
(100ng/mL) for 3.5 hours followed by ATP (2.5 mM) for the last 30 min. Graphs depict the
amount of IL-1B measured by ELISA in the supernatants of these macrophages collected after
a total of 4 hours of this sequential treatment.

For graphs A & C, data is pooled from at least 2 independent experiments, each performed in
triplicates. For graphs B &D, representative data of one experiment of two similar experiments
is shown, each performed in triplicates. All data is presented as mean + SEM. Statistical
analysis was done by one-way ANOVA (B) or unpaired student’s t-test, using GraphPad Prism
8 software; where **p<0.01; ***p<0.001; ****p<0.0001; ns — nonsignificant.
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Figure 19. Both NLRP3 and NLRC4 together regulate cell death post LPS+ATP
treatment.

(A-C) Bone marrow derived macrophages were generated from the indicated groups of mice
as described in experimental methods. At day 6 of differentiation, they were pre-treated with
10uM of the NLRP3 inhibitor for 30 minutes (where indicated), followed by simultaneous
addition of LPS (100ng/mL) and ATP (2.5 mM) for 4 hours. Cell death was evaluated by
Zombie Yellow assay, via flow cytometric analysis as described before, where the control and
infected cells were compared to an unstained sample to determine the percentage of cell death.
The graphs displays % cell death.

Representative data of one experiment of at least two similar experiments is shown, and each
experiment was performed in triplicates.
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3.1.8 Enhanced IL-1p secretion in Ifnarl- and Irf9- deficient cells is regulated by

NLRP3 and caspase-1

Our results so far indicate that type | IFN mediates susceptibility to ST infection by
promoting the production of IL-10 and inhibiting inflammasome activation via IRF9. To
understand the mechanism at the translational level, we decided to look at the modulation of
proteins in the Ifnarl- and Irf9- deficient cells following ST infection. The macrophages from
these mice were infected with 10 MOI of ST and the lysates were collected at various
timepoints (0, 30 minutes, 3 hours and 6 hours) following infection, as not all proteins have a

similar rate of degradation.

At first, we looked at the modulation of the proteins involved in the transcription of NF-xB
pathway, as it is the primary rapid acting transcription factor which stimulates the production
of cytokines and chemokines post PRR-PAMP engagement (Medzhitov, 2001) . We did not
see any significant differences in the expression of p-IKK, total IKK, p-P65, and total P65 in
the different sets of lysates (Figure 20 A). In addition to NF-xB transcription, PAMP-PRR
interaction also activates MAPKSs (Chang and Karin, 2001). Specifically, the p38 MAPK and
its downstream target MK2, are known to be involved in many signaling cascades in response
to cytokines and other stress stimuli (Cuenda and Rousseau, 2007; Kyriakis and Avruch,
2001). However, there were no differences in the expression of p-MK2, total MK2, p-P38 and
total P38 following ST infection (Figure 20 B); which suggested that the type | IFN pathway
might not actually be regulating its effects through the p38 MAPK pathway. Nevertheless, we
saw a slight reduction of p-ERK1/2 in Ifnarl- and Irf9- deficient cells, when compared to WT

(Figure 20 B).
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Next, to delve more into the mechanism of IL-1p secretion and the resistance of macrophages
to cell death following ST infection, we investigated the activation (or lack of) the key proteins
that are known to be involved in the inflammasome pathway. We observed increased
expression of NLRP3 and cleaved caspase-1 in Ifnarl- and Irf9- deficient macrophages, which
explains the enhanced IL-1p levels seen in these cells (Figure 21). Since, caspase-8 can also
be recruited to the inflammasome independently of NLRP3 and caspase-1 and can enhance
IL-1pB production (Monie et al., 2013); we thus looked at the protein expression of caspase-8
and found increased levels of the activated caspase-8 in Ifnarl- and Irf9-deficient macrophages
(Figure 21). This result further explains the enhanced IL-1f secretion in Irf9- deficient
macrophages. Interestingly, Ifnarl- and Irf9- deficient macrophages showed lower expression
of caspase-11 which explains the reduced cell death seen in these cells (Figure 21). Overall,
the results indicate that higher expression/activation of NLRP3 , caspase-1 and caspase-8 in
Irf9- deficient macrophages may be responsible for the enhanced IL-1p production while the

reduced expression of caspase-11 may contribute to reduced cell death.
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Figure 20. Expression of NF-kB or MAPKSs is only slightly modulated by type-1 IFN
pathway.

(A & B) Bone marrow derived macrophages (BMDMs) were generated from WT, Ifnarl- and
Irf9- deficient mice as described in experimental methods. At day 6 of differentiation, they
were infected with 10 MOI of ST and cell lysates were collected over the course of 6 hours (as
indicated), to measure p-IKK, total IKK, p-p65,total p65, p-P38 MAPK, total p38, p-MK2,
total MK2, p-ERK1/2, total ERK1/2 and B-actin by western blot. The buffer used for lysing
was SDS buffer.

All western blot experiments were done at least three times in three different mice and
representative data of one experiment of three similar experiments is shown.
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Figure 21. Type I interferon regulates IL-1p production via NLRP3, caspase-1 and
caspase-8.

Bone marrow derived macrophages (BMDMs) were generated from WT, Ifnarl- and Irf9-
deficient mice as described in experimental methods. At day 6 of differentiation, they were
infected with 10 MOI of ST and cell lysates were collected over the course of 6 hours (as
indicated), to measure NLRP3, pro- and cleaved caspase-8, pro- and cleaved caspase-1, pro-
and cleaved caspase-11 and p-actin by western blot. The buffer used for lysing was SDS buffer.

All western blot experiments were done at least three times in three different mice and
representative data of one experiment of three similar experiments is shown.
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3.1.9 Type I IFN production is stimulated by p38 MAPK

The binding of type | IFNs (IFN-o/B) to the IFNAR 1/2 receptor induces the
recruitment of Janus kinases; Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2). Apart from
activating STAT proteins and inducing formation of the ISGF3 complex, these kinases also
regulate the engagement of multiple downstream signaling cascades. There is accumulating
evidence that the p38 MAPK appears to play a very important role in the induction of type |
IFN responses (Li et al., 2004; Platanias, 2003). The activation of p38 is initiated at the type |
IFN receptor level, and is mediated by small GTPase Racl, which acts as the upstream
activator of the p38 MAPK in a tyrosine kinase dependent manner (Uddin et al., 2000). The
activated p38MAPK has several downstream targets; notably the MAPK activated protein
kinases 2/3 (MK2 and MK3) that regulate IFN- dependent gene transcription and type | IFN
responses. Furthermore, there is also evidence which suggests that the p38 MAPK functions
independently in a distinct manner with no effects on phosphorylation of STAT proteins

(Uddin et al., 1999).

We aimed to establish a correlation between the type I IFN pathway and p38 MAPK pathway,
and study if the p38 MAPK regulated the resistance of Ifnarl- deficient mice in response to
Salmonella infection. Since we were interested to comprehend the role of p38MAPK in
inducing type | IFN production, we decided to treat WT macrophages with and without 100
nM of the p38 inhibitor (LY2228820, #S4279) for 30 minutes, prior to infection with
Salmonella, and measure production of type | IFN in the supernatants collected 6 hours after
infection. We used a luciferase reporter assay which gives a chemiluminescence signal in
response to IFN-I production in cells (as explained in Methods 2.9). We observed that the

inhibition of p38 MAPK in WT macrophages resulted in significant reduction in the levels of
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IFN-0/B produced post ST infection (Figure 22). This suggested a positive correlation between

the p38 MAPK and type | IFN pathway.
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Figure 22. p38MAPK promotes type I IFN expression.

Bone marrow derived macrophages (BMDMs) were generated from C57BL/6J background
(WT) mice. At day 6 of differentiation, they were treated with p38 inhibitor (LY2228820, 100
nM) for 30 minutes followed by infection with 10 MOI of ST for 6 hours.

Graph shows the amounts of type I IFN (IFNa and IFNp) as indicated by relative light units
(RLU) determined by type | IFN bioassay. The details of the assay have been described in
detail in experimental methods.

Data is pooled from at least 2 independent experiments, each performed in triplicates and
presented as mean + SEM. Statistical analysis was done by paired student’s t-test, using
GraphPad Prism 8 software; where ****p<0.0001.
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3.2 Determining the role of p38MAPK-MK?2 axis in regulating response to bacterial
infection

3.2.1 MK?2 promotes resistance to infection with Salmonella Typhimurium

Apart from our previous results, which suggested a positive association between the
type | IFN pathway and the p38 MAPK pathway, it has also been shown previously that the
p38MAPK substrate, MK2 is required for sustained STAT3 phosphorylation, which is in fact
important for transmitting the anti inflammatory effects of IL-10 produced by type | IFNs
(Ehlting et al., 2011). Moreover, MK2 being a key downstream target of the p38 MAPK
pathway is also involved in the post-transcriptional regulation of TNF-a, via Tristetraprolin
(TTP). TTP (encoded by Zfp36 gene) binds to the ARE elements in the TNF-a mRNA and
induces its degradation. Phosphorylation of TTP by MK2 neutralizes these functions,
decreasing the ability of TTP to destabilize TNF-a mRNA which results in more maintenance
of TNF-a (Hitti et al., 2006). Therefore, we would expect that the deficiency of MK2 would

lead to a reduction in the levels of TNF-a.

Interestingly, we observed reduced levels of TNF-a in 1rf9- deficient macrophages post-ST
infection (Figure 23 A). We therefore decided to evaluate the impact of MK2 deficiency post-
ST infection. Upon ST infection, we noticed reduced TNF-a and IL-10 levels in Mk2- deficient
cells, but surprisingly increased levels of IL-1p (Figure 23 D-F). This pattern of cytokine
production closely resembled what we had observed in Irf9- deficient cells (Figure 23 A-F)
which suggested that type I-IFN might be regulating its effects through the p38MAPK-MK2
pathway. We also detected higher levels of IL-12 in Mk2 -deficient cells and hypothesized that
this might be due to reduced levels of IL-10 in these cells. This is because IL-10 is known to

limit the expression of pro inflammatory cytokines and MHC Il in macrophages and dendritic
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cells. Moreover, IL-10 can directly inhibit Th1 cell differentiation by reducing IL-12 and IFN-
v production (Couper et al., 2008; Ma et al., 2015; Schilke, 2018). To this end, we pre-treated
WT and Mk2- deficient macrophages with a neutralizing anti-1L-10 antibody for 30 minutes,
following infection with ST for 24 hours. We observed that neutralization of IL-10 resulted in
an increase in the expression of IL-12 and IL-1p, however, the expression of these cytokines
in the two groups was increased to the same degree, and the relative difference in the
expression of these cytokines in WT versus Mk2~~ cells was still maintained after anti-IL-10
treatment of cells (Figure 24). These results suggest that the enhanced expression of 1L-12

and IL-1B in Mk2~~ cells is not related to their reduced expression of I1L-10.

We also measured cell death in these macrophages and observed that Mk2- deficient cells had
more cell death when compared to WT post-ST infection (Figure 25 A, B). This was
contradictory to what we had observed in Irf9- deficient cells. To investigate this further, we
infected WT and Mk2- deficient mice with ST in vivo, and assessed the bacterial burden in
these mice at day 5 post-infection. Surprisingly, Mk2- deficient mice had a higher bacterial
burden than WT (Figure 25 C). This data indicated that although the cytokine pattern of 1rf9—-
and Mk2~~macrophages is similar, the type | IFN- and the p38MAPK-MK2- pathways that

impact the regulation of bacterial burden in vivo might diverge.
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Figure 23. Mk2- and Irf9- deficient cells display a similar trend in cytokine production
following infection with ST.

Bone marrow derived macrophages were generated from WT, 1rf9-and Mk2- deficient mice as
described in experimental methods. At day 6 of differentiation, they were infected with 10
MOI of ST for 6 hours and 24 hours. The expression of various cytokines in the supernatants
of infected macrophages was quantified by ELISA.

Graph (A & D) depicts the expression of TNF-o. measured in the supernatants collected 6
hours after infection. Graphs (B,C,E and F) indicate the expression of IL-10 and IL-1p
(respectively) measured in the supernatants collected 24 hours after infection.

Data is pooled from at least 3 independent experiments, each performed in triplicates and
presented as mean = SEM. Statistical analysis was done by unpaired student’s t-test, using
GraphPad Prism 8 software; where ***p<0.001; ****p<0.0001.
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Figure 24. Enhanced IL-1p and IL-12 production in Mk2- deficient cells is independent
of IL-10.

Bone marrow derived macrophages (BMDMs) were generated from WT and Mk2- deficient
mice as described in experimental methods. At day 6 of differentiation, they were pre-treated
with 10 pg/mL of a neutralizing anti 1L-10 antibody for 30 minutes, followed by infection with
10 MOI of ST for 24 hours. Graphs indicate the expression of IL-10 (A), IL-12 (B), and IL-1p
(C) measured by ELISA, in the supernatants of ST infected macrophages.

Representative data of one experiment of three similar experiments is shown, each performed
in triplicates and presented as mean + SEM. Statistical analysis was done by unpaired student’s
t-test, using GraphPad Prism 8 software; where *p<0.05; **p<0.01; ***p<0.001;
****p<0.0001; ns — nonsignificant.
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Figure 25. MK2 inhibits cell death and promotes resistance to ST infection.

(A & B) Bone marrow derived macrophages (BMDMs) were generated from WT and Mk2-
deficient mice as described in experimental methods. At day 6 of differentiation, they were
infected with 50 and 100 MOI of ST for 24 hours. Cell death was evaluated by Neutral red
assay (A) and Zombie Yellow assay (B). Graphs display % cell death. NR optical densities
(ODs) were normalized to the unstimulated control (i.e. cells with R8 medium only). In zombie
yellow assay, the cell death was measured via flow cytometric analysis as described in
experimental methods, where the control and infected cells were compared to an unstained
sample to determine the percentage of cell death. Representative data of one experiment of
three similar experiments is shown, each performed in triplicates and presented as mean +
SEM.

(C) WT and Mk2- deficient mice were infected intravenously with 200 CFU of ST as described
in the experimental methods. At day 5 post-infection, mice were euthanized, and their spleens
were collected and homogenized. The splenocytes were then resuspended in 10 mL R8
medium and the suspensions were serially diluted several times and 100uL of each dilution
was plated onto LB + streptomycin plates. They were incubated at 37°C overnight after which
the colony-forming units (CFUs) were counted visually. Graph shows the bacterial burden
observed in the indicated groups of mice, where each dot represents a single mouse. Data is
pooled from at least 2 independent experiments, with a minimum of 3 mice per group in each
experiment; presented as mean + SEM.

Statistical analysis was done by unpaired student’s t-test using GraphPad Prism 8 software;
where *p<0.05; **p<0.01; ***p<0.001.
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3.2.2 TTP as a positive regulator of inflammasome activation

As mentioned before, MK2 is known to regulate TNF-o production post-
transcriptionally via phosphorylation of TTP (encoded by Zfp36 gene), which inhibits its
ability to degrade TNF-a mRNA and leads to increased TNF-a expression. Since we saw
reduced levels of TNF-a in Mk2- deficient macrophages, we assumed that the deficiency of
Zfp36- would show contrary results. As predicted, we observed increased levels of TNF-a in
Zfp36- deficient macrophages relative to wildtype macrophages post-ST infection (Figure 26
A). We also observed enhanced levels of IL-10 and reduced levels of IL-1p in Zfp36- deficient
macrophages (Figure 26 B, C). This trend in cytokine production was opposite to that seen in
Mk2- deficient cells. These results suggested that MK2 might be regulating the expression of
these cytokines via inactivating TTP. However, it has been shown recently that TTP represses
IL-1pB production in human macrophages after LPS treatment (Haneklaus et al., 2017). Since
our observations were quite opposite to these findings; we also measured the expression of IL-
1B in ST infected supernatants of Mk2- and Zfp36- deficient cells, collected at an earlier time
point, i.e. 6 hours following infection. Nonetheless, Mk2- deficient cells still produced
significantly high levels of IL-1B when compared to WT (Figure 27 A). Interestingly, Zfp36-
deficient cells produced the same levels of IL-1f as WT cells (Figure 27 B). These results

suggested that MK2 might be regulating IL-1p production in a TTP independent manner.

We also measured cell death in Zfp36- deficient macrophages following in vitro ST infection,
and observed that these macrophages had reduced cell death when compared to WT (Figure
28 A); which was yet again opposite to what we observed in Mk2- deficient cells. Considering
the modulation of cytokine expression in Zfp36-deficient macrophages, we hypothesized that

the bacterial burden in these mice would be impacted following a challenge with ST. However,
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in vivo infection of WT and Zfp36- deficient mice with ST revealed no differences in the

splenic bacterial burden of the two groups of mice (Figure 28 B).
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Figure 26. TTP positively regulates IL-1p and inhibits TNF-a production following ST
infection.

Bone marrow derived macrophages were generated from WT and Zfp36- deficient mice as
described in experimental methods. At day 6 of differentiation, they were infected with 10
MOI of ST for 6 hours and 24 hours. The expression of various cytokines in the supernatants
of infected macrophages was quantified by ELISA.

Graph (A) depicts the expression of TNF-o. measured in the supernatants collected 6 hours
after infection. Graphs (B and C) indicate the expression of IL-10 and IL-1p (respectively)
measured in the supernatants collected 24 hours after infection.

Representative data of one experiment of at least two similar experiments is shown, each
performed in triplicates and presented as mean + SEM. Statistical analysis was done by
unpaired student’s t-test, using GraphPad Prism 8 software; where ***p<0.001.
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Figure 27. Enhanced production of IL-1p in Mk2- deficient cells is not regulated by TTP.

Bone marrow derived macrophages were generated from WT, Mk2- and Zfp36- deficient mice
as described in experimental methods. At day 6 of differentiation, they were infected with 10
MOI of ST for 6 hours.

Graphs depict the expression of IL-18 measured by ELISA in the supernatants of Mk2-
deficient macrophages (A) and Zfp36- deficient macrophages (B) respectively.

Representative data of one experiment of at least two similar experiments is shown, each
performed in triplicates and presented as mean + SEM. Statistical analysis was done by
unpaired student’s t-test, using GraphPad Prism 8 software; where ****p<0.0001; ns —
nonsignificant.
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Figure 28. Deficiency of Zfp36- reduces cell death, but has no impact on bacterial burden
following ST infection.

(A) Bone marrow derived macrophages (BMDMs) were generated from WT and Zfp36-
deficient mice as described in experimental methods. At day 6 of differentiation, they were
infected with 50 and 100 MOI of ST for 24 hours. Cell death was evaluated by Neutral red
assay (A). Graph displays % cell death. NR optical densities (ODs) were normalized to the
unstimulated control (i.e. cells with R8 medium only).

(B) WT and Zfp36- deficient mice were infected intravenously with 200 CFU of ST as
described in the experimental methods. At day 5 post-infection, mice were euthanized, and
their spleens were collected and homogenized. The splenocytes were then resuspended in 10
mL R8 medium and the suspensions were serially diluted several times and 100uL of each
dilution was plated onto LB + streptomycin plates. They were incubated at 37°C overnight
after which the colony-forming units (CFUs) were counted visually. Graph shows the bacterial
burden observed in the indicated groups of mice, where each dot represents a single mouse.

Representative data of one experiment of at least two similar experiments is shown, each
performed in triplicates and presented as mean + SEM. Statistical analysis was done by
unpaired student’s t-test using GraphPad Prism 8 software; where *p<0.05; **p<0.01.
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3.2.3 MK2 inhibits the NLRP3 inflammasome activation through caspase-1 and
caspase-11
We observed that Mk2- deficient cells expressed high levels of IL-1pB, like Irf9-
deficient cells. On the other hand, Mk2- deficient cells showed higher cell death and bacterial
burden following infection with Salmonella in comparison to 1rf9- deficient cells. To better
understand these results, we decided to perform western blots in the lysates collected from WT

and Mk2- deficient macrophages post-ST infection.

To begin with, we first looked at the expression of proteins involved in the NF-«B pathway.
We did not detect any significant differences in the expression of p-IKK, total IKK, p-P65,
and total P65 in wildtype versus Mk2-deficient cells (Figure 29 A). Since we were interested
in understanding the mechanism behind the enhanced IL-1f secretion and cell death in Mk2-
deficient cells, we then looked at the expression of proteins involved in the canonical and non-
canonical inflammasome pathways. We observed high levels of NLRP3 and cleaved (active)
caspase-1 in Mk2- deficient cells (Figure 29 B), which suggested that the increased IL-1p
production might be a consequence of heightened NLRP3 inflammasome activation. Not only
this, but we also observed higher expression of active caspase-11 in Mk2- deficient cells
(Figure 29 B), which, in co-operation with caspase-1 might contribute to the increased cell

death and IL-1p secretion seen in these cells.

Next, we looked at the protein expression of other targets of the pP38MAPK pathway, beyond
MK?2 itself, along with the activation (if any) in distinct MAPKSs. As expected, we observed
low phosphorylation of TTP in Mk2- deficient cells (Figure 30). We also observed low levels
of A20 in Mk2- deficient cells (Figure 30). A20 is also called as TNF-a induced protein 3

(TNFAIP3), which is rapidly induced by TNF-a. Low levels of A20 correlate with the low
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levels of TNF-a seen in Mk2- deficient cells, as expected. Moreover, it has also been shown
that A20 can act as a negative regulator of the NLRP3 inflammasome signaling, thus reduced
expression of A20 would result in increased caspase-1 activation, IL-1p production and
pyroptotic cell death (Duong et al., 2015; Walle et al., 2014). Thus, the low levels of A20 also
further explained the regulation of IL-1p via NLRP3 in Mk2- deficient cells. Interestingly, we
also detected higher phosphorylation of MSK1 along with slight increase in p-ERK1/2 in Mk2-
deficient cells (Figure 30), which suggested that other signaling proteins in the MAPK-

pathway might be regulating the production of cytokines in Mk2- deficient cells.
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Figure 29. MK2 regulates inflammasome signaling.

(A & B) Bone marrow derived macrophages (BMDMs) were generated from WT and Mk2-
deficient mice as described in experimental methods. At day 6 of differentiation, they were
infected with 10 MOI of ST and cell lysates were collected over the course of 6 hours (as
indicated), to measure p-MK2, p-IKK, total IKK, p-p65,total p65, NLRP3, pro- and cleaved
caspase-1, pro- and cleaved caspase-11 and B-actin by western blot. The buffer used for lysing
was SDS buffer.

All western blot experiments were done at least three times in three different mice and
representative data of one experiment of three similar experiments is shown.
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Figure 30. MK2 regulates the activation of various proteins involved in MAPK signaling.

Bone marrow derived macrophages (BMDMs) were generated from WT and Mk2-deficient
mice as described in experimental methods. At day 6 of differentiation, they were infected
with 10 MOI of ST and cell lysates were collected over the course of 6 hours (as indicated), to
measure p-TAK1, total TAK1, p-MSK1, total MSK1, p-P38 MAPK, total p38, p-JNK, total
JNK, TTP, A20, p-ERK1/2, total ERK1/2 and B-actin by western blot. The buffer used for
lysing was SDS buffer.

All western blot experiments were done at least three times in three different mice and
representative data of one experiment of three similar experiments is shown.
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3.2.4 Inhibition of MSK1/2 normalizes IL-18 levels in Mk2- deficient cells

Mitogen and stress activated kinases (MSK1/2) are one of the other targets of the
p38MAPK pathway, and play a versatile role in transcriptional regulation thus affecting
inflammatory responses (Cargnello and Roux, 2011). Extracellular signal regulated kinases
1/2 (ERK1/2) can also activate MSK1/2 in cooperation with p38. Activated MSK1/2 can in
turn phosphorylate cAMP response element-binding protein (CREB) and activating
transcription factor 1 (ATF-1), which increases the expression of a number of genes including
the dual specificity phosphatase-1 (DUSP-1), which inhibits further activation of p38 MAPK
and all its downstream substrates, thus providing a negative feedback loop (Reyskens and

Arthur, 2016).

At first, we wanted to address the role of other p38MAPK substrates in IL-1p production in
Mk2- deficient cells. Therefore, we used a p38 inhibitor in WT and Mk2- deficient cells, and
measured IL-1p production post-ST infection. Inhibition of p38 restored the levels of IL-1p in
Mk2- deficient cells to WT levels (Figure 31 A), suggesting that the IL-1B production is
dependent on p38 activation, but this does not operate via MK2. Since we observed increased
MSK1 phosphorylation in Mk2- deficient cells (Figure 30), we hypothesized that p38MAPK
might be regulating IL-1p production through MSK1/2. Inhibition of MSK1/2 in Mk2-
deficient cells abrogated the enhancement of IL-1p, thus supporting our hypothesis (Figure
32 A). Because MSK1/2 is also activated by ERK1/2 signaling, and we saw slightly enhanced
levels of ERK1/2 in Mk2- deficient cells, we were interested to see if inhibition of ERK1/2
would normalize the levels of IL-1p in Mk2- deficient cells. Our results indicated that

inhibition of ERK1/2 did indeed reduce the levels of IL-1p drastically in Mk2- deficient cells
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(Figure 32 B). Taken together, this data suggests that the enhanced IL-1p production in Mk2-

deficient cells is regulated by MSK1/2 via the p38MAPK and ERK1/2 signaling pathways.
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Figure 31. Inhibition of p38MAPK restores IL-1§ in Mk2- deficient cells to WT levels
post ST infection.

Bone marrow derived macrophages (BMDMs) were generated from WT and Mk2-deficient
mice. At day 6 of differentiation, they were treated with p38MAPK inhibitor (LY2228820,100
nM) for 30 minutes followed by infection with 10 MOI of ST for 6 and 24 hours. The
expression of various cytokines in the supernatants of infected macrophages was quantified
by ELISA.

Graph (A & B) indicates the expression of IL-1 and IL-10 measured in the supernatants
collected 24 hours after infection. Graph (C) indicates the expression of TNF-a measured in
the supernatants collected 6 hours after infection.

Representative data of one experiment of at least two similar experiments is shown, each
performed in triplicates and presented as mean + SEM. Statistical analysis was done by
unpaired student’s t-test, using GraphPad Prism 8 software; where ***p<0.001;
****p<0.0001.
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Figure 32. MSK1/2 promotes IL-1p production in Mk2- deficient cells.

Bone marrow derived macrophages were generated from WT and Mk2- deficient mice as
described in experimental methods. At day 6 of differentiation, they were treated with an
MSKZ1/2 inhibitor (SB 747651A dihydrochloride,2.5uM) (A) or ERK1/2 inhibitor (U0126-
EtOH,1 uM)(B) for 30 minutes, followed by infection with 10 MOI of ST for 24 hours.

Graphs depict the amounts of IL-1p measured by ELISA in the supernatants of infected
macrophages.

Representative data of one experiment of three similar experiments is shown, each performed
in triplicates and presented as mean + SEM. Statistical analysis was done by unpaired student’s
t-test, using GraphPad Prism 8 software; where, **p<0.01; ***p<0.001; ****p<0.0001.
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3.25 MK?2 promotes autophagy, which inhibits the secretion of IL-1p

The terminal cleavage of pro-IL-1p by inflammasome activation is a critical
mechanism of IL-1f secretion; which usually occurs under conditions of extreme stress and
involves commitment to cell death leading to rapid release of large quantities of I1L-1f through
a disintegrating plasma membrane (Lopez-Castejon and Brough, 2011). However, depending
on the strength of the inflammatory signal and how a cell perceives it, the cell may be induced
to release low amounts of IL-18 without committing itself to cell death. Therefore, multiple
mechanisms may be engaged for the secretion of IL-1p within the same cell. Conventionally,
proteins are secreted to the extracellular space with the help of Endoplasmic reticulum and
Golgi apparatus by recognizing signal sequences at the N terminal of the nascent peptide
(Cross et al., 2009). Interestingly, IL-1p lacks the signal peptide, and can thus undergo
“nonconventional” secretion. Amongst the vast majority of IL-1p present in the cytosol, it was
found that some of it is targeted into lysosomal vesicles for degradation. These vesicles are
called autophagosomes, and this process of degradation of IL-1p is autophagy (Auron et al.,
1984; Harris et al., 2011; Rubartelli et al., 1990). Moreover, it was suggested that induction of
autophagy decreased pyroptotic cell death of infected macrophages in response to infection

with Pseudomonas aeruginosa (Pu et al., 2017).

Therefore, we questioned if autophagy was dysregulated in Mk2~~ cells, which is causing less
degradation of IL-13 , resulting in more secretion of IL-1f. In this context, we pre-treated WT
and Mk2- deficient cells with Torin and Rapamycin which enhance autophagy by inhibiting
the activity of the endogenous inhibitor of autophagy, mTORCL1. We also treated our cells with
bafilomycin and/or hydroxychloroquine (HCQ), which inhibit the terminal stage of

degradation of the autophagosome. Following the pre-treatment of cells, we infected them with
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ST and measured the levels of IL-1p in the supernatants collected 24 hours following infection.
We also collected lysates of these cells, with and without the addition of inhibitors of

autophagy, to better understand the mechanism involved.

Our results revealed that treatment of Mk2-deficient cells with torin and rapamycin resulted in
a reduction of IL-1p to WT levels, whereas HCQ treatment did not have any impact on IL-1p
in Mk2- deficient cells (Figure 33). These results suggested that Mk2~~ cells may have a poor
autophagic response which results in less degradation of IL-1p. We also performed western
blotting to evaluate the levels of expression of a few key proteins involved in autophagy. The
protein ATG16L1 binds to Atgl2-Atg5 conjugate and forms a complex. The ATG16L1
subunit of the complex is important for targeting nascent autophagosomes for degradation,
whereas the other two subunits of the complex recruit LC3B to the autophagosome. It has been
reported that overexpression of ATG16L1 inhibits the autophagic process (Fujita et al., 2008).
For instance, we observed higher levels of ATG16L1 in Mk2- deficient cells following ST
infection (Figure 34 A). The analysis of the levels of LC3B are considered as cellular readouts
of autophagy, as LC3B-I is converted to LC3B-1I with the induction of autophagy. However,
LC3B-Il is itself subjected to degradation at the lysosome. Under such circumstances of LC3B
turnover, the changes in LC3B levels are usually interpreted in the presence of inhibitors of
autophagy (Bafilomycin/HCQ) (Barth et al., 2010; Kimura et al., 2009). Though we did not
see any significant differences in the levels of LC3B following ST infection, analysis of the
cell lysates pre-treated with the autophagy inhibitor HCQ revealed significant reduction of
LC3B-II in Mk2- deficient cells (Figure 34 A, B). This difference was observed even more
clearly by performing densitometric quantification of the western blot signals (Figure 34 D,

E). Reduced levels of LC3B-I1I in the presence of such inhibitors, would indicate a defect or
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delay earlier in the process of autophagy (Barth et al., 2010). Apart from LC3B and ATG16L1,
we also looked at the expression of p62 (SQSTM1) which is an autophagy adaptor known to
recruit specific cargo to the autophagosomal membrane. We could not detect a significant
difference in the levels of p62 following ST infection, which could be because of the reduced
levels of actin in these cells (Figure 34 A). However, densitometric analysis revealed that the
expression of p62 was indeed higher in Mk2- deficient cells (Figure 34 F). Significant
accumulation of p62 was observed at 6 hours in Mk2- deficient cells pretreated with

Bafilomycin, which further suggests defects in autophagy in these cells (Figure 34 C).

In addition to the analysis of LC3B-II by western blotting, we also aimed to detect endogenous
levels of LC3B-II by immunofluorescence microscopy(IF); where LC3B-II positive punctate
structures are indicative of autophagy induction (Barth et al., 2010; Tian et al., 2020). By IF,
we observed that the amounts of LC3B puncta were higher in WT cells when compared to
Mk2- deficient cells post ST infection (Figure 35). Taken together, these results suggest that
Mk2- deficient cells have reduced autophagy, which along with the increased activation of
caspase-1 and caspase-11 might be contributing to the enhanced secretion of IL-1f and higher

cell death seen in these cells.
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Figure 33. Induction of autophagy normalizes levels of IL-1p in Mk2- deficient cells to
WT levels.

Bone marrow derived macrophages were generated from WT and Mk2- deficient mice as
described in experimental methods. At day 6 of differentiation, they were pre-treated with
Torin (0.1 uM) or Rapamycin (0.1 uM) (A & B) or Hydroxychloroquine (2 uM) (C) for 30
minutes, followed by infection with 10 MOI of ST for 24 hours.

Graphs depict the amounts of IL-1 measured by ELISA in the supernatants of infected
macrophages.

Representative data of one experiment of at least three similar experiments is shown, each
performed in triplicates and presented as mean + SEM. Statistical analysis was done by
unpaired student’s t-test , using GraphPad Prism 8 software; where , **p<0.01; ***p<0.001;
****pn<0.0001.
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Figure 34. Low levels of LC3B-I11 levels imply defective autophagy in Mk2- deficient cells.

(A-C) Bone marrow derived macrophages (BMDMs) were generated from WT and Mk2-
deficient mice as described in experimental methods. At day 6 of differentiation, they were
infected with 10 MOI of ST over the course of 6 hours (as indicated) and cell lysates were
collected in the presence and absence of Hydroxychloroquine (HCQ, 2uM) (B) or
Bafilomycin (0.01 uM) (C). The buffer used for lysing was SDS buffer. The expression of
P62, Atgl6L1, LC3B-I, LC3B-II and B-actin were measured by western blot.

Densitometric analysis was performed for the expression of LC3B-II in the absence of HCQ
normalised to actin (D), LC3B-II in the presence of HCQ normalised to actin (E) and p62 in
the absence of any inducers/ inhibitors. All treatments were followed by infection with ST.

All western blot experiments were done at least three times in three different mice and
representative data of one experiment of three similar experiments is shown.
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Figure 35. LC3B-II positive puncta indicative of autophagy, is significantly lower in
Mk2- deficient cells following ST infection.

Bone marrow derived macrophages were generated from WT and Mk2- deficient mice as
described in experimental methods. At day 6 of differentiation, they were infected with 10
MOI of ST for 6 hours. Endogenous LC3B (green) and DNA (blue) were stained for
immunofluorescence imaging as explained in experimental methods. The Epifluorescent
images were captured using inverted Zeiss AxioObserver Z1.

Representative images of one experiment of at least two similar experiments is shown.
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4. DISCUSSION

4.1 Role of pro-inflammatory and anti-inflammatory cytokines in host defense

Upon recognition of pathogens, the immune system usually mounts 2 types of responses;
an immediate innate immune response, followed by an antigen specific adaptive immune
response (Matzinger, 1998; Medzhitov and Janeway, 2000). In most microbial infections,
pattern recognition receptors present on various immune and non-immune cells of the body
recognize distinct pathogen associated molecular patterns (PAMPs). PRR-PAMP interactions
initiate an inflammatory response, which results in the recruitment of neutrophils,
macrophages and dendritic cells at the site of infection, along with the release of low molecular
weight proteins called cytokines, which help in bringing about pathogen control by promoting
the immune response (Akira et al., 2006; Tosi, 2005). Cytokines, are mediators which are also
known to orchestrate the balance between the innate and adaptive immune system. They act
by sending downstream signals to various cells through different signal transduction pathways
such as the NF-xB , JAK-STAT and the MAPK pathways (Baskic et al., 2017; Kawai and
Akira, 2009; Lewis and Blutt, 2019). The inflammatory response starts with the biosynthesis
of pro-inflammatory cytokines such as TNF-a, IL-1a/p, IL-12, IL-18 and IFN-y (Coondoo,

2011; Zhang and An, 2007).

IL-1B induces the expression of adhesion molecules in the endothelial cells of the damaged
capillaries, to induce the recruitment of neutrophils at the site of inflammation. In a study
published in 2014, it was found that the secretion of chemokines, keratinocyte attractant (KC)
and macrophage inflammatory protein-1a (MIP-1a) by macrophages stimulated with Group B
Streptococcus was significantly reduced in the absence of IL-1RI (mice deficient in the

receptor of IL-1P) (Biondo et al., 2014). Some in vivo studies also show the importance of IL-
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1B against microbial pathogens (Miller et al., 2007). For example, in response to infection with
Salmonella Typhimurium, IL-1p deficient mice were shown to succumb more rapidly to
infection than their wildtype littermates (Raupach et al., 2006). Since we observed increased
amounts of IL-1p in 1rf9- deficient cells post ST infection (Figure 11 D), these publications
further strengthened our propositions that the enhanced expression of IL-1p might have a role

in augmenting the resistance of Ifnarl- and Irf9- deficient mice to ST infection.

Another cytokine, TNF-a, which is also called as cachectin, plays a well-established role in
driving the inflammatory response, along with IL-1. It is one of the cytokines that makes up
the acute phase reaction, i.e. its plasma concentrations tend to increase/decrease in response to
inflammation (Duque and Descoteaux, 2014). In vivo studies show that TNF-a mediates
bacterial clearance by increasing the expression of pro-inflammatory genes such as
cyclooxygenase (COX-2) and inducible nitric oxide synthase (iNOS). These genes code for
enzymes that increase the synthesis of prostaglandin (PG)-E2 and nitric oxide, to eliminate the
pathogen (Dinarello, 2000; Malaviya and Abraham, 2000). In this context, we observed low
levels of TNF-a and correspondingly low levels of NO in Ifnarl- and Irf9- deficient cells
(Figure 7 B , 8 B & 11 B). Interestingly, it has been reported that NO can inhibit IL-1p
secretion in human and mice myeloid cells (Mao et al., 2013). This correlates with our
observations since we observed enhanced levels of IL-1f in ST infected macrophages of 1rf9-

deficient mice (Figure 11 D).

The concept that some cytokines function primarily to induce inflammation while others
suppress inflammation is fundamental to cytokine biology and also to clinical medicine. This
is brought about by cytokines such as IL-10, which have potent anti-inflammatory properties

thus repressing the expression of TNF-a, IL-1 and other pro-inflammatory cytokines. It has
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been shown that deletion of IL-10 results in the onset of severe diseases and fatal
immunopathologies in a number of infections (Couper et al., 2008; Hunter et al., 1997; Wilson
et al., 2005). Nevertheless, untimely production of IL-10 can also lead to the development of
chronic diseases, as seen in the case of infection with Mycobacterium avium, where early
production of IL-10 correlated to the failure of BALB/c mice to control bacterial infection
(Roque et al., 2007). However, in our case, we observed that the deficiency of IL-10
corresponded to reduced bacterial burden and increased survival of mice; which is what we

observed in 11-10- deficient mice and Ifnarl- deficient mice (Figure 9).

While anti-inflammatory cytokines are a prerequisite to regulate pro-inflammatory cytokine
response, their excessive production is associated with a severe immune depression as
observed in patients following trauma or major surgery. Therefore, a “balance” between the
effects of pro- and anti- inflammatory cytokines is known to determine the outcome of the

disease.

4.2 Role of interferons in controlling pathogens

Interferons (IFN) are widely expressed cytokines that have potent antiviral, anti
proliferative and immunomodulatory effects (Lee and Ashkar, 2018; Platanias, 2005). Three
main classes of related cytokines form the IFN family. Although type I IFNs and type 111 IFNs
are known to signal through JAK-STAT pathways, and activate a similar gene set, their
receptors are differentially expressed; while IFNAR1 is expressed ubiquitously, IL-28R is
restricted to primary epithelial cells (Cohen and Parker, 2016). A study showed that infections
with S. aureus and P. aeruginosa were found to induce type Il1 IFN signaling in the lung, and
in either case loss of the type Il IFN receptor improved the bacterial clearance, suggesting

that type Ill IFN signaling is detrimental to host survival (Cohen and Prince, 2013). Even
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though the contribution of type 111 IFNs in the clearance of other bacterial pathogens has not
been directly studied, there exists a possibility that in our infection model, type 111 IFNs might
be induced by ST infection, in vivo, and might further facilitate bacterial clearance in Ifnarl-
deficient mice. Interestingly, it has been reported that type Il IFNs can enhance epithelial
barriers in response to in vitro infections with Salmonella Typhimurium, which prevented

dissemination of bacteria (Odendall et al., 2017).

Type | IFNs are one of the first cytokines produced during a viral infection and are known to
induce antiviral responses within infected cells by stimulating the production of molecules that
weaken viral replication. Viruses can likely be detected by multiple PRRs throughout their
infection lifecycle, although certain PRRs may be more important for inducing production of
type | IFNs (Perry et al., 2005). TLR3 and TLR4 which sense viral dSRNA and bacterial LPS
respectively, usually lead to the production of type I IFNs via TRIF signaling (Doyle et al.,
2002; Kawai et al., 2001). Accordingly, we observed reduced bacterial burden in Trif- deficient
mice following ST infection (Figure 5 A). However, they did not recapitulate the phenotype
observed in Ifnarl- deficient mice. It was found that, in the case of Herpes simplex virus (HSV-
2) IFN-B is produced early in time which facilitates the activation of innate immune cells and
NK cell cytotoxicity as well as NK cell induced IFN-y production, which brings about the
death of infected cells (Gill et al, 2006; Lee and Ashkar, 2012). Murine
cytomegalovirus (MCMV) virus also induces the production of type I IFNs, which stimulates
IL-15 production subsequently leading to NK cell activation (Krmpotic et al., 2003).
Furthermore, type | IFNs also induce the production of CCL2 by dendritic cells and
macrophages (as in the case of HSV-1 infection) to heighten the antiviral immune response

by recruiting inflammatory monocytes at the site of infection (Uyangaa et al., 2015). Due to
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the immense effects that type | IFNs have on shaping the immune response, they have evolved

as indispensable molecules in anti-viral host responses.

Type Il IFN or IFN-y is predominantly produced by NK cells and CD4 helper T cells.
Cytokines, IL-12 and IL-18 produced by macrophages and APCs further induce the production
of type Il IFN (Kak et al., 2018; Shtrichman and Samuel, 2001). They essentially play an
important role against different bacterial infections. The role of type Il IFN against
Mycobacterium infections is of utmost importance. Mice lacking functional IFN-y or its
receptor are extremely susceptible to even mildly virulent strains of Mycobacterium such as
attenuated Mycobacterium bovis Bacillus Calmette-Guérin (BCG) (Flynn et al., 1993; Kak et
al., 2018). These mice also have dampened levels of iINOS; as IFN-y is known to stimulate the
production of reactive nitrogen species and reactive oxygen species which generate potent
microbicidal agents to control infection. IFN-y is also implicated in mediating intestinal
immunity against S. Typhimurium (Bao et al., 2000). Similarly, we observed that Ifn-y-
deficient mice showed impaired survival and a higher bacterial burden when compared to WT
mice suggesting that it plays important role in controlling bacterial infection (Figure 10 B, C).
IFN-y is also known to deplete intracellular iron levels in the infected cells, thereby starving
the pathogen from gaining essential nutrients and thus facilitating pathogen clearance (Nairz

et al., 2008).

Even though type | IFNs are well recognized for protection against viral infections, their role
in bacterial infections is enigmatic (Boxx and Cheng, 2016). For a long time, research
conducted with Chlamydia showed that type | IFNs are induced by the bacterium and they in
fact restricted the bacterial growth in human and murine cell lines, thus suggesting that type |

IFNs are required for enhancing resistance to infection (de la Maza et al., 1985). However,
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studies with another intracellular pathogen, Listeria monocytogenes, revealed that Irf3- or
Ifnarl- deficient mice, were more resistant to infection and had greater survival when
compared to wild type. This suggested that type | IFN is detrimental to host survival as the
presence of type | IFNs reduced the efficiency of bacterial clearance along with plummeting
the number of pro inflammatory myeloid cells (Auerbuch et al., 2004; Carrero et al., 2004,
O’Connell et al., 2004). The detection of Salmonella by TLR4 can also induce type | IFN
signaling. Our lab has shown previously that mice deficient in type | IFN receptor (Ifnarl-
deficient) were highly resistant to infection. It was also suggested that Salmonella
Typhimurium-induced type | IFN production drives necroptosis of macrophages, which
enables it to evade the immune response (Robinson et al., 2012). Our results agreed with the
idea that type | IFN signaling is detrimental to host survival (Figure 4); and finding the

mechanism behind this was the primary aim of the thesis.

In contrast to the above findings, it has been found that type I IFNs can fortify the host against
infections caused by certain pathogens. Infection of mice with group A and group B
Streptococci revealed that the presence of type | IFNs protected the host from infection, and
this enhanced resistance could be attributed to the increased production of type I IFN-induced
nitric oxide, IFN-y and TNF-a, thereby conferring heightened antibacterial immune response.
Similar observations were noticed in response to challenges with E.coli and Streptococcus
pneumoniae (Mancuso et al., 2007). Overall, these reports indicate that type | IFNs play an

unpredictable role in bacterial infections.

However, it is also important to remember that high mortality rates are associated with
superinfections caused by bacterial species in already existing viral conditions; which is why

it is of paramount importance to understand the role of type | IFNs in bacterial infections.
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Viruses such as Influenza induce type | IFN production, which induces cell death of alveolar
macrophages and lymphocytes, and consequently hinder the host immune response to
secondary bacterial infection caused by Streptococcus pneumoniae (Almand et al., 2017; Lee
et al., 2015). Furthermore, some viruses such as HIV, can infect a wide variety of cells within
the immune system, thereby promoting complex superinfections with bacteria leading to host
mortality. For instance, invasive non-typhoidal strains (INTS) of Salmonella, such as
Salmonella Typhimirum were found to be the causative agents of fatality in HIV infected
patients in Sub-Saharan African populations (Feasey et al., 2012; Gilchrist and MacLennan,
2019). All these examples listed above provide strong evidence that it is important to consider
the dynamics between viruses and bacteria to establish disease pathogenesis, and identify

novel therapeutic targets.

4.3 Type Il IFN signaling

Type Il IFN which consists of IFN-y, binds to IFNGR which recruits JAK1 and JAK2.
The JAK’s phosphorylate STAT1, forming a homodimer called the gamma-activated factor
(GAF) which translocates to the nucleus and binds to high-affinity DNA sequences termed the
y-interferon activated sequences (GAS) to initiate transcription of several ISGs (Begitt et al.,
2014). Other than STAT1 homodimers, several other transcription factors are induced by IFN-
v, which bind to GAS elements to induce cytokine specific gene transcription (Boehm et al.,

1997).

IFN-y was shown to induce the transcription of genes that lead to a heightened microbicidal
state of macrophages, wherein they release toxic effector molecules such as reactive oxygen
species and nitric oxide (Nathan et al., 1983). Inducible nitric oxide synthase (iNOS), the

enzyme which catalyzes the production of nitric oxide is induced by IFN-y, since the promoter
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region of iINOS contains GAS elements. It was also found that IRF-1, which is also a primary
response gene, induced by IFN-y, is essential for IFN-y mediated induction of iNOS , as
macrophages from mice deficient in Irfl1- displayed minimal amounts of iINOS mRNA upon
IFN-y stimulation (Boehm et al., 1997; Kamijo et al., 1994). The cytokines produced by Ty 2
cells, which include IL-10, IL-4, IL-13 and IL-5 negatively regulate IFN-y production, thereby
hindering IFN-y mediated nitric oxide production (Deguchi et al., 1995). Correspondingly, we
observed that Ifn-y- deficient cells produced high amounts of IL-10 post ST infection (Figure

11 A).

Furthermore, IFN-y can also induce the transcription of genes which are synergistically
activated by other cytokines. For example, TNF-a activates NF-kB to induce the transcription
of several pro-inflammatory cytokines. Similarly, IFN-y can also induce dsRNA activated
protein kinase R (PKR) , which acts as an inducer receptor and consequently activates NF-«B.
Promoter studies of PKR has revealed that it has sites for binding of GAS elements as well as
NF-«xB elements (Kumar et al., 1994; Tanaka and Samuel, 1994). Therefore, both TNF-a and
IFN-y can induce pro-inflammatory cytokine production. This can possibly explain as to why
there is not much difference in the levels of pro-inflammatory cytokines , TNF-a, IL-1p and

[1-12 in WT and Ifn-y- deficient cells (Figure 11 B, C, D).

4.4 Type | IFN signaling

Type | IFNs (IFN-0/B) induce signal transduction through 2 subunits of a common
heterodimeric receptor, IFNAR1 and IFNAR2. Engagement of type I IFNs to either subunit of
the IFNAR receptor results in the formation of a binary complex, which recruits the other
subunit, thereby recruiting downstream kinases, JAK1 and TYK2 (Platanias, 2005; Stark et

al., 1998). These kinases activate various members of the STAT family of proteins, including
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STAT1, STAT2, STAT3 and STATS5; which form homo and/or heterodimers that translocate
to the nucleus to initiate transcription in the promoter regions of several interferon stimulated
genes (ISGs) (Darnell et al., 1994; Platanias, 2005). An important trimeric transcription factor
that is formed following IFNAR1 engagement is the interferon stimulated gene factor-3 (ISGF-
3) complex, which results in the transcription of ISGs which contain an interferon stimulated
response element (ISRE) in their promoter regions (Aaronson and Horvath, 2002; Gough et
al., 2012). This complex is unique mechanistically as it involves three different transcription
factors (STAT1,STAT2 and IRF9) , each providing a distinct, complementary function (De

Weerd et al., 2013).

Even though majority of type | IFN-induced gene transcription is attributed to ISGF3 complex,
there has been evidence of formation of other STAT complexes (Fink and Grandvaux, 2013);
for example, type | IFN-induced STAT3 homodimers bind to STAT3 binding elements (SBESs)
in ISGs to initiate transcription (Gonzalez-Navajas et al., 2012). Fundamental differences in
the roles of the components of ISGF3 complex have also been suggested in the context of viral
infections. It was shown that deficiency of Stat2- or 1rf9- was non-lethal in a mouse model for
lymphocytic choriomeningitis virus (LCMV) infection, whereas the deficiency of Statl-
proved out to be lethal (Hofer et al., 2012). This suggested STATL1 independent antiviral

mechanisms mediated by STAT2 and IRFO.

The complexity in discerning the role of type I IFNs in several microbial infections arises
because of the fact that type | IFN is known to regulate the transcription of over 3300 genes
that are integrated into intricate regulatory networks (De Weerd et al., 2013). With the aim to
scrutinize the role of type | IFNs, especially that of the ISGF3 complex, in response to bacterial

infection with Salmonella Typhimurium, we uncovered that the loss of STAT2 and IRF9
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recapitulate the phenotype of Ifnarl- deficient mice, by displaying lower bacterial burden
(Figure 6 A, B). We also showed that STAT1, which participates in type | and type Il IFN
signaling, showed the opposite effect, and had significantly increased bacterial load (Figure 6
C). Because of its participation in IFN-y signaling, it is possible that some of the beneficial
effects of STAT1 might be related to the transcription of genes induced through this pathway
(Kernbauer et al., 2012; Rothfuchs et al., 2006). We also observed that while IFN-y deficiency
abrogated the resistance of 1rf9- deficient mice, the loss of STAT1 in Irf9- deficient mice had
an even greater impact (Figure 10 B, D). These results suggested the existence of type | IFN
induced STAT1-STAT1 homodimers which promote resistance against ST infection in the

absence of IFN-y or IRF9.

4.5 Regulation of IL-10 production

The primary host response against pathogens involves rapid production of pro-
inflammatory cytokines which brings about microbial clearance. However, excessive
inflammation can give rise to exuberant pathologies. In order to prevent this, the immune
system has developed parallel mechanisms what work towards balancing the inflammation
and restoring homeostasis in the body (lyer and Cheng, 2012; Moore et al., 2001; Saraiva and
O’Garra, 2010). IL-10 has evolved as one such cytokine, which plays crucial roles in this
process mediated via JAK/STAT signaling . It has been shown that deficiency of IL-10 can
lead to the development of inflammatory bowel disease and exaggerated immune response
(Kihn et al., 1993). It is important to bear in mind that the absence of IL-10 is not generally
compensated by other regulatory mechanisms, suggesting a non redundant role of IL-10 in
limiting the immune response. Murine and human IL-10 genes carry sequence identity and

similar location of recognized transcription factors. Both the species contain a TATA box and
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a CCAAT box (CCAGT in mice) in the promoter region of the IL-10 gene (lyer and Cheng,
2012; Saraiva and O’Garra, 2010). Epigenetic remodulation, which involves changes in the
chromatin structure at the IL-10 locus, was known to initiate 1L-10 transcription. Several
studies implicated the role of GATA binding protein 3 (GATAZ3) as its regulator (Chang et al.,
2007). However, as GATAS is expressed only in T2 cells, and chromatin remodelling is
observed in various other cell types, this suggested the participation of other mechanisms to
initiate transcription. A number of transcription family members including specificity protein
(Sp), signal transducers and activators of transcription (STAT), interferon regulatory factors
(IRF), activator protein (AP), CAMP response element binding protein (CREB), CCATT
enhancer/binding protein (C/EBP), c-musculoaponeurotic fibrosarcoma factor (c-MAF), and
nuclear factor k-B (NF-kB) have been proposed as critical factors to regulate IL-10 activation

(lyer and Cheng, 2012).

It has been shown that presence of type | IFNs usually induces the transcription of IL-27 which
further activates STAT1 and STAT3, which are critical for 1L-10 gene expression in bone
marrow derived macrophages (Brightbill et al., 2000; lyer and Cheng, 2012). In accordance
with this, we observed reduced production of IL-10 not only in Ifnarl- and Irf9- deficient mice,
but also in Statl-, Stat2-, Stat1/Irf9- and Ifn-y/Irf9- deficient mice (Figure 11 A), suggesting
that STAT1 promotes IL-10 production via ISGF3 complex. Along with STAT proteins, type
I IFN induced IRF1 also upregulates IL-10 production in human B cell line (Ziegler-Heitbrock

et al., 2003).

Another important transcription factor, c-MAF, has emerged as a potential inducer of IL-10
transcription by binding to MAF recognition elements (MARE) in the IL-10 promoter region,

upon TLR stimulation. However, c-MAF alone, cannot activate IL-10 (Brightbill et al., 2000;
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Ilyer and Cheng, 2012). Furthermore, dsRNA induced protein kinase R (PKR) can
phosphorylate NF-kB, eventually leading to IL-10 activation by binding to a distinct site in the

IL-10 promoter region (Chakrabarti et al., 2008).

Some transcription factors, on the other hand, are known to downregulate the transcription of
IL-10. For example, infection with Mycobacterium tuberculosis in mice deficient for Tn1 cell
specific transcription factor, T-bet, resulted in increased levels of IL-10 being expressed
(Sullivan et al., 2005). As T-bet also regulates IFN-y expression, which was completely
abolished in the absence of T-bet, this could reflect the blockade towards Twl cell
differentiation in the presence of IL-10 and in turn a negative regulation of IL-10 by Tn1 cells.
The complexity involved in the regulation of IL-10 involving both positive and negative
feedback loops shows the tight control that is required to maintain homeostasis. However, in
order to resolve inflammation, post-transcriptional mechanisms including translation and

maintenance of transcript mMRNA are also in effect.

Interestingly, IL-10, like many other cytokines, contains adenylate-uridine- rich elements
(ARE) in the 3’ untranslated region, subjecting it to ARE mediated decay mechanisms;
mediated post-transcriptionally by Tristetraprolin (TTP), which drives target mRNA
transcripts towards decay machinery (Stoecklin et al., 2008). However, phosphorylation of
TTP by the p38MAPK substrate, MK2 is known to block the degrading action of TTP (Hitti
et al., 2006). The activation of MAPKSs (specifically ERK and p38) has been shown to be
essential for IL-10 regulation due to the defects observed in IL-10 expression in the presence
of ERK or p38 inhibitors, in LPS or CpG activated macrophages (Yi et al., 2002). However,
abrogation of ERK or p38 does not completely abolish the levels of IL-10, suggesting that

these two pathways cooperate with each other to regulate IL-10. The role of ERK in
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modulating IL-10 expression correlated with our observations, where we observed slight
reduction of p-ERK1/2 in Ifnarl- and Irf9- deficient cells, when compared to WT, which
explained the reduced IL-10 levels seen in these cells. However, we were unable to detect any

changes in phosphorylated p38 in these cells (Figure 20 B).

The importance of TRIF mediated type | IFN induction in the regulation of IL-10 was shown
by using cycloheximide (CHX), which blocked translation prior to LPS treatment. It was
observed that treatment with CHX completely abrogated IL-10 transcription by blocking
STAT3 phosphorylation (Brightbill et al., 2000); and LPS treatment of WT and /FNaR-
deficient mice showed that loss of the IFNaR coincided with loss of IL-10 (Staples et al.,
2007), thus confirming that robust expression of 1L-10 requires type | IFN signaling. It is thus
conceivable that the enhanced survival of Ifnarl-deficient mice to Salmonella Typhimurium,
in our infection model is related to a reduced expression of IL-10 and consequently enhanced

inflammation.

4.6 Inflammasome signaling

Pattern recognition receptors which sense unigue microbial structures (PAMPS) such as
nucleic acids or components of the microbial cell wall, alongside DAMPs such as uric acid
crystals or ATP, can broadly be categorized into two types depending on their location and
where they interact with the pathogen. If present on the surface of the cell membranes or
phagosomes, they fall under the category of Toll-like receptors, which usually induce pro-
inflammatory cytokine production post PAMP engagement. However, these receptors will not
be able to respond to pathogens present in the cytosolic compartment. In this regard, the
immune cells have evolved NOD-like receptors (NLRs) or AIM2-like receptors (ALR) which

can recognize PAMPs present in the cytosol (Takeuchi and Akira, 2010). Certain subsets of
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these receptors form large multiprotein complexes, called inflammasomes, which trigger
activation of caspases-1 and 11; the most prominent outcomes of which include induction of
pyroptotic cell death, and secretion of inflammatory cytokines IL-1p and IL-18 (Kayagaki et
al., 2011; Lamkanfi and Dixit, 2014). Pyroptosis features cytoplasmic swelling and formation
of pores in the cell membrane which results in the release of cytoplasmic contents, preventing
the intracellular replication of microbes and targeting them for destruction by myeloid cells
such as neutrophils (Bergsbaken et al., 2009). IL-1p which is released in this process, in turn
promotes migration of leukocytes along with facilitating the participation of adaptive immune
response by inducing antibody production (Dinarello, 2009; Sims and Smith, 2010). In general,
signaling through the IL-1 receptor induces the expression of several inflammatory genes
including IL-6, IL-8, IL-12 along with numerous chemokines and anti microbial peptides (von

Moltke et al., 2013).

The role of NLR proteins NLRP1, NLRP3, and NLRC4 and ALR AIM2 has been firmly
established in inflammasome signaling (Bergsbaken et al., 2009; Lamkanfi and Dixit, 2014;
von Moltke et al., 2013). The NLRP3 inflammasome lacks the presence of a CARD domain ,
therefore utilizes an adaptor protein, ASC to activate caspase-1. In contrast, the NLRC4 and
the NLRP1 inflammasomes contain a CARD domain through which they can directly activate
caspases (Lamkanfi and Dixit, 2012). It has been previously reported that the two
inflammasome platforms, NLRP3 and NLRC4, synergize to induce inflammasome signaling
during ST infection (Broz et al., 2010; Qu et al., 2016). However, we did not observe a
significant role for NLRC4 in IL-1B secretion, and found that it was completely dependent
upon NLRP3 (Figure 14 C & 15 B). On the other hand, we found that the process of cell death

was regulated by a combination of both, NLRP3 and NLRC4, suggesting that IL-1[ secretion
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and cell death are governed by distinct platforms in response to ST infection (Figure 14 A, B
& Figure 15 A). Consistent with this, we found that the inhibition of NLRP3 in 1rf9- deficient
cells normalized the levels of IL-1p, with no significant effects on cell death (Figure 14 C,
D). Apart from these inflammasomes, the ALR protein AIM2 can also form a canonical
inflammasome to activate caspase-1 by recognizing DNA from intracellular pathogens
(Lamkanfi and Dixit, 2014). However, our observations suggest that inflammasome signaling

in response to ST infection, is independent of AIM2 (Figure 17).

In addition to caspase-1 activation, an unknown mechanism is known to activate caspase-11,
which is called the non-canonical inflammasome pathway. It has been reported that in
response to infection with Escherichia coli and Vibrio cholerae, caspase-11 can trigger
pyroptosis independently of caspase-1, whereas the processing of IL-1p required both caspase-
1 and caspase-11 (Kayagaki et al., 2011). More recently, a similar suggestion was put forward
in response to S. Typhimurium infection in the context of cell death; however, these studies
suggested a dispensable role for caspase-11 in IL-1p processing (Broz et al., 2012b; Rathinam
et al., 2012). In our infection model, the cell death of macrophages appeared to be equally
dependent on caspase-1 and caspase-11 at lower MOIs (50 MOI); however with increasing
MOI, we observed that Caspase-1/11 deficient cells showed more resistance than Caspase-11
deficient cells; suggesting the predominant role of caspase-1 in regulating the process of cell
death (Figure 16 A). On the other hand, our results contradicted with the suggestions that
caspase-11 could be dispensable for IL-1p production, as we observed substantial abrogation
of IL-1p in Caspase-11- deficient cells in response to ST infection (Figure 16 B). As caspase-
11 senses intracytoplasmic LPS, these results suggest that ST might be getting access to the

cytosol. However, previous reports have attributed that gram-negative bacteria can indirectly
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activate caspase-11 via TRIF-IFN pathway (Rathinam et al., 2012). More recently, it has also
been reported that outer membrane vesicles (OMVs) produced by Gram-negative bacteria act
as a vehicle that delivers LPS into the cytosol triggering caspase-11 activation (Vanaja et al.,

2016).

4.7 Regulatory role of type-I interferons in inflammasome signaling

While inflammasome signaling results in the processing and consequent secretion of IL-
1B/IL-18 and induction of cell death by pyroptosis (Broz et al., 2010), type I IFN has been
shown to have divergent roles in inflammasome signaling (Guarda et al., 2011; Henry et al.,
2007). It has been reported that type | IFN signaling repressed NLRP1 and NLRP3
inflammasome activation which resulted in subsequent reduction of secreted IL-1p , in a
STAT1 dependent manner (Guarda et al., 2011). On the other hand, others have suggested
that type | IFNs positively regulate the inflammasome. Cytosolic Francisella tularensis
induced type | IFN signaling, which was required for caspase-1 mediated cell death and
cytokine processing (Henry et al., 2007). However, our results suggest opposing roles of type
I IFNs on the two key outcomes of inflammasome signaling. Our observations indicate a
mechanism wherein type | IFNs inhibit NLRP3 expression and IL-1p secretion, in an IRF9
dependent manner, whereas they significantly induce macrophage cell death. These
observations were supported by the increased activation of caspase-1, which enhanced IL-1p
secretion, and reduced expression of caspase-11 which resulted in reduced cell death in Irf9-

deficient cells .

It has been reported that IL-10 which is produced during chronic TLR signaling (induced by
prolonged (12-24 hours) LPS exposure) inhibited NLRP3 inflammasome signaling and

caspase-8 activation (Gurung et al., 2015). Since type | IFN induces IL-10 expression, it is
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conceivable that type | IFN regulates inflammasome signaling through increased IL-10
expression (Guarda et al., 2011). These results correlated with our findings, because we
observed increased levels of IL-1p in 11-10- deficient cells post ST infection, which suggested
that IL-10 downregulated IL-1B secretion (Figure 13 B). Also, our western blots indicated
increased expression of caspase-8 and NLRP3 in Ifnarl- and Irf9- deficient cells which
contributed to enhanced IL-1p secretion (Figure 21). Moreover, re-analysis of our microarray
data revealed that IL-1p was highly upregulated in the Ifnarl- and Irf9- deficient macrophages
following ST infection, whereas various endogenous inhibitors of inflammasome signaling
such as Ch25 and Pydc3 were significantly downregulated in these cells (Khare et al., 2014;
Reboldi et al., 2014). Therefore, reduced expression of IL-10 along with poor expression of
these endogenous inhibitors of inflammasome signaling in Ifnarl- and Irf9- deficient mice
may result in a state of enhanced inflammasome signaling and increased resistance against

bacterial infection.

4.8 Role of type I IFN signaling in the p38 MAPK pathway

Type | IFNs have a variety of biological effects such as antiviral responses, gene
transcription and translation. In order to facilitate these pleiotropic effects, type I IFNs activate
divergent cellular signaling pathways such as the JAK/STAT signaling pathways. It has been
widely reported that, in addition to the JAK/STAT pathway, a powerful regulatory mechanism
which is critical for rapid response to type I IFNs is the p38MAPK pathway (Li et al., 2004;
Platanias, 2003). It has been indicated that the p38MAPK substrates, MK2 and MK3 were
activated in response to IFN-f stimulation in an IFN-sensitive cell line, and such activation
was blocked by p38 inhibitors (Uddin et al., 1999). These observations suggested that the

effects of the IFN induced p38 MAPK pathway might be regulated by these kinases. Therefore,
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we understood that Mk2- deficient mice might recapitulate the results of Ifnar1-deficient mice
thus enabling us to establish a correlation between type | IFN pathway and p38 MAPK

pathway.

Studies also showed that p38 MAPK is essential for transcriptional regulation via ISREs,
because p38 inhibition resulted in reduced gene transcription of ISRE- constructs after
treatment with IFN-a (Uddin et al., 1999). Later on, it was shown that p38 is specifically
required for type | IFN mediated gene transcription via ISRE or GAS elements (Uddin et al.,
2000), whereas treatment with IFN-y did not impact gene transcription in the absence of p38a
(Li et al., 2004). Moreover, these studies established that the activation of p38MAPK does not
depend on or alter the phosphorylation of STATS; suggesting that they are activated in a
distinct fashion upon IFNAR engagement. The inhibition of p38 MAPK resulted in loss of
antiviral effects against certain viruses, suggesting its importance in regulating type | IFN
responses (Platanias, 2005). In this context, we questioned whether p38 MAPK was regulating
microbial resistance in our infection model. We observed that inhibition of p38 MAPK resulted
in a significant reduction of type I IFN production (Figure 22), suggesting that the p38 MAPK
might be promoting type | IFN responses in WT mice, which may make them more susceptible

to ST infection.

4.9 Role of p38 MAPK in cytokine production and cell death

The p38MAPK pathway which is activated by stress and inflammatory stimuli is known
to regulate several cellular processes, thus initiating gene transcription, cell proliferation and
inflammatory response (Kotlyarov et al., 1999; Lee et al., 1994). MAPKAP2 (MKZ2) is one of
the various kinases activated by the direct phosphorylation of the p38MAPK. It has been

reported that the LPS induced production of TNF-a was reduced in Mk2-deficient cells, along
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with slight but not significant reduction in IL-6 and IL-10 (Kotlyarov et al., 1999). In another
study, it was shown that the selective inhibition of the p38MAPK substrate MK2, decreased
IL-1B expression by promoting the degradation of IL-18 mRNA suggesting that MK2
promotes inflammasome signaling (Wang et al., 2018). Interestingly, our observations partly
correlated with these findings, in a way that we observed reduced TNF-a in Mk2-deficient
cells following ST infection (Figure 23 D); however, on the other hand, we also observed
significantly higher levels of IL-1p (Figure 23 F) and correspondingly increased cell death in
Mk2-deficient cells (Figure 25 A, B). It was also reported that the reduced TNF-a levels in
Mk2-deficient cells mice contributed to enhanced susceptibility in response to a challenge with
Listeria monocytogenes (Lehner et al., 2002). Similarly, we also observed higher bacterial
burden in Mk2- deficient cells in vivo following challenge with Salmonella Typhimurium

(Figure 25 C).

The reduction of TNF-a levels in Mk2-deficient cells was reported to be due to a post-
transcriptional mechanism (Kotlyarov et al., 1999). Later on, it was found that it was MK2
promoted the maintenance of TNF-oo mRNA through its phosphorylation-driven inactivation
of Tristetraprolin (TTP). It has been shown that TTP degrades TNF-o mRNA by binding to
ARE rich elements in a region that is downstream of the C terminus (Hitti et al., 2006). Indeed,
we observed increased levels of TNF-a in Zfp36- deficient cells (TTP knockout), indicating
that TTP modulates TNF-a in our infection model (Figure 26 A). Oddly enough, it has been
indicated that TTP has a similar degradative effect on IL-1p mRNA thus inhibiting its secretion
(Moritz Haneklaus et al., 2017). To understand this, we measured IL-1p in Zfp36- and Mk2-
deficient at different time points, and observed that there was no difference in the levels of IL-

1B in WT and Zfp36- deficient cells at 6 hours after ST infection, whereas Mk2- deficient cells
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still produced higher levels of IL-1B (Figure 27); suggesting the existence of distinct
regulatory mechanisms of IL-1p via MK2. Nevertheless, the increase in inflammasome
signaling in Mk2-deficient cells was explained by higher expression of NLRP3, and activation
of caspase-1 and caspase-11 (Figure 29 B), which altogether enhanced inflammasome driven

IL-1B secretion and cell death.

4.10 Activation of distinct MAPKSs in the absence of MK2

Apart from MK2, there are several other downstream targets of the p38 MAPK pathway
(Cargnello and Roux, 2011). It has been reported that MSK1/2 can be activated in response to
two MAPK pathways, the p38 and ERK1/2 MAPK pathway (Reyskens and Arthur, 2016). In
this context, we detected more phosphorylation of MSK1/2 along with an increase in the
expression of ERK1/2 in Mk2- deficient cells following ST infection (Figure 30).
Interestingly, it has also been shown that MSK1/2 is important for the production of IL-1ra,
the receptor antagonist for IL-1p, thus preventing IL-1p functioning (Darragh et al., 2010).
Moreover, another study showed that MK2 has an inhibitory effect on p38 induced activation
of MSK1/2 (Gorska et al., 2007); suggesting that if MK2 is knocked out, overactivation of
MSK1/2 should result in less production of IL-13. However, this was contradictory to our
observations, since we detected high amounts of IL-1p in Mk2- deficient cells, suggesting that
MSK1/2 might not be inhibiting IL-1p secretion. Our hypothesis was further strengthened
when we observed that the inhibition of MSK1/2 reduced the levels of IL-1p in Mk2- deficient
cells to wild type levels, which was also observed upon inhibition of ERK1/2 (Figure 32).
Though we did not see any difference in the levels of phosphorylated p38, its inhibition also

normalized the levels of IL-1p in Mk2- deficient cells (Figure 30 & 31). Thus, it suggests that
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IL-1pB was positively regulated by MSK1/2, which was activated in part, by both, ERK1/2 and

p38 MAPK pathways.

Additionally, we also observed increased phosphorylation of TAKL in Mk2- deficient cell,
along with a slight increase in JNK phosphorylation (Figure 30). This could be attributed to
the fact that the MyD88 dependent complex formed after TLR engagement can also activate
p38 MAPK and JNK pathway, via TAK1 signaling (Dai et al., 2012; Reyskens and Arthur,

2016).

4.11 Autophagic regulation of IL-1$ by MK2

The intracellular process of autophagy is mediated by autophagosomes, which target
cytoplasmic contents or organelles to autolysosomes, wherein the materials are degraded (Yu
et al., 2018). Apart from its well-defined role in starvation response, it also has significant
roles in tissue remodeling, cellular immunity and homeostasis of cytosolic proteins (Tian et
al., 2020). It has been reported that autophagy-induced by TLR ligands bring about degradation
of pro-IL-1B which inhibits IL-1B secretion (Harris et al., 2011); whereas depletion of
autophagic proteins enhanced its secretion (Kanneganti et al., 2006). Moreover, it has been
demonstrated that MK2 is essential for inducing autophagy in starvation conditions, as it
phosphorylates Beclin at serine-90, which is indispensable for autophagy initiation (Wei et al.,
2015). Our results also suggested that MK2 promotes autophagy to regulate IL-1p secretion,
since we observed that the amplification of autophagy with either torin or rapamycin
normalized the levels of IL-1P in Mk2- deficient cells to wild type levels (Figure 33). It has
also been shown that autophagy protected infected macrophages from caspase-1 induced cell
death following infection with Legionella pneumophila (Byrne et al., 2013). Another study

reported that mice deficient in autophagy-related protein 7 (ATG7) were more susceptible to
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infection with Pseudomonas aeruginosa; and the infected macrophages secreted more
amounts of IL-1pB and showed increased pyroptotic cell death, consistent with inflammasome
activation (Pu et al., 2017). These findings correlated with our observations, since we also
observed increased cell death in vitro (mediated by caspase-1 and caspase-11) and a higher
bacterial burden in Mk2- deficient cells following in vivo infection with Salmonella, suggesting
that these effects might be a consequence of reduced autophagy in Mk2- deficient mice.
Moreover, upon looking at protein expression of important autophagy related genes (ATGs) ,
we detected higher levels of ATG16L1 in Mk2- deficient cells, which may reflect defective
autophagy (Figure 34 A) (Fujita et al., 2008). It has also been reported that overexpression of
TTP (Zfp36) can cause inhibition of autophagy (Zhang et al., 2019). This is true in our case as
well, as TTP is overactive in the absence of MK2. However, the paper interpreted that the
inhibition of autophagy was related to reduced expression of ATG16L1 which was
contradictory to our interpretations. Apart from ATG16L1, we also measured the levels of
ubiquitin binding adaptor proteins, such as p62, which targets contents to lysosomes. It has
been reported that accumulation of p62 reflects defective autophagy (Komatsu et al., 2007,
Rusten and Stenmark, 2010), which is what we detected in Mk2- deficient cells (Figure 34 A,
C & F). LC3 when conjugated to PE forms LC3-I1, which is localized to the autophagosomal
membranes, remains the most widely used autophagy marker, because the amount of LC3B-
Il indicates the number of autophagosomes, which can also be detected as LC3 positive puncta
when performing immunofluorescence studies (Barth et al., 2010; Mizushima and Y oshimori,
2007). However, increase in LC3B-II can either mean induction of autophagy or inhibition of
autophagosome degradation. In order to determine this, the use of autophagy inhibitors, such
as bafilomycin or hydroxychloroquine, which prevent acidification of autolysosomes, need to

be used. Failure of LC3B-II protein to increase in the presence of such inhibitors, would
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indicate a defect or delay earlier in the process, prior to degradation at the autolysosome (Barth
et al., 2010). Correspondingly, we observed this pattern in Mk2- deficient cells, following
treatment with HCQ and ST (Figure 34 A, B). Furthermore, LC3B-I can appear faint
depending on the cell types and the antibody used, therefore the amounts LC3B-II should be
normalized to housekeeping genes such as actin , during densitometric analysis. On doing so,
we observed that the amounts of LC3B-1I were significantly lower in Mk2- deficient cells
(Figure 34 D, E), which was further confirmed by immunofluorescence studies, wherein Mk2-
deficient cells had lower number of LC3B-II positive puncta (Figure 35); yet again signifying

defective autophagy.
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5. CONCLUSION

The work presented in this thesis reveals some novel insights into the mechanisms by which
type | interferons (IFNs) and the p38MAPK substrate, MK2, modulate innate immune
response to Salmonella Typhimurium (ST). At first, the enhanced survival and lower bacterial
burden observed in Ifnarl- deficient mice coordinated with previous findings, (Robinson et
al., 2012) indicating that type I IFN signaling is detrimental to host survival in our infection
model and thus, our first aim was to understand the mechanism behind it. We uncovered the
fact that two components of the ISGF3 complex, STAT2 and IRF9 increase susceptibility to
infection, whereas STAT1 works towards providing resistance to ST infection. We also
observed that 1rf9- deficient cells produced low levels of IL-10, which was indeed one of the
genes that was significantly downregulated in Ifnarl- and Irf9- deficient cells following ST
infection. The in vivo survival and bacterial burden of 11-10 and Ifnarl- deficient mice was
similar, further indicating the role of type I IFN-induced IL-10 expression in inducing host
susceptibility against infection. Furthermore, we observed that the loss of STAT1 abrogated
the resistance of 1rf9- deficient mice, whereas the loss of I1fn-y had a partial effect. Our study
reveals that STAT1, which participates in both type I and type Il interferon signaling pathways,
counteracts type | IFN signaling to promote bacterial control even in the absence of type 1l
IFN signaling. Our results also bring about the conflicting nature of type | IFNs in
inflammasome signaling, because Irf9- deficient cells produced high amounts of IL-1pB but
underwent less cell death. We went on to establish that the enhanced IL-1p in these cells might
be attributed to the increased expression of NLRP3, and activation of caspase-1 and caspase-
8; whereas the reduced expression of caspase-11 in Irf9- deficient cells explained the reduction

in cell death. It is clear from our results that type I IFNs induce production of IL-10 which
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inhibits IL-1B production, and type I IFN induced caspase-11 promotes cell death, which
altogether render the host susceptible to infection (Figure 36 A).

Our next aim was to understand the association between the type | IFN pathway and the
p38MAPK pathway, by studying if the resistance of Ifnarl- deficient mice was driven by this
pathway. Initially, our results suggested a positive correlation between the two pathways, as
inhibition of p38MAPK reduced the levels of type I IFN production following ST infection.
Interestingly, the pattern of cytokine production in Mk2- deficient cells was similar to that
observed in Irf9- deficient cells. However, surprisingly, Mk2- deficient cells showed a higher
bacterial burden and cell death following ST infection, which indicated that the two pathways
might be modulating response to ST infection independently of each other. Our results also
suggested that MK2 inhibits both components of inflammasome signaling, IL-1p secretion and
cell death, as indicated by increased expression of NLRP3, and activation of caspase-1 and
caspase-11 in Mk2- deficient cells. Furthermore, our results suggested that the enhanced IL-
1B seen in Mk2- deficient cells is independent of TTP, and might be modulated by other distinct
pathways. Our results provide a role for MSK1/2 in promoting secretion of IL-1 in the
absence of MK2 via ERK1/2 signaling. Finally, our results also suggest that MK2 might be
promoting the process of autophagy, which inhibits the secretion of IL-1p (Figure 36 B).
However, the exact mechanism behind the autophagic regulation of IL-1 by MK2 remains to
be determined. Future studies should aim to understand if MK2 modulates autophagy via
MTOR signaling, which is known to inhibit the autophagic machinery (Mizushima, 2010) .
Taken together, our results show that the resistance of Ifnarl-deficient mice to Salmonella is

in part related to the impact on IL-10 expression and inflammasome signaling. It is clear that
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NLRP3 inflammasome activity is regulated by IFN-I (via IRF9 signaling) and in combination
with enhanced IL-10 signaling (also via IFN-I) the host is rendered susceptible to bacterial
infections. Furthermore, we also propose that whilst the p38 MAPK pathway appears to induce
type I-IFN production to some extent with similarities in pro-inflammatory cytokine
production, the two pathways remain distinct in modulating unexplored downstream signaling
events, which brings about the varied control of Salmonella infection. Understanding the
signaling pathways that regulate bacterial pathogenesis will pave the way for the discovery of

novel therapeutic avenues for drug discovery.
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Figure 36. Models depicting the roles of type I IFNs and MK2 in directing immune
responses against Salmonella Typhimurium.

A) Tonic TLR4 engagement upon stimulation by PAMPs such as LPS from Salmonella
Typhimurium results in the production of type I IFNs via the endosomal pathway. The NLRP3
inflammasome is also induced via activation of NF-kB. Pro-caspase-1 and pro-caspase-8, are
recruited to the inflammasome along with the adaptor protein (ASC). The activated caspases,
caspase-1 and caspase-8, cleave pro IL-1p leading to the secretion of mature IL-1f. The type
| IFNs stimulate the production of the ISGF3 complex (STAT1, STAT2 and IRF9) which
translocates to the nucleus and induces transcription of IL-10 and caspase-11. This IL-10
inhibits the activation of NLRP3, thereby inhibiting caspase-1 and caspase-8 to cleave pro-IL-
1B, which leads to the inhibition of IL-1p secretion. Additionally, type | IFNs also activate
caspase-11, which can cause pyroptotic cell death by formation of GSDMD pores, along with
enhancing the production of mature IL-1p. This type I IFN induced inhibition of IL-1f via IL-
10 and induction of cell death by caspase-11, render the host susceptible to infection.

B) Apart from inducing the activation of the NLRP3 inflammasome by NF-xB gene
transcription, the LPS-TL4 engagement and inflammatory cytokines can also activate the p38
MAPK substrate, MK2. In our infection model, it was indicated that, MK2 inhibits NLRP3
inflammasome activation and MSK1/2, thereby impeding IL-1p secretion. Moreover, MK2
also inhibits the activation of caspase-11, which induces pyroptotic cell death. It also appears
that MK2 promotes autophagy, which also inhibits IL-1p secretion. However, the mechanism
behind the autophagic machinery and its regulation by MK2 viamTOR is yet to be determined.
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