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Abstract

THE ROLE OF PHAGOCYTOSIS-DEPENDENT ACTIVATION OF TFEB IN THE
CLEARANCE OF SALMONELLA

Erika Ospina Escobar

Master of Science, 2017
Molecular Science, Ryeron University

During phagocytosis, macrophages engulf and sequester pathogens into phagosomes.
Phagosomes then fuse with acidic and degradative lysosomes to degrade the internalized
pathogen. We previously demonstrated that phagocytosis of IgG-opsonized particles and non-
opsonized E.coli causes activation of the Transcription Factor EB (TFEB), which enhances the
expression of lysosomal genes, increases the degradative capacity of lysosomes and boosts
bactericidal activity. However, pathogens like Salmonella typhimurium have evolved
mechanisms to evade and/or alter phagosome maturation to promote their own survival. We
investigated: 1) whether pathogens like Salmonella can alter TFEB activation and i1) whether
phagocytosis-dependent activation of TFEB can counteract the pathogenicity of microorganisms.
Here, we show that non-viable (heat-killed) S. typhimurium, pathogenic (EHEC and UPEC) and
non-pathogenic E.coli (DH5a) all caused TFEB nuclear translocation in RAW macrophages,
while strikingly live S. typhimurium maintained TFEB in the cytosol in the first hours post-
infection. By contrast, Salmonella mutants for Asif4, AsopD2, AphoP all triggered TFEB
activation in the first hour of infection. However, Sa/monella infection eventually triggered a
steady increase in nuclear TFEB after 4 h of infection, suggesting a more complex interplay
between TFEB and Sa/monella infection. We dissected the importance of TFEB activation
towards Salmonella survivability by pre-activating TFEB before infection within WT

macrophages and macrophages with a CRISPR-based deletion of TFEB. Our work suggests that
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Salmonella actively interferes with TFEB signaling in order to enhance its own survival. These

results could provide insight into using TFEB as a target for the clearance of infections.
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1. Introduction

1.1 Macrophages and the immune system

All living organisms are prone to attacks by disease-causing agents present in the
environment. To tackle this problem, humans have a complex group of cells and tissues that
form the immune system and work together to protect us against dangerous and foreign bodies
like antigens, pathogens, cancer cells and toxins(Janeway, 2001). The first line of defense
against microbes are the physical and chemical barriers that include the skin, tears, mucus,
stomach acid and many more. If the physical barrier gets penetrated, the second line of defense
is activated and consists of a group of cells that are recruited to the site of infection in what is
called an immune response (Warrington, Watson, Kim, & Antonetti, 2011). Various types of
cells are involved in the immune response including dendritic cells (DCs), neutrophils and
macrophages (Warrington et al., 2011). These cells are called phagocytes due to their ability to
engulf and kill microbes, remove dead cells, and debris. While neutrophils are the most abundant
and the first cells to arrive to the site of infection, they are short-lived compared to macrophages

and DCs (Warrington et al., 2011).

1.2 The biology and importance of macrophages

Macrophages are mononuclear cells derived from bone-marrow precursors that
differentiate into monocytes and circulate in the blood. They are professional phagocytic cells
found in all body tissues, where they are constantly keeping surveillance of the immune system
for any signs of infection and foreign invaders (Stanley & Lacy, 2010). In the 19" century, Ellie

Metchnikoff described them as the “police” of the organism, fighting against invading pathogens



and injuries, but also as the “janitor” of the organism, cleaning and removing dying cells, cellular
debris, and also involved in removing bacteria and their own damaged organelles (Tauber,
2003). They are responsible for the clearance of infections, garbage disposal and antigen
presentation (Warrington et al., 2011). Macrophages function as the control switch of the
immune system, keeping a balance between pro versus anti-inflammatory response. Upon
infection or injury, macrophages are recruited to the site of infection, where they are either
classically (‘M1°) or alternatively (‘M2’) activated, allowing them to carry out different
defensive functions. M1 macrophages have a greater killing/inhibitory capacity displaying a
cytotoxic and pro-inflammatory phenotype. M1 macrophages are stimulated by type I cytokines
like interferon-y (IFNy) or tumor necrosis factor-o (TNFa). These cytokines are released
following recognition of pathogen associated molecular patterns (PAMPS) or microorganism
associated molecular patterns (MAMPS) found on the cell surface of microorganisms, or by
“danger” signals like heat shock proteins (Laskin, 2009). On the other hand, M2 polymerized
macrophages have a greater role in the healing and growth of cells by suppressing immune and
inflammatory responses, yet, facilitating wound repair and angiogenesis. They are activated by
fungal cells, parasites, immune complexes, complement molecules, apoptotic cells and others
(Italiani & Boraschi, 2014). M1 macrophages are present at the early stages of infection,
engulfing pathogens and breaking them down into antigenic peptides. These antigenic peptides
get displayed at the surface of the cell within a major histocompatibility molecule (MHC) to be
recognized by helper T cells (Th) in a process called antigen-presentation. Th cells release
cytokines that activate ‘M2’ macrophages to further help in the phagocytosis of the pathogens
and B cells, proliferate and produce antibodies for a greater inflammatory response (Janeway,

2001; Laskin, 2009). The classification of ‘M1/M2’ macrophages oversimplifies their



functionality, since the same cells can take place in the pro-inflammatory and cytotoxic process,
and later help in the resolution of inflammation and clearance of infection (Italiani & Boraschi,
2014; Laskin, 2009). Macrophages are a great model for investigating the role of phagocytosis
in immunity and infection due to the complex and variety of different roles they play in the

Immune response.

1.2.1 Pattern Recognition Receptors (PRRs)

Macrophages express a wide variety of surface receptors called pattern recognition
receptors (PRRs) that allow for receptor-ligand engagement at the cell membrane (Sansonetti,
2001). PRRs on the cell surface of macrophages and other professional phagocytic cells are
capable of sensing the presence of invaders through the recognition of conserved structures like
PAMPs or MAMPs (Newman, Sundelin, Nielsen, & Erbs, 2013; Vural & Kehrl, 2014). The host
cell has three advantages to PAMPs/MAMPs recognition. First, they are only produced by
microbes and not host cells, allowing the immune system to distinguish between foreign and self.
Second, they are essential for survival of microbes with mutations in or loss of molecules that
display these conserved molecular patterns leading to lethality for the microbe; therefore,
PAMPs/MAMPs tend to be highly conserved through evolution. Third, PAMPs/MAMPs are
invariant between microorganisms of a given class, which tells us that only a limited number of
PRRs are needed to detected the presence of a wide variety of microbial species (Janssens &
Beyaert, 2003). An example of these conserved components include lipopolysaccharides (LPS)
and lipoteichoic acid (LTA), which are found on the cell walls of gram-negative and gram-
positive bacteria, respectively (Aderem, 2003). These components are recognized by the most

important members of the PRRs family, the Toll-like receptors (TLRs), TLR4 and TLR2, in that



order. TLRs rely on the recruitment and activation of intracellular molecules and kinases to pass
on their signaling cascade to alert the host of the presence of infection. This ultimately leads to
pathogen and/or particle internalization and anti-microbial response through phagocytosis

(Janssens & Beyaert, 2003; Mogensen, 2009).

1.2.2 Phagocytosis

Phagocytosis can be separated into two major groups: opsonic and non-opsonic
phagocytosis (Cabec et al., 2017). Non-opsonic phagocytosis refers to phagocytosis through
non-opsonic receptors, such as TLRs, that recognize specific ligands on microorganisms destined
for degradation . Whereas opsonic phagocytosis refers to the ligand-receptor recognition of
foreign particles or pathogens that are coated with defense host proteins (opsonins) that
demarcate the particle for phagocytosis and degradation (Botelho & Grinstein, 2011; Murray &
Wynn, 2011). An example of these opsonins is immunoglobin G (IgG), which coats particles
(IgG-opsonized particles) and is recognized by Fc-gamma receptors (FcyR) expressed on
macrophages (Gray et al., 2016). Phagocytosis begins by a receptor-ligand interaction at the cell
surface, which generates various signaling cascades that allow for the internalization of large ( =
0.5 um) particles into membrane-derived vacuoles called phagosomes (Botelho & Grinstein,
2011). These phagosomes go through phagosome maturation preparing the vacuole for

degradation and at the same time promoting an inflammatory response.



1.2.3 Phagosome Maturation

Following detachment of the phagosome from the plasma membrane, the lumen of the
nascent phagosome mimics the extracellular environment and has a neutral pH (Botelho &
Grinstein, 2011). Once inside the host cell, the phagosome undergoes a variety of changes
through a process called phagosome maturation, acquiring different phagosomal markers along
the way (Botelho & Grinstein, 2011). During phagosome maturation, the nascent phagosome
progressively starts to acquire microbicidal and degradative characteristics by fusing with
members of the endocytic pathway like the early endosomes (EEs), late endosomes (LEs) and
lysosomes, forming early phagosomes (EPs), late phagosomes (LPs) and phagolysosomes (PLs),
respectively (Haas, 2007). It is during his process that the phagosome is further acidified to a pH
of approximately 4.7, thus fully activating the degradative enzymes delivered through lysosomal
fusion(Botelho & Grinstein, 2011; Fairn & Grinstein, 2012; Lu & Zhou, 2013). The combined
effects of acidification and the activity of degradative enzymes results in the demise and

degradation of internalized cargo (Fig. 1).
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Figure 1. Phagosome Maturation. Following internalization of the cargo into a phagosome,
the nascent phagosome undergoes a series of fusion events with the members of the endocytic
pathway, acquiring phagosomal markers and a more digestive/acidic environment along the way,
giving rise to the phagolysosome. At this later stage, the phagosome obtains hydrolases that are
activated due to the acidic environment, and this allows for the degradation of the internalized

cargo (Main idea was obtained from Botelho and Grinstein, 2011).



1.2.4 Importance and function of lysosomes

Lysosomes are membrane-bound organelles that function as the ‘stomach’ or ‘recycling
centre of the cell. They contain more than 60 enzymes, such as phosphatases, nucleases
glucosidases, proteases, acid phosphatases, sulfatases and lipases (Settembre, Fraldi, Medina,
Ballabio, & Children, 2015). These enzymes work together to break down all types of biological
macromolecules including proteins, nucleic acids, lipids, carbohydrates, they also degrade
damaged organelles and bacteria. Lysosomes vary in size and shape, but have a highly acidic
lysosomal lumen ranging between a pH of 4.5-4.7, required for the optimal activity of the
enzymes (Appelqvist, Wiister, Kdgedal, & Ollinger, 2013) . The acidic environment in the
lysosomes is maintained by membrane bound proteins, like the vacuolar ATPase (v-ATPase),
which pumps protons (H") from the cytosol into the lysosome maintaining the proper pH for
enzyme functioning (Ishida, Nayak, Mindell, & Grabe, 2013). Certain proteins that are
associated with late-endosomes/lysosome like the GTPase Rab7, play an important role in late-
endosome membrane fusion by interacting with SNARE (N-ethlymaleimide-sensitive fusion
protein attachment receptor). Rab7 also plays a role in membrane trafficking to the lysosomes,
which is accomplished by associating with Rab-interacting lysosomal protein (RILP) that is
important in the targeting of Rab7 containing organelles to the motor complex (Cantalupo,
Alifano, Roberti, Bruni, & Bucci, 2001). Thus, Rab7 is a key protein in the biogenesis of
phagolysosomes and their subsequent acquisition of microbicidal characteristic for lysosomal
degradation. Notably, subversion of Rab-7-mediated trafficking machineries by pathogens, often
leads to the avoidance of degradation (D’Costa et al., 2015). Lysosomes also contain lysosomal
membrane proteins that are important for trafficking and motility, integrity of the lysosome,

lysosomal exocytosis and structure, with the most abundant proteins being lysosomal associated



membrane protein 1 and 2 (LAMP-1 and LAMP-2) (Schwake & Schr, 2013). Lysosomes are
terminal organelles for many processes that require degradation of macromolecules, pathogens,
dead cells, and obsolete organelles, this includes endocytosis, phagocytosis and autophagy,
therefore their presence and regulation is very important to maintain harmony within a cell. The
molecular machinery behind lysosomal function and its regulation has been linked to a network
of genes called coordinated lysosomal expression and regulatory network (CLEAR) for the
presence of a CLEAR sequence (GTCACGTGAC) near the transcription start site (Palmieri et
al., 2011). Lysosomes were thought to be static organelles, but recent discoveries have linked

their up and/or down-regulation to transcription factor EB (TFEB).

1.3 Transcription Factor EB (TFEB) and its function

Transcription factor EB is a member of the micropthalmia-trascription factor E
(MiTF/TFE) subfamily, which in turn is part of a larger family characterized by the presence of
adjacent a basic helix-loop-helix (BHLH) and leucine-zipper (LZ) domains (Fisher, Carr, Parent,
& Sharp, 1991; Fisher, Parentt, & Sharpt, 1992). TFEB’s efficient DNA-binding requires
dimerization with itself or with another MiTF/TFE family member, like TFE3 or MiTF. Deletion
of the basic domains of these transcription factors renders them incapable of DNA binding
(Fisher et al., 1991). It is known that members of MiTF/TFE family specifically binds to E-box
(“CANNTG”) and/or M-box (AGTCATGTGCT) response elements presented in the promoter
regions of their downstream targets (Jose A Martina, Diab, Huiqing, & Puertollano, 2015). TFEB
and the family member, TFE3, were identified as a protein that binds and activate transcription
through the immunoglobulin heavy-chain enhancer uE3 motif and together are implicated in

humoral immunity (Beckman & Kadeseh, 1991; Fisher et al., 1992). Although there’s not a lot



known about the specifics of TFEB-DNA binding mechanism, it is noted that TFEB induces a
minor-groove-oriented bending of DNA, possibly to facilitate transcription (Fisher et al., 1992).
In the last few years, TFEB has been identified as one of the key regulators of the CLEAR
network, but more importantly, as the transcriptional modulator of the lysosomal system
(Palmieri et al., 2011; Palmieri, Pal, & Sardiello, 2017; Settembre, C,, Di malta C., Polito VA,
Garcia Arencibia, Vetrini F, Erding S, 2012; Settembre et al., 2010). TFEB can enter the nucleus
of cells directly inducing the expression of genes by binding to the CLEAR sequence at their

promoter region (Nabar & Kehrl, 2017; Palmieri et al., 2011).

1.4 Regulation of TFEB

TFEB has been studied over the years, but just recently more is being understood about
the complexity of its regulation. Under resting conditions when nutrients are plentiful, TFEB is
localized in the cytosol of the cell as a result of phosphorylation by the mammalian target of
rapamycin complex 1 (mMTORCT1) and extracellular-regulated kinase 2 (ERK2). mTORCI1 gets

recruited to the lysosomal membrane and phosphorylates TFEB at Ser”"

and Ser'** positions (S.
G. Kim, Buel, & Blenis, 2013; José A Martina & Puertollano, 2016; Pastore et al., 2016; Pena-
Llopis et al., 2011). Phosphorylation at the Ser*'' position creates a binding site for proteins 14-
3-3, which bind a multitude of signaling proteins, including kinases, phosphatases and
transmembrane proteins involved in the regulation of intracellular signaling. In this case, 14-3-3
acts as a cytosolic chaperone that is in charge of retaining TFEB in the cytosol (Fig. 3) (José A
Martina & Puertollano, 2016). In 2011, Settembre ef al., showed that ERK?2 also interacts with
TFEB by phosphorylating it at Ser'** site in normal but not starved conditions, although later

indicated that ERK2 phosphorylation of TFEB seems to be only partially responsible for its

cytosolic retention, and suggesting that mMTOR-mediated regulation of TFEB is predominant



(Settembre et al., 2012). Conversely, under stressful conditions, that include starvation,
lysosomal stress and infection, TFEB is activated through different mechanisms that are still
being studied. The first mechanism is the regulation of TFEB by calcineurin PPP3CB
(calcineurin catalytic subunit isoform beta) (Nabar & Kehrl, 2017; Pastore et al., 2016). During
starvation or stress, mTORCI1 disassociates from the lysosomal membrane preventing TFEB
phosphorylation, at the same time, Ca®" released via the mucolipin 1/TRPMLI1 (transient receptor
protein mucolipin 1) channel on the lysosomal membrane during phagosome-lysosome fusion,
interacts with calcineurin, which then dephosphorylates TFEB at Ser’''. This then enables TFEB
nuclear translocation and expression of lysosomal and autophagy genes (Gray et al., 2016; Nabar
& Kehrl, 2017; Sardiello, 2016). It has also been suggested that dephosphorylation at Ser'**

mediates TFEB nuclear translocation by reducing the phosphorylation at Ser*"’

, although the
exact mechanism is still not clear (Nabar & Kehrl, 2017). The second method that leads to TFEB
activation is through the PLC-PKD pathway during infection (Najibi, Labed, Visvikis, &
Irazoqui, 2016). Pathogens activate the pathway by interacting with an unknown receptor,
followed by a signaling cascade that leads to the activation of TFEB by serine/threonine protein
kinase D (PKD)/PKC. Another article indicates that PKD1 is activated by TLRs in a MyD88
dependent manner, leading to the expression of pro-inflammatory cytokines and mediators in the
immune response (Y. Kim, Park, & Brand, 2010). TFEB regulation involves various pathways
and it seems to be rather complex (Fig. 2), illustrating the importance in understanding its role in
the immune response. It is known that cells overexpressing TFEB have a larger number of
lysosomes and possess an enhanced degradative capability (Gray et al., 2016; Sbano et al.,

2017). This allows us to examine the potential for TFEB-mediated lysosomal enhancement in

the treatment of degenerative storage diseases, like lysosomal storage diseases (LSDs) and the
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potential therapeutic use in the clearance of bacterial infections (Gray et al., 2016; Palmieri et al.,

2011; Palmieri, Pal, & Sardiello, 2017; Settembre et al., 2012).
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Protein Kinase C isoform § (PKCp) activates TFEB nuclear translocation (Green). (Main idea

obtained from Nabar and Kehrl, 2017)
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1.5 Salmonella enterica Serovar Typhimurium (S. fyphimurium) infection and
progression

S. typhimurium (herein Salmonella) is a gram-negative intracellular pathogen capable of
causing a wide range of illnesses in a variety of host organisms. The symptoms include mild
food poisoning to life threatening-systemic infections (Jorge E Galan, 2001). Salmonella can be
ingested through contaminated food or water, and once inside, it colonizes the gastrointestinal
tract; in general, a high inoculum is required to overcome the acidic pH of the stomach (Wisner,
Desin, White, Potter, & Koster, 2012). Salmonella can invade host cells in two different ways.
The first method, involves binding and uptake into phagocytic cells that is facilitated by the
recognition of the lipid A component on the salmonella’s outer membrane component,
lipopolysaccharide (LPS), a PAMP/MAMP, whose recognition and binding to TLR4 is
facilitated by a complex set of proteins, LPS binding protein (LBP), CD-14 and MD-2 (Vural &
Kehrl, 2014; Wisner et al., 2012). The second method is more complex and it involves a series
of events and actions of the Sa/monella Pathogenicity Island I (SPI-1) Type 3 Secretion System
T3SS on non-phagocytic cells triggering cell membrane “ruffling” and cytoskeleton
rearrangement to get internalized (Wisner et al., 2012). Once inside the host cell through either
mechanism, the bacteria is encased within a Sa/monella-containing vacuole (SCV) that
undergoes phagosome maturation. While the goal of many intracellular pathogens including
Salmonella, is to escape the SCV and replicate within the cytosol of the host, Salmonella is also
able to use this capsule and its hostile environment for its own advantage and survival (Mitchell,
Chen, Portnoy, & Biology, 2016; Wisner et al., 2012). To establish infection, Sa/monella uses
virulence factors expressed at different stages of infection, these factors or effectors are released
via a T3SS (D’Costa et al., 2015). T3SS acts as ‘injectosomes’ and they are used by the bacteria

to inject or deliver effector proteins into the host cells. In Salmonella, these T3SS systems are
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encoded by Pathogenicity Islands (PAls), which contain large clusters of virulence genes that act
together with a complex role in pathogenicity (Wisner et al., 2012). Salmonella encodes two
injectosomes critical for their pathogenesis and progression, Salmonella Pathogenicity Island 1
and 2 (SPI-1 and SPI-2), essential for host invasion and survival, respectively (Chakravortty,
Rohde, Jager, Deiwick, & Hensel, 2005; J E Galan, Ginocchio, & Costeas, 1992; Torraca,
Masud, Spaink, & Meijer, 2014; Wing, Yan, Goldman, & Goldberg, 2004; Zhao et al., 2015).
The SPI-1 1s 38.8 kb in length, whereas the latter one is 39.8 kb. Both loci contain genes
encoding a T3SS structural genes, T3SS regulatory genes and T3SS effectors (Wee & Hughes,

2015).

1.5.1 SPI-1 T3SS system and regulation of virulence

SPI-1 T3SS is essential for Salmonella invasion of the intestinal epithelium. The engine
of this “complex” T3SS is a set of proteins involved in the making of the needle-like structure
that work together to deliver SPI-1 effectors into the host cell. These effectors cause
physiological changes that include actin rearrangements, leading to the uptake of bacteria by
non-phagocytic epithelial cells or Salmonella-induced necrosis in macrophages (Wisner et al.,
2012; Zhou & Galén, 2001). Salmonella requires expression of SPI-1 T3SS only at a particular
stage of infection; therefore its regulation is tightly controlled by various inputs (Pavlova et al.,
2011; Wisner et al., 2012). SPI-1 expression is controlled by a variety of environmental signals
and the level of the transcriptional master regulator HilA (C. D. Ellermeier, Ellermeier, &
Slauch, 2005). HilA directly activates transcription of genes that lead to the secretion of the SPI-
1 effectors (C. D. Ellermeier et al., 2005; Wisner et al., 2012). The two component regulatory

systems, PhoP/PhoQ and BarA/SirA, respond to environmental conditions such as the
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concentration of magnesium and phosphate, respectively (Wisner et al., 2012). They consist of a
membrane sensor kinase and a cytoplasmic response regulator protein. The sensor reacts to
various environmental signals, causing its autophosphorylation and activation of the response
regulator, which in turn, activates or represses the expression of downstream proteins/molecules.
For example, in low magnesium conditions, or when the Salmonella is within the SCV, PhoP can
negatively regulate HilA, leading to the down-regulation of SPI-1 T3SS. Whereas, SirA
positively regulates HilA by regulating the expression of HilD when the Salmonella is in nutrient
rich environments, such as the environment of the small intestine, therefore inducing the
expression of SPI-1 T3SS and promoting host invasion (Fig. 4) (C. D. Ellermeier et al., 2005; J.

R. Ellermeier & Slauch, 2007; Wisner et al., 2012).
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Figure. 4. Regulation of SPI-1 expression by two-component regulatory systems. SPI-1
T3SS and effectors are needed for Salmonella invasion of epithelial cells. This is a schematic
representation of SPI-1 structural genes and effectors regulated by BarA/SirA and PhoP/PhoQ
two component regulatory systems. PhoP is responsible for the transition from SPI-1 T3SS

expression to SPI-2 T3SS expression, essential for the virulence of salmonella.
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1.5.2 SPI-2 T3SS system and regulation

SPI-2 is also a T3SS that is tightly regulated and essential for the survival of Salmonella
within SCV and the systemic phase of infection (Wisner et al., 2012). Similar to the SPI-1
system, it assembles a needle-like structure upon recognition of environmental and genetic
signals (van der Velden, Lindgren, Worley, & Heffron, 2000; Wisner et al., 2012). As with SPI-1
T3SS, the SPI-2 T3SS is affected by the surroundings of the Sa/monella, in this case the SCV
environment, detected by the global two-component regulatory systems, PhoP/PhoQ and
EnvZ/OmpR. PhoP/PhoQ is said to be the master regulator for the transition from the
extracellular to the intracellular lifestyle of the pathogen by inducing expression of genes
associated with intracellular Salmonella, and repressing the expression of SPI-1 via HilA (Fig. 4)
(Groisman, 2001). PhoQ senses the SCV environment (low Mg*", low Ca”", antimicrobial
peptides and a high pH) phosphorylating and activating PhoP to bind to ss»B and regulate the
expression of ssvAB , another two-component regulatory system, which is essential for the
induction of SPI-2 T3SS and its effector proteins (Garmendia, Beuzén, Ruiz-Albert, & Holden,
2003). Whereas OmpR binds to both ssr4 and ssrB promoters, directly activating transcription
of SPI-2 T3SS components and SPI-2 effector proteins, essential to maintain control of the
intracellular environment of the Sa/monella as well as that of the host (Fig. 5) (Bijlsma &
Groisman, 2005; Forest, Ferraro, Sabbagh, & Daigle, 2010; Hensel, Bakteriologie, &

Pettenkofer-institut, 2000; Wisner et al., 2012).

1.5.3 SPI-2 T3SS and virulence
SPI-2 T3SS secretes many effectors, however, most of their functions are still unknown.

One important factor that the SCV acquires during the switch between SPI-1 to SPI-2 T3SSs
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systems is the V-ATPase that facilitates the acidification of the SCV. This acidification is
important for the induction of Sa/monella virulence and survival genes via the two-component
regulatory systems PhoP/PhoQ and EnvZ/OmpR; as established by Hensel ef al. in 2000, the
inhibition of the V-ATPase reduces intracellular replication of Salmonella (Hensel et al., 2000;
Kuhle & Hensel, 2004). As the SCV goes through maturation it moves through the microtubules
towards the Golgi apparatus, with many effectors contributing or directly blocking the delivery
of the SCV to the lysosome during this process, preventing bacterial death (Kuhle & Hensel,
2004). Other SPI-2 effectors are also able to contribute to the formation of Salmonella-induced
filaments (Sifs) which are essential for maintaining the integrity of the SCV and also important

in facilitating the virulence and dissemination of the pathogen to other host cells.
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Figure 5. Salmonella SPI-2 virulence and regulation. A summary showing the regulation of
SPI-2 T3SS by OmpR/EnvZ and PhoP/Q via ssrA/B. EnvZ senses changes inside the SCV
activating OmpR, therefore inducing the expression of ssrA and ssrB, while PhoQ also sense
environmental signals that activate PhoP, to induce expression of SsrB. SsrA senses an unknown
signal, and it activate SsrB to induce expression of SPI-2 structural components and SPI-2

effectors that are needed for the survival and replication of Sa/monella.
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1.6 Pathogenic infections and TFEB-mediated clearance of infection

TFEB has been linked to the up and down-regulation of lysosomal function and
biogenesis in response to stressful conditions like, starvation, cellular and lysosomal stress,
protein misfolding, mitochondrial dysfunction and pathogen infections (Jos¢ A Martina &
Puertollano, 2016; Song et al., 2013). Once pathogens are detected by PRRs on the surface of
host cells, they are either engulfed by phagocytosis or they invade through the use of specialized
secretion systems, like the T3SS (D’Costa et al., 2015; Schroeder & Hilbi, 2008). Immediately
after being internalized, they are exposed to a number of different defense mechanisms within
the phagosome and through its subsequent fusion with the lysosomes, leading to the activation of
TFEB and upregulation of lysosomal activity and biogenesis (Dayam, Saric, Shilliday, &
Botelho, 2015; Torraca et al., 2014). Both, TFEB and HLH-30 ortholog in Caenorhabditis
elegans (C. elegans), have shown to enhance the expression of host defense mechanisms and
genes upon infection with different organisms like E.coli and S. aureus, suggesting TFEB is
evolutionarily conserved and activated upon infection (Gray et al., 2016; Najibi et al., 2016).
Gray et al, have shown the important role of TFEB activation in the induction of lysosomal-
based degradation by enhancing expression of lysosomal genes, thereby decreasing the ability of
microbes to survive within host cells (Gray et al., 2016). Ultimately, the goal of phagocytosis is
to destroy the internalized cargo, on the contrary, intracellular pathogens have evolved
mechanisms to counteract the host defenses and prevent degradation (Jorge E Galan, 2001;
Torraca et al., 2014). These counter-strategies are often facilitated by virulence factors which
are secreted directly into the host via T3SS used by pathogens like Salmonella typhimurium and
Shigella flexneri (Picking et al., 2005; Rajashekar, Liebl, Chikkaballi, Liss, & Hensel, 2014;

Schroeder & Hilbi, 2008). Pathogens can also induce significant reprogramming of the host
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cells’ mechanisms by manipulating normal signaling pathways, which possibly includes TFEB
activation. These mechanisms of manipulation used by pathogens to prevent degradation are
poorly understood and more research needs to be done to understand how pathogens find a way
to avoid degradation by phagocytic cells (Gray et al., 2016). As mentioned above, Salmonella is
known for its clever ways of evading the defense mechanisms of phagocytic cells and being able
to establish a successful infection inside the host. However, the exact mechanism of how this
happens it’s still not clear. This thesis will focus on understanding the different aspects of
Salmonella infection and how they prevent TFEB activation most likely to avert lysosomal

degradation.

1.7 Rationale
Microorganisms have evolved strategies to avoid degradation post phagocytosis. Some of
these pathogens are able to arrest, divert or escape the various stages of phagosome maturation
(Botelho & Grinstein, 2011). Now that we understand the role of TFEB in the upscaling of
lysosomes during phagocytosis of non-pathogenic bacteria and inert particles (Gray et al., 2016),
we theorized that TFEB nuclear translocation will be reduced in RAW macrophages infected

with pathogens that manipulate phagocytosis and/or phagosome maturation.

1.8 Hypothesis

We hypothesized that Salmonella actively blocks TFEB in order to enhance its own

survival intracellularly.

To address this hypothesis, the following objectives were set:
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1. Determine if Salmonella typhimurium manipulates TFEB activation
2. Explore the potential causes of Sa/monella manipulation

3. Investigate the role of TFEB in bacterial killing

2. Experimental Procedures

2.1 Cell Culture

Macrophage-like murine cell line RAW 264.7 were grown in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS) (Gibco) at
37°C and 5% COs. Cells are used up to 20 passages. Before plating, cells were washed with
sterile phosphate-buffered saline (PBS), and released by scraping in 5 mL of DMEM media.
Cells were seeded into 6-well or 12-well plates at a confluency of 40% to be used the following

day.

2.2 Transfection

Plasmid encoding-GFP fusion of TFEB was obtained from Dr. Ferguson’s Lab (Yale
University School of Medicine, CT) (Roczniak-Ferguson et al., 2012). Prior to transfection, cells
were seeded at a 20-30% confluency, the following day, transfection was carried out using
FuGene HD transfection reagents (Promega, WI) following manufacturer’s instructions in 12-
well plates. Transfection mix was left on cells for 5 h followed by removal and addition of new

growth media. Cells were used the following day.

2.3 Bacterial strains
Enterohemorrahgic Escherichia coli (EHEC), uropathogenic Escherichia coli (UPEC),
wild-type Salmonella typhimurium strain (SL1344) and a strain deleted for phoP gene (AphoP)

were obtained from Dr. J] McPhee’s laboratory at Ryerson University. Salmonella mutants
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(AsopD2, AsifA, Aslrp, AsigD (sopB), AssPH?2, AsopA, ApipB2) were obtained from Dr. J. H
Brumell at the Hospital for Sick Children (Toronto, ON). All strains were grown overnight in

Luria-Bertani (LB) broth at 37°C with shaking, as described below.

2.4 Bacterial growth and invasion assays

To test the effect of growth phase of Salmonella on TFEB activation and survival,
Salmonella were grown overnight to a stationary phase (which induces SPI-2 T3SS expression),
or were sub-cultured the next day at 1:10 in fresh LB broth for 3.5 h to get late-log phase (SPI-1-
dependent invasion).

For phagocytosis and invasion assays, stationary phase bacteria were used unless
otherwise indicated. The ODgoo was measured to be between 0.6-0.8 and a 100:1 multiplicity of
infection (MOI) of bacterium inoculum was calculated. This was then prepared by pelleting the
bacteria at 12,000 xg in a microcentrifuge for 8-10 min, and then re-suspended directly into new
DMEM media on the treatment plate containing macrophages. Phagocytosis was synchronized
through centrifugation of the culture plates at 400 xg for 5 min at room temperature. Cells were
allowed to phagocytose for 1 h, unless stated otherwise. Cells were washed 3 times with 1X
phosphate-buftered saline (PBS) and fixed with 4 % (v/v) paraformaldehyde (PFA) in PBS for
20 min, followed by quenching with 0.1M glycine in PBS for 20 min. Cells were then processed
for immunofluorescence or imaging as described below. Invasion treatments were done at 1 h, 4

h and 6 h, unless specified.

2.5 Bacterial survival assay and gentamicin protection assays
Prior to phagocytosis of unopsonized E. coli or WT S. typhimurium, RAW macrophages

remained untreated, or were pre-activated with [gG-opsonized beads or rapamycin (1:1000) of a
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10 mM stock for 1h, followed by a 3 h chase. Treated or untreated macrophages were then
infected with stationary-phase bacteria (E. coli and S. typhimurium) at a final OD ¢y = 1.0/mL
and uptake was synchronized through centrifugation at 400 xg for 5 min. At 1 h post-infection
(p1), macrophages were washed 3X with PBS and replaced with DMEM media containing 50
pg/ml gentamicin to kill extracellular bacteria for 30 min. After, cells were washed 3X with PBS
and either lysed immediately (uptake) with 200 pl of 1% triton X-100 for 5 min or the media was
replaced with new DMEM supplemented with 10% FBS, containing low concentration of
gentamicin (12 pg/ml), and incubated for 3 h at 37°C to allow time for phagosome maturation
and bacteria killing. Prior to lysing, cells were washed multiple times with PBS and replaced
with DMEM media containing 50 pg/ml gentamicin to kill extracellular bacteria for 30 min.
They were then washed 3X with PBS and lysed with 200 pl of 1% triton X-100 for 5 min and
scraped to release bacteria. Cell lysates were re-suspended in 800 ul of PBS and subjected to
serial dilutions in LB broth, followed by plating of 10 ul in freshly made LB plates and

incubated overnight at 37°C. Colony numbers were counted and recorded to determine CFU/mL.

2.6 Immunofluorescence and fluorescence microscopy

To visualize external bacteria in TFEB-GFP transfected cells, immunostaining was
conducted by briefly washing cells 3X with 0.5% Bovine Serum Albumin (BSA). Primary and
secondary antibodies were diluted 1:500 in 0.5% BSA from a stock concentraction of 0.5mg/ml.
Cells were incubated with primary antibody against the bacteria (DHS5a - rabbit anti-Escherichia
coli (BioRad, ON), Sa/monella typhimurium - rabbit anti-Salmonella O antiserum group B
(Fisher Scientific, ON) for 30 min before washing 3X with 0.5% BSA. Cells were incubated for

30 min with secondary antibody donkey anti-rabbit antibodies conjugated to Dylight 355nm
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(Bethyl Laboratories, TX) before permeabilization to detect external bacteria. To visualize
internal bacteria, cells were permeabilized with 1% triton X-100, followed by incubation with
the same primary antibody against the bacteria but now using a different secondary antibody,
donkey anti-rabbit Dylight 550nm (Bethyl Laboratories, TX). Cells were washed 3X with 0.5%

BSA and mounted onto glass slides with fluorescent mounting media (DAKO) for imaging.

For endogenous TFEB localization cells were fixed with 4 % PFA (v/v) at room
temperature for 20 min and 0.1 M glycine in PBS for 20 min, before being washed 3X with 0.5%
BSA and permeabilized with 0.1% triton for 10 min. Cells were blocked for 30 min with 0.5%
BSA, before incubating them with rabbit anti-TFEB antibodies (Bethyl Laboratories, TX) was
diluted 1:250 in 0.5% BSA of a Img/ml antibody stock. Coverslips were flipped onto 50 pl of
the primary antibody mixture for 30 min. They were then flipped back into their corresponding
wells and washed 3X with 0.5% BSA, followed by an incubation with Dylight 488-conjugated
donkey anti-rabbit antibodies (Bethyl Laboratories, TX) at a dilution of 1:500 for 30 min. Cells
were washed 2X with 0.5% BSA, and were incubated for 5 min with 0.4 pg/ml dilution of DAPI
(4',6-diamidino-2-phenylindole), and then washed 2X with 0.5% BSA before mounting onto

glass slides with fluorescent mounting media (DAKO) for imaging.

Fluorescently labelled samples were imaged using 60X oil immersion objective in an
Olympus 1X83 Inverted Microscope linked to a Hamamatsu ORCA-Flash 4.0 digital camera
(Olympus, ON). Most images are shown as epifluorescence, non-deconvolved images, while
others were subjected to deconvolution using CellSens Dimension module (Olympus, ON) with

the advanced maximum likelihood estimation algorithm (ADVMLE). Deconvolution is an
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image processing technique that is being largely used for improving the contrast and resolution

of digital images captured in a microscope.

2.7 Image analyses

To quantify nuclear to cytosol TFEB intensity, images were acquired either through
single slice acquisition or Z stacks. Z-stack images were deconvolved to reduce out of focus
light and improve contrast and resolution, while single slice images remained untouched.
Images were analyzed using ImagelJ (NIH, MD). For nuclear to cytosolic TFEB ratio, regions of
interest where drawn around the nucleus and in the cytosol and the intensities within these
regions were then measured. After background subtraction, the ratio of nuclear to cytosol

fluorescence was calculated.

2.8 Statistical analyses

All experiments were repeated independently at least 3 times. In some cases, due to the
variation in the plating of RAW cells, the data shows normalized mean values against the
corresponding control. All data were subjected to analysis of variance (ANOVA) followed by
Tukey’s post-hoc test. A p-value of <0.05 was considered significant. Data are presented as

mean + standard error of the mean (SEM), unless stated otherwise.
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3. Results

3.1 Phagocytic uptake of non-opsonic pathogenic E.coli activates TFEB nuclear
translocation

In order to understand the importance of TFEB in the killing of intracellular pathogens, we
first assessed how TFEB responded to phagocytosis of non-pathogenic (DH5a) and pathogenic
E.coli (UPEC and EHEC), both of which are unable to prevent lysosomal degradation in murine
macrophages (Horvath et al., 2011; Poirier et al., 2008) . Using the macrophage cell line RAW
264.7, which has been widely used in the study of phagocytosis and lysosomal degradation, we
examined TFEB translocation in macrophages expressing TFEB-GFP after phagocytosis of non-
opsonized live UPEC, EHEC and DH5a. (D’Costa et al., 2015; Horvath et al., 2011; Kuhle &
Hensel, 2004; Pastore et al., 2016; Wisner et al., 2012; Zhao et al., 2015). In order to ensure
results were due to the uptake of the bacteria and not a simple ligand-receptor interaction, we
fluorescently labelled external and internal bacteria. TFEB-GFP was predominantly cytosolic in
resting macrophages, whereas cells that engulfed EHEC, UPEC or non-pathogenic E.coli
displayed TFEB-GFP in the nucleus (Gray et al., 2016) (Fig. 6A). To quantitatively assess TFEB
nuclear translocation, we measured fluorescence intensity ratio of nuclear to cytosolic TFEB by
manually drawing regions of interest within the nucleus and cytosol (Fig. 6B). Our data show

that phagocytosis of DH5a, UPEC and EHEC cause nuclear translocation of TFEB.
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Figure 6. Phagocytosis of non-opsonized pathogenic and non-pathogenic E.coli causes
TFEB nuclear translocation in TFEB-GFP transfected cells. RAW 264.7 macrophages
expressing TFEB-GFP were infected for 1h with non-opsonic live pathogenic (UPEC, EHEC)
and non-pathogenic E.coli (DH5a). A) External bacteria were identified by labelling with rabbit-
anti-E. coli antibodies before and after permeabilizaiton (red and pseudo-cyan), while internal
bacteria were only labelled with rabbit-anti E.coli antibody after permeabilization (red). Arrows
indicate internalized bacteria. B) The nuclear to cytosolic TFEB-GFP ratio was quantified for all
the strains. Data is based on three independent experiments with approximately 100 cells counted
per condition per experiment. Data were statistically analyzed with ANOVA followed by
Tukey’s HSD post-hoc test relative to resting cells; * indicates statistical significance at p<0.05.

Scale bar represents 10 wm.
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3.2  Salmonella typhimurium actively manipulates TFEB cellular localization.

In contrast to E.coli, Salmonella hijacks and exploits the host intracellular trafficking and
defense systems to evade phagocytic destruction (Ashida, Mimuro, & Sasakawa, 2015). In order
to understand how this evasion affects TFEB activation, we infected RAW 264.7 macrophages
with stationary phase WT live Salmonella, SL1344, for 1h and stained for internal and external
bacteria as previously mentioned in section 3.1. It was observed that after phagocytosis of viable
WT Salmonella TFEB remained cytosolic, similar to resting cells (Fig. 7A). Considering that
phagocytosis of live, wild-type Salmonella did not trigger nuclear translocation of TFEB, we
decided to investigate if this was an active repression by Salmonella or if the receptor-ligand
interaction needed to signal host defense mechanisms was absent, preventing TFEB activation.
To test this, we looked at live stationary phase Salmonella, as well as heat-killed (non-viable)
Salmonella that should still possess the same ligands as live-Salmonella (Bosisio et al., 2002;
Najibi et al., 2016; Newman et al., 2013). As expected, phagocytosis of non-viable Salmonella
was unable to prevent TFEB activation compared to its live counterpart (Fig. 7A). TFEB-GFP
nuclear vs cytosolic intensity was measured for all conditions (Fig. 7B). Taken together, these

results indicate that Salmonella is preventing TFEB activation through an active process.
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Figure 7. Salmonella typhimurium actively prevents TFEB activation. RAW 264.7
macrophages expressing TFEB-GFP were infected for 1 h with E.coli and viable and non-viable
(heat-killed at 90°C) WT Salmonella strains (SL1344). A) Internal bacteria were labelled with
rabbit-anti E.coli antibody (red) only, while external bacteria were labelled with rabbit-anti-
E.coli antibodies (red and pseudo-cyan) prior to permeabilization. Arrows indicate internalized
bacteria. B) Nuclear to cytosolic TFEB-GFP intensity ratio was quantified for all strains. Data
is based on three independent experiments with approximately 50 cells counted per condition per
experiment. Data were statistically analyzed with ANOVA followed by Tukey’s HSD post-hoc
test relative to resting cells; * indicates statistical significance at p<0.05 relative to the control.

Scale bar represents 10 wm.

33



3.3 Salmonella manipulates TFEB in a time-dependent manner

Salmonella virulence is known to be time-dependent due to the tightly controlled
expression of their T3SS needed at different times of infection (Wisner et al., 2012). Having
established that Salmonella blocks TFEB activation at an early time post-infection (p.i), we
aimed to determine if the above observations were consistent throughout the infection process.
To do so, we infected RAW macrophages with viable E. coli and WT Salmonella (SL1344) for
1,4, and 6 h. We also fixed and stained cells for endogenous TFEB instead of transfection to
better reflect the physiological response of TFEB. As previously seen, WT Salmonella represses
TFEB at an early stage of infection, nonetheless, to our surprise TFEB began to accumulate in
the nucleus in macrophages infected with Salmonella after 4 and 6 h of infection (Fig. 8). These
results suggest that at later periods of infection Sa/monella might lose the ability to repress TFEB

or could potentially induce its activation.
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Figure 8. TFEB nuclear translocation is greater at later time-points of Salmonella infection.
RAW 264.7 macrophages were infected with E.coli and WT Salmonella (SL1344) for various
time-points (1, 4, 6 h). Data is normalized to the control, nuclear to cytosolic TFEB intensity was
quantified. Data is based on three independent experiments with approximately 50 cells counted
per condition per experiment. Data were statistically analyzed with ANOVA followed by

Tukey’s HSD post-hoc test relative to resting cells; * indicates statistical significance at p<0.05

against the 1h condition.
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3.4 Growth conditions affect Salmonella’s way of interacting with the host.

The above data suggest that some aspect of Salmonella pathogenesis is preventing TFEB
activation in a time-dependent manner. We next examined how the different growth phases of
Salmonella through infection might influence this variation. It is known that Salmonella
interacts with host cells differently depending on its growth phases; for example, late-log and
stationary Salmonella is able to induce the expression of SPI-1 or SPI-2 T3SSs, respectively
(Brumell et al., 2003)(Miao, Li, Zhang, Xu, & Abraham, 2015; Sridhar & Steele-mortimer,
2016). SPI-1 T3SS expression is required for invasion of non-phagocytic cells, whereas SPI-2
T3SS expression is mainly needed for survival and replication within macrophages (Brumell et
al., 2003)(Sridhar & Steele-mortimer, 2016)'(Lai, Xu, Chen, & Ren, 2015) . To test this, non-
pathogenic E.coli and WT Salmonella were grown overnight to a stationary phase to induce SPI-
2 T3SS expression. In comparison, we sub-cultured some overnight culture for 3.5 h prior to
infection to obtain late-log growth and express SPI-1 T3SS. As seen before, phagocytosis of
Salmonella grown to stationary phase repressed TFEB in the first hour p.i, and at later time
points TFEB started to slowly shuttle into the nucleus. In contrast to the stationary phase
bacteria, phagocytosis of late-log (SPI-1 induced) bacteria, had a higher nuclear TFEB intensity
at early times p.i, but TFEB nuclear intensity declined at later stages of infection (Fig. 9).
Collectively, these results demonstrate that Sa/monella growth conditions can differentially

modulate TFEB.
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Figure 9. Salmonella growth conditions affect TFEB subcellular location. RAW 264.7

[[] Stationary (SPI-2)
[ | Late-log (SPI-1)

Nuclear/Cytosolic TFEB

macrophages were infected with stationary (Salmonella-SPI1-2 induction) and late-log

(Salmonella-SPI-1 induction) E.coli and WT Salmonella (SL1344). Nuclear/cytosolic TFEB

ratio was quantified for 1 and 4 h p.i. Data is based on five independent experiments with

approximately 70 cells counted per condition per experiment. Data was statistically analyzed

with ANOVA. * Significant (p>0.05) between the growth phases, followed by Tukey’s HSD

post-hoc test.
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3.5 SPI-2 effector defects in Salmonella promote TFEB nuclear translocation
Considering the importance of growth conditions in the behaviour and virulence of

Salmonella, we decided to further examine how stationary-grown Salmonella might be
repressing TFEB at an early period p.i. To do this, we employed mutants of the SPI-2 regulator
and SPI-2 effectors required for Salmonella survival, replication and virulence of the bacterium
(Gray et al., 2016; Settembre, C,, D1 malta C., Polito VA, Garcia Arencibia, Vetrini F, Erding S,
2012)(Brumell, Rosenberger, Gotto, Marcus, & Finlay, 2001; Cirillo, Valdivia, Monack, &
Falkow, 1998; D’Costa et al., 2015). We obtained SL.1344 isogenic mutants from Dr. John
Brumell at Sick Kids Hospital in Toronto and Dr. J. McPhee at Ryerson University. We
performed the same experiment as described in section 3.2 with the isogenic mutants. Some, but
not all mutants had the inability to prevent TFEB translocation, compared to the WT Salmonella
(SL1344) strain in the first hour p.i. (Fig. 10A). As we can see in Figure 10, the Salmonella
mutants with most remarkable TFEB nuclear translocation were AphoP, AsifA and AsopD2.
SopD2 and SifA are SPI-2 effectors, while PhoP is a response regulator that regulates the
transition from SPI-1 to SPI-2 T3SS and it’s also involved in the expression of SPI-2 effectors
and SPI-2 structural components (Brumell et al., 2003, 2001; D’Costa et al., 2015; Pegues,
Hantman, Behlau, & Miller, 1995; Will, Bale, Reid, Libby, & Fang, 2014; Wisner et al., 2012).
The rest of the mutants failed to activate TFEB and behaved similarly to the WT strain and to
resting cells (not shown in Fig. 10A). TFEB nuclear to cytosolic intensity ratio was measured
for all strains as previously described (Fig. 10B). In order to ensure results obtained were not
due to stress imposed on the cells during transfection, experiments were repeated using non-
transfected cells labelled for endogenous TFEB with anti-TFEB antibodies (Fig. 11A). TFEB-

GFP nuclear to cytosolic intensity was measured (Fig. 11B). Overall, we have identified a few
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Salmonella SP1-2 mutants that are potentially necessary for the virulence of Sa/monella and its

survival.
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Figure 10. Identification of Salmonella mutants that lose the ability to block TFEB-GFP
nuclear translocation in transfected RAW 264.7 macrophages. TFEB-GFP transfected RAW
macrophages were allowed to phagocytose viable E.coli (DH5a), WT S. typhimurium (SL1344)
and Salmonella strains lacking a variety of SPI-2 components and effectors. A) Internal bacteria
were labelled with mCherry (red) only, while external bacteria were labelled with both mCherry
and rabbit-anti-E.coli or rabbit-anti-Salmonella antibodies (pseudo-cyan) prior to
permeabilization. This figure is just a graphical representation of the mutants that activate TFEB.
Arrows indicated internalized bacteria. Scale bar represents 10um. B) Quantification of
nuclear/cytosolic TFEB ratio for all mutants. Data is based on three independent experiments
with approximately 50 cells counted per condition per experiment. Data was statistically
analyzed with ANOVA, followed by Tukey’s HSD post-hoc test. * Significant (p>0.05) relative

to WT Salmonella.
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Figure 11. Identification of Salmonella mutants that fail to block TFEB in non-transfected
cells. RAW macrophages were allowed to phagocytose viable E.coli (DH5a), WT S.
typhimurium (SL1344) and Sa/monella strains lacking SPI-2 component and effectors, followed
by fluorescent labelling of endogenous TFEB using rabbit-anti- TFEB antibodies, followed by a
DAPI wash to identify the nucleus. Scale bar represents 10um. B) Quantification of
nuclear/cytosolic TFEB ratio for all mutants. Data is based on three independent experiments
with approximately 50 cells counted per condition per experiment. Data was statistically
analyzed with ANOVA, followed by Tukey’s HSD post-hoc test. * Significant (p>0.05) relative

to WT Salmonella.
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3.6 TFEB is required for lysosomal-based degradation of bacteria

Previous research from our lab has shown that TFEB activation and its subsequent
nuclear translocation is important for lysosomal-based degradation of non-opsonic E.coli (Gray
et al., 2016). In this context, it will be interesting to speculate that TFEB repression in
Salmonella infected cells will do the opposite as described above. To do so, we examined
survival of intracellular Salmonella within macrophages by doing a gentamicin protection assay
(GPA), an assay used to study intracellular pathogens ex-vivo (Wu et al., 2014). In this assay,
extracellular pathogens are unable to avoid death by antibiotics like gentamicin while
intracellular bacteria are protected from antibiotics that cannot penetrate the eukaryotic cell.
Thus, GPA can be used to measure internalization and survival of intracellular pathogens
(Mandell, 1973; Sridhar & Steele-mortimer, 2016; van der Velden et al., 2000; Wu et al., 2014).
For this experiment, RAW 264.7 WT and TFEB-/- (TFEB knock-out) RAW macrophages were
used in order to understand the importance of TFEB in the killing of bacteria. The TFEB-/- cells
were obtained from Dr. R. Puertollano’s lab at the National Institute of Health (NIH) and they
were created using the CRISPR/Cas9 (Clustered regularly interspaced short palindromic
repeats/Caspase 9) genome editing tool (Pastore et al., 2016). CRISPR/Cas9 is a technique that
allows sequence-specific editing in many organisms, when paired with Cas9 enzyme. CRISPR
can cleave genomic DNA in a site specific manner with the help of a guide RNA (gRNA),
therefore knocking out gene expression (Paquet et al., 2016; Pastore et al., 2016). The GPA was
carried out as described in section 2.5. As expected, E.coli (DH5a) was killed by WT RAW
macrophages, whereas WT Salmonella survived and replicated within these same cells. In

contrast to the WT RAW macrophages, both the DH5a and the WT Salmonella survived better
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and replicated inside the TFEB-KO macrophages (Fig 12). These results are indicative of the

importance of TFEB in stalling and clearing bacteria after phagocytosis.
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Figure 12. TFEB is necessary for bacterial clearance. Wild-type RAW and TFEB-/-
macrophages were allowed to phagocytose live E. coli and WT S. typhimurium. Internalized
bacteria were recovered after 1h infection (Uptake), just after gentamicin treatment, and at 4 h
(Survival) after a second round of gentamicin treatment. Data is normalized to uptake and shows
bacteria survival after 4 h phagocytosis. Data is based on six independent experiments and it was
statistically analyzed with ANOVA, followed by Tukey’s HSD post-hoc test. * Significant

(p>0.05) relative to WT RAW macrophages.

46



3.7 TFEB pre-activation makes macrophages better Kkillers

Our previous observations show that TFEB activation is necessary for bacterial killing.
To further complement these results, we decided to test survival in pre-activated macrophages, as
formerly done by Gray et al., 2016, followed by a GPA. Pre-activation of TFEB within
macrophages was done by using two different methods: pre-activation with phagocytosis of IgG-
opsonized beads (OB) and by inhibition of mMTORC1 with Rapamycin. OB is recognized by the
FcyR followed by engulfment and degradation, leading to enhanced proteolytic and degradative
activity of macrophages and an increase in TFEB nuclear translocation (Gray et al., 2016). In
comparison, Rapamycin is an inhibitor that acts through an allosteric mechanism that acutely
blocks some of mMTORCI activities, preventing TFEB phosphorylation and promoting TFEB
nuclear localization (Palmieri, Pal, Nelvagal, et al., 2017; Thoreen & Sabatini, 2009). Similar to
our results in section 3.6, non-stimulated WT RAW macrophages have the ability to kill E.coll,
but not WT Salmonella (Fig. 12). In comparison, macrophages lacking TFEB had reduced
ability to kill either bacteria (Fig. 12). When pre-activating TFEB in WT RAW macrophages
with OB, we saw that E.coli was killed more effectively and the ability of Salmonella to survive
and replicate within the macrophages decreased (Fig. 13). Similar results were seen for the
Rapamycin treated WT RAW macrophages. However, for both activated TFEB-/- cells, we did
not see a change in the killing capacity of cells, demonstrating that TFEB enhances proteolytic
activity and increases killing. These results further suggest a potential and promising role of

TFEB activation in the clearance of bacterial infections.
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Figure 13. TFEB pre-activation increases the macrophage’s ability to clear infections.
Wild-type RAW and TFEB -/- macrophages remained untreated or were either pre-activated
with IgG- opsonized-beads (OB) or rapamycin for 1 h pulse, and 3 h chase, followed by
phagocytosis of live E. coli (A) or Wild-type S. typhimurium (SL1344) (B). Internalized bacteria
were recovered after 1h infection (Uptake), just after gentamicin treatment, and 4 h (Survival)
after a second gentamicin treatment. Data is normalized to uptake and non-activated WT
treatment, showing only survival after 4 h phagocytosis. Data is based on four independent
experiments. Data was statistically analyzed with ANOVA, followed by Tukey’s HSD post-hoc

test. * Significant (p>0.05) relative to the non-activated treatment.



4. Discussion

4.1 Summary of findings

The ability of Sa/monella to infect and replicate within macrophages can be used as a
model for studying the immune response against pathogens. In this study, we wanted to get
further insight into the mechanisms that Salmonella typhimurium uses to prevent degradation and
also to evaluate the importance of TFEB in the enhancement of lysosomal-based degradation of
Salmonella. In summary, we found that Salmonella improves its survival rate by actively
blocking TFEB activation and nuclear translocation. We showed that this TFEB blockage is
time-dependent and also dependent on the induction of the different SPI T3SSs during the
different growth phases of Salmonella. Finally, we provide evidence that TFEB pre-activation

may improve the ability of macrophages to clear infections.

4.2 Pathogenic and non-pathogenic E. coli activate TFEB

TFEB has emerged as an important regulator of many cellular processes, but more
importantly, has been studied for its role as a master regulator of lysosomal-production and its
part in immunity (Gray et al., 2016; Pastore et al., 2016). Our lab has previously shown that
TFEB activation through FcyR-mediated phagocytosis increases lysosomal-based degradation
and bacterial killing by boosting the expression of lysosomal proteins (Gray et al., 2016). We
wanted to examine the role of TFEB activation through different receptor-ligand interactions.
For this, we used UPEC and EHEC. Very few studies have focused on the interaction of EHEC
and murine macrophages. EHEC is a gram-negative pathogenic E.coli that is recognized by
TLR-4 through its LPS molecule and once internalized by phagocytes, is able to produce high

levels of Shiga-toxins (Stx) inside the phagosomes. The bacteria is delivered to the lysosomes
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for degradation and Stxs get released from the cell most likely through exocytosis (Poirier et al.,
2008; Shimada, Ishikawa, Tosaka-Shimada, & Atsumi, 1999) This explanation correlates with
our findings suggesting that EHEC is rapidly killed by RAW macrophages, thereby increasing
the degradative activity of the lysosomes which is in part due to TFEB activation (Fig. 6). UPEC
on the other hand, has evolved morphological plasticity that gives them an advantage against
phagocytic destruction (Olson & Hunstad, 2016). In this case, bacillary UPEC gets
phagocytosed and killed more effectively than filamentous UPEC, which seem to be resistant to
phagocytosis. This morphological transition usually occurs at approximately 3 h p.i (Horvath et
al., 2011). In our experiments, infection occurred for 1 h, not allowing sufficient time for the
generation of filamentous UPEC. Our findings show that TFEB is activated in the first hour p.1,
agreeing with the susceptibility of bacillary UPEC to degradation in the first 3 hours p.i prior to
filament formation. Knowing this, it will be interesting to examine UPEC infection for longer
periods of time, in order to determine how this morphology change, from bacillary to
filamentous, might affect the behaviour of TFEB. Ultimately, our results show that both, EHEC
and UPEC, are unable to prevent degradation in murine macrophages and thereby incapable of

blocking TFEB activation.

4.3 Salmonella must be alive to prevent TFEB nuclear localization

Macrophages play an important role in protecting our bodies from foreign invaders.
Most bacteria are rapidly killed inside phagocytes, however, pathogens like Sa/monella are able
to take advantage of the host defense mechanisms to avoid death through this process. Yet, the
exact mechanism by which they do this is still unclear. Knowing TFEB’s involvement in
lysosomal-based degradation and its required nuclear localization, we decided to assess the

subcellular localization of TFEB in macrophages infected with WT Salmonella to better
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understand how Salmonella prevents degradation(Nabar & Kehrl, 2017; Pastore et al., 2016;
Vega-rubin-de-celis, Pefia-llopis, & Konda, 2017). Our findings indicate that stationary phase
WT Salmonella prevents TFEB nuclear translocation in the first hour p.i (Fig. 7). To further
understand this process, we repeated the same experiment with heat-killed Sa/monella. Heat
denatures the proteins inside the bacteria, making these proteins non-functional, however, they
still possess the PAMPs needed for PRR recognition and stimulation (Chow et al., 2015; Najibi
etal., 2016). To our surprise, heat-killed Sa/monella rapidly increases TFEB nuclear localization
within the first hour of infection as seen in Figure 7. Therefore, we concluded that Salmonella

actively represses TFEB activation, possibly due to the activation of virulence genes within SPIs.

4.4 Salmonella regulates TFEB in a time and growth-dependent manner.

Now that we have shown that Sa/monella represses TFEB in the first hour p.i., we wanted
to examine what happens at later times p.i. To test this, we decided to extend the period of
infection from 1 h, to 4 and 6 h in order to get a better understanding of TFEB manipulation by
Salmonella. Similar to our previous results, in the first hour post infection, we saw TFEB
repression, however at the later time points we observed TFEB slowly moving to the nucleus
(Fig. 8). This suggests that a process during late infection activates TFEB. While we do not
know why this might be currently, it could possibly implicate xenophagy. TFEB is the master
regulator of lysosomal production and is needed for both phagocytosis and autophagy, since
these processes require the cooperation of lysosomes (Settembre, C,, Di malta C., Polito VA,
Garcia Arencibia, Vetrini F, Erding S, 2012). The host uses autophagy, more specifically
xenophagy to target intracellular bacteria for lysosomal-based degradation, similar to

phagocytosis (Ramos-Morales & Ramos-Morales, 2012; Vural & Kehrl, 2014). Salmonella
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seems to be able to prevent autophagy at the early stages of infection by targeting sirtuin-1 (Sirt-
1) and liver kinase B1 (LKBI1) for degradation, preventing the activation of adenosine
monophosphate kinase (AMPK) complex and evading autophagy(Ganesan et al., 2017) .
Conversely, bacteria are able to manipulate host cell transport machinery to acquire intracellular
nutrition needed for growth and survival (Popp et al., 2015). In this case, Salmonella is also able
to trigger acute intracellular amino acid starvation due to host membrane damage, this will
induce autophagy through the downregulation of mMTORCI and therefore increase TFEB
activation to enhance lysosomal-based degradation (Tattoli et al., 2012). Tattoli et al., have also
shown that Salmonella gets targeted for autophagy 4 h p.i, and that its able to control both amino
acid starvation pathways and mTOR cellular trafficking, to down-regulate host defense
mechanisms at later time points, although the exact mechanism is not yet clear (Tattoli et al.,
2012). This notion of bacteria manipulating host autophagy machinery for their own benefit at
different stages of infection, could possibly explain how TFEB nuclear translocation is
suppressed at early time points, but at later time points becomes activated and shuttles to the
nucleus as we see in Fig 8. Ultimately, it seems that Sa/monella is manipulating TFEB in a time-
dependent manner by repressing TFEB at the early stages of infection, possibly to avoid
degradation and establish its niche, but at later times, TFEB translocates to the nucleus most

likely to enhance degradation, yet the exact reasoning behind this is still unknown.

Similar to the time-dependent activation of TFEB, we also observed that different growth
phases of Salmonella have distinct capabilities in terms of virulence and possible avoidance of
degradation. Late-log phase induces SPI-1 T3SS and effectors, which are required for invasion

of non-phagocytes like epithelial cells (Sridhar & Steele-mortimer, 2016). Our results show that
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SPI-1 induced Salmonella does not repress TFEB in the first few hours post infection (Fig. 9)
and it agrees with the results seen by Najibi et al. in 2016, where late-log or late-exponential
bacteria have the inability to repress TFEB (Najibi et al., 2016). In contrast, SPI-2 induced
(stationary phase) bacteria, promotes SPI-2 T3SS expression and SPI-2 effectors needed for
survival and replication (Chakravortty et al., 2005; Cirillo et al., 1998). We see that stationary
phase bacteria have the ability to repress TFEB at early periods of infection as we showed in
figures 7-9. These results suggest, that Sa/monella growth phase conditions have different
outcomes on TFEB activation, but most importantly, indicating a potential role of SPI-2
expression in the virulence of Salmonella (D’Costa et al., 2015; Garmendia et al., 2003; Wisner
et al., 2012). Although it appears simple, we have some results showing that Salmonella
virulence is more complex than SPI-1 and SPI-2 T3SSs expression, since Sa/monella seems to
have over 23 SPIs and some of them contribute to their virulence (Mitchell et al., 2016). We
decided to test a SPI-2 mutant (ssaR) that lacks a structural protein essential for the assembly of
the SPI-2 T3SS apparatus, therefore, a ssaR mutant is unable to deliver SPI-2 effector proteins
into the host cytosol (Harrison et al., 2004). As seen in figure 14, the SPI-2 mutant is still able
to partially prevent TFEB activation in the first hour p.i, even though it’s unable to deliver SPI-2
effectors to the host cytosol, suggesting a possible collaboration in the virulence of Salmonella
between different SPIs. This collaboration could in part be with SPI-1, since the double SPI-
1/SPI-2 stationary-phase mutant loses the ability to repress TFEB. These results provide

evidence of the complexity of the Salmonella pathogenesis.
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Figure 14. SPI-2 T3SS plays an important, yet partial role in the repression of
TFEB activation. RAW 264.7 macrophages were infected with stationary (Salmonella-SPI1-2
induction) and late-log (Salmonella-SPI-1 induction) E.coli, WT Salmonella (SL1344) , SPI-1
mutant invA4, SPI-2 mutant ssaR and SPI-1/SPI-2 mutant (invA/ssaR) to determine the role of the
different SPIs in TFEB suppression. Nuclear/cytosolic TFEB ratio was quantified for 1 h p.i.
Data is based on three independent experiments with approximately 70 cells counted per
condition per experiment. Data was statistically analyzed with ANOVA, followed by Tukey’s

HSD. * Significant (p>0.05) between the growth phases,
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4.5 SPI-2 expression plays an important role on TFEB repression

The ability of Sa/monella to survive and replicate within macrophages and other
phagocytes has been tightly associated with the SPI-2 T3SS and the expression of SPI-2 effectors
(Brumell et al., 2001; Fields, Swanson, Haidaris, & Heffron, 1986). One of our goals was to
understand if this association also required the inhibition of TFEB, in order to ensure survival
within the host. To do so, we obtained strains deficient in SPI-2 effectors: sopD2, sifA, slrp,
sigD (sopB), ssPH2, sopA, pipB2 and SPI-1/SPI-2 regulator phoP. Stationary phase bacteria
were used from this point on since it induces expression of SPI-2 T3SS and SPI-2 effectors.
Cells infected with AsopD2, AsifA and AphoP mutants showed significantly higher levels of
TFEB nuclear localization compared to the other strains in the first hour p.i (Fig . 10). Both SifA
and SopD2 are effectors that are involved in the trafficking and delivery of the SCV to the
lysosome for degradation. SopD2 is a SPI-2 effector that contributes to the virulence of
Salmonella by interfering with the endocytic pathway (D’Costa et al., 2015). Similar to other
SPI-2 effectors, its expression is dependent on active ssrA/ssrB and PhoP/PhoQ two component
regulatory systems, and it is induced at high levels compared to other SPI-2 effectors (Fig. 5)
(Brumell et al., 2003). SopD2 function is necessary and sufficient to block endocytic cargo
delivery to the lysosome for degradation (D’Costa et al., 2015). It does this by interacting with
host GTPase Rab7 and impairing Rab7’s ability to interact to its effectors RILP and FYCOI.
This releases the SCV from host microtubules motors, allowing these microtubules to be
hijacked and used by Salmonella for the induction of Salmonella-induced filaments (SIFs)
(Brumell & Grinstein, 2004; D’Costa et al., 2015). A strain deficient in effector SopD2 results in
dramatic restoration of trafficking of the SCV to the lysosomes for lysosomal-based degradation

(D’Costa et al., 2015). This could correspond to the increase in TFEB nuclear intensity
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observed, suggesting the SCV interacts with the Rab7-RILP complex and gets re-directed to the
lysosome for degradation. Similar to SopD2, SifA is a SPI-2 effector, dependent on ssrA/ssrB,
and PhoP/PhoQ two component regulatory systems (Wisner et al., 2012). SifA alters SCV
processing in macrophages, it is required to maintain the integrity of the SCV and also to
promote the formation of Sa/monella-induced filaments that are used by the bacteria to
disseminate infection (Rajashekar et al., 2014). Because of their inability to maintain intact
SCVs, sifA mutants have a defect in replication and intracellular survival as seen by Ramos-
Morales in 2012 (Brumell et al., 2001; Ramos-Morales & Ramos-Morales, 2012). SifA seems to
be partially responsible for the uncoupling of Rab7 from its effector RILP (Rab-Interacting
lysosomal protein), indicating a possible collaboration between SopD2 and SifA to prevent
Salmonella degradation (Harrison et al., 2004; Ramos-Morales & Ramos-Morales, 2012). SifA
defective mutant displays significantly attenuated virulence correlating with the premature
activation of TFEB and its subsequent nuclear translocation observed in Fig. 10 and 11 (Harrison
et al., 2004). On the other hand, the regulator PhoP is essential for the transition between SPI-1
and SPI-2 T3SS expression and its crucial for Sa/monella’s survival (Andino & Hanning, 2015;
Soncini, Vescovi, & Groisman, 1995; Wisner et al., 2012). PhoQ is a histidine kinase able to
sense environmental signals like low pH, low magnesium concentration, or iron availability,
which are some of the changes that occur during phagosome maturation of the SCV (Campos et
al., 2004). Once these changes are sensed by PhoQ, PhoP negatively regulates the expressions of
HilA, leading to the down-regulation of SPI-1 T3SS. At the same time, it binds to the promoter
of ssrB to promote the expression of the SsrB component of the two-component regulatory
system that leads the expression of SPI-2 T3SS and SPI-2 effectors, which include SopD2 and

SifA (Fig. 5). It is known that Sa/monella phoP mutants are more susceptible to antimicrobial
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peptides and therefore more vulnerable to degradation, suggesting that the increase in TFEB
nuclear translocation in our results could be in part responsible for this susceptibility (Fig. 10 and
Fig. 11). All of these data suggest an important role of SPI-2 T3SS induction and SPI-2 effectors
in escaping lysosomal degradation, although like mentioned before, Salmonella seems to use an
interplay of effectors and machineries to ensure its survival inside the host, making this a more

complicated topic.

4.6 TFEB is important for bacterial degradation

Given the striking TFEB repression by WT Salmonella, but TFEB activation in the
isogenic mutants mentioned above, we questioned if Sa/monella is actively repressing TFEB in
order to ensure its own survival by preventing an increase in lysosomal-production, and therefore
avoiding degradation. Previous research has shown that TFEB activation promotes lysosomal-
based degradation of internalized targets (Gray et al., 2016; Settembre, C,, Di malta C., Polito
VA, Garcia Arencibia, Vetrini F, Erding S, 2012). We speculated this is the case, and decided to
test this through the use of a gentamicin-protection assay. This assay has been widely used for
the study of intracellular pathogens ex-vivo, since certain pathogens including Salmonella, evade
killing by some antibiotics that are unable to penetrate eukaryotic cells like, gentamicin, thereby
allowing to examine the survival and growth of internalized pathogens (Wu et al., 2014). We
infected WT RAW macrophages and macrophages lacking TFEB (TFEB-/-) with non-
pathogenic E.coli (DH5a) and WT Salmonella in order to test TFEB’s involvement in the
clearance of bacteria, keeping in mind that non-pathogenic DH5a activates TFEB within the first
hour of infection and WT Salmonella actively prevents its nuclear translocation (Fig. 7-8). We
observed that WT macrophages are capable of eliminating DHS5a after 4 hours of phagocytosis,

however, for Salmonella the bacteria survived and replicated (Fig. 12). In contrast, macrophages
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lacking TFEB were unable to eliminate either DH5o. or WT Salmonella, with Salmonella
replicating somehow better inside the TFEB-/- host compared to the WT host, although this
difference is insignificant. As we have seen before, WT Salmonella blocks TFEB activation, thus
the deletion of TFEB does not seem to have a vast effect on Sa/monella growth and/or survival.
These results indicate a potential and promising role of TFEB activation in the elimination of

bacteria.

4.7 TFEB pre-activation increases the chances of clearance of infection

Previous research in our lab has uncovered a novel phenomenon showing that uptake of
IgG immune complexes through the FcyR-mediated endocytosis trains macrophages into
becoming better killers by increasing lysosome production and therefore lysosomal-based
degradation of internalized targets (Gray et al., 2016). We decided to test this phenomenon in
the clearance of Salmonella. In order to do this, we repeated the previous gentamicin protection
assay, in WT macrophages and TFEB-KO RAW macrophages, with pre-activation of TFEB
through the uptake of IgG opsonized beads via FcyR binding prior to infection, and also by
inhibiting mTORCT1 with the use of rapamycin(Gray et al., 2016; Weichhart, Hengstschliager, &
Linke, 2015). Data was normalized to uptake and non-activated treatment, seeing how we saw
similar results to our previous section, seeing an increase in DH5a degradation in the WT, but
not in the TFEB-KO cells, whereas Salmonella survived in both cell lines. For both pre-
activated treatments, we saw a significant decrease in bacterial survival for WT Salmonella in
the WT macrophages, similar in the DH5a infected cells, although the difference was non-
significant. These experiments should be repeated for reliability. In TFEB-KO cells, the

reduction in bacterial survival was not observed for DH5a., although for WT Salmonella it
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dropped slightly, implying the possibility that Sa/monella needs and manipulates TFEB for its
own survival (Fig. 13). Rapamycin treatment revealed an exciting treatment option for bacterial
infection due to its active FDA (Federal Drug Agency) approval. Although the use of rapamycin
to fight infections may be complicated because it is also used as an immunosuppressant, this
observation alludes to the complex roles of mMTORCI in cellular and physiological functions
(Settembre et al., 2012). The use of rapamycin to activate TFEB suggests the potential use of
small drugs as delivery mechanisms to activate TFEB, although specific agonists of TFEB are
not yet known. Manipulating mTORC1 through inhibition might not be the only way to enhance
TFEB activation since TFEB has a complex regulation pattern as seen in Fig 2; there are other
pathways that might have an effect on the activation of TFEB during infection, including the
PLC-PKD and AMPK-LKBI1-Sirtl pathways (Najibi et al., 2016). Together, these data
showcase the important role of TFEB in the clearance of bacterial infections and its potential use

as a therapeutic target.

4.8 Concluding Remarks

Collectively, the data presented in this thesis show that TFEB activation is needed to
enhance lysosomal-based degradation of bacteria. In the case of Sa/monella, it seems to actively
prevent TFEB activation in a time and growth-dependent manner, most likely to avoid
lysosomal-based degradation. We have identified 2 SPI-2 effectors, SopD2 and SifA, and a
response regulator PhoP, which possibly have a functional role in the repression of TFEB
activation during Salmonella pathogenesis. Finally, we have learned that pre-activation of TFEB
1s sufficient and necessary to prevent Salmonella survival, supporting our hypothesis that

Salmonella might be manipulating TFEB activation to enhance its own survival intracellularly.
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These findings provide a promising role of TFEB as a therapeutic target for the treatment of
infections. Knowing that the mTORC]1 pathway, the PLC-PKD and the AMPK-LKB1-Sirtl
pathways are implicated in the activation of TFEB, we still need to determine the exact pathway
that is manipulated during a Sal/monella infection. Please see final working model of suggested

Salmonella TFEB manipulation (Fig. 15)
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Figure 15. Suggested final model of TFEB regulation by Salmonella. WT Salmonella
represses TFEB activation at early points of infection by possibly using SPI-2 effectors SopD2
and SifA, and regulator PhoP, to avoid delivery of the SCV to the lysosome for lysosomal-based
proteolysis. Strains lacking SopD2, SifA and/or PhoP, lack the ability to repress TFEB leading to
an increase in lysosome-based degradation through phagocytosis. These mutants are unable to
prevent Rab7 and RILP association, delivering the SCV to the lysosome for degradation and

causing TFEB activation.
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5. Future Directions

5.1 Determine the mechanisms of action by which Salmonella interferes with
TFEB activation.

Many studies have focused on finding pathways targeted by Sa/monella during infection.
As mentioned before, TFEB is regulated by multiple pathways including mTORC1-dependent
and independent pathways. One mTORC1-dependent pathway that was recently published is the
AMPK-LKBI1-Sirtl. At early time periods of infection, macrophages lose energy, leading to the
activation of the AMPK complex, however, Salmonella targets for degradation two components
of the AMPK complex, LKB1 and Sirt-1 in a SPI-2 dependent manner, resulting in mTOR
activation and ceasing of autophagy, which could potentially explain decreased TFEB nuclear
translocation at early times post infection (Ganesan et al., 2017). mTORC1-independent
pathways include the PI3K-AKT pathways. AKT inhibition results in TFEB nuclear
translocation independent of mMTORCI1 (Palmieri, Pal, Nelvagal, et al., 2017). AKT is a
serine/threonine kinase that is involved in survival and apoptosis (Sbano et al., 2017). It plays an
important role in the integration of signals from growth factors that will affect mTORC1,
however, it is surprising that AKT inhibition does not inhibit mMTORCI1 activity, possibly due to
the Ras-ERK pathway that acts in parallel to the PI3K-AKT pathway keeping mTORCI active
(Palmieri, Pal, Nelvagal, et al., 2017). AKT is also involved in the degradation of Sirt-1, leading
to the repression of autophagy in the AMKP-LKB1-Sirt11 pathway (Ganesan et al., 2017). On
the other hand, there’s the PLC-PKD pathway, an mTORC1-independent pathway that seems to
be induced upon pathogen recognition by an unknown receptor, although studies have shown
PKD1 is activated by TLRs and LPS binding (Y. Kim et al., 2010). This binding causes a

signaling cascade through the MyD-88-dependent pathway that requires PKD for the activation
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of NF-kB which is important for a pro-inflammatory response (Najibi et al., 2016). Although
poorly studied, there are many pathways that are being brought to light that connect TFEB with
the lysosomal-based degradation of pathogens, therefore is necessary to understand the pathway

that Salmonella manipulates to prevent degradation.

Additionally, it is important to identify the exact effector/proteins that contribute to
Salmonella’s TFEB manipulation in order to understand their contribution to the repression of
TFEB. Like mentioned before, this is not an easy task, since Sa/monella does not only count on
SPI-1 and SPI-2 for virulence, having more than 23 SPIs, with some of them contributing to the
pathogenesis of different Sa/monella serotypes, including S. typhimurium (Mitchell et al., 2016).
Most of these SPIs role in Salmonella virulence are unknown. However, in this study, we have
identified two SPI-2 effectors (SopD2, SifA) and one regulator (PhoP) that seem to play a role in
the ability of Salmonella to repress TFEB activation. PhoP is responsible for the transition of
SPI-1 to SPI-2, and also plays a role on SPI-2 expression. It might prevent Salmonella
transitioning from SPI-1 to SPI-2 T3SS expression, making Salmonella more susceptible to
degradation. It can also serve as a waiting period for the expression of SPI-2 effectors needed for
survival and replication. This could be tested using an OmpR mutant that also contributes to the
expression of SPI-2 effectors (Fig. 4). If this is the case, an OmpR/PhoP double-mutant is
expected to show a higher TFEB nuclear localization compared to the PhoP or OmpR mutant.
SPI-2 protein expression could be confirmed by using Western blot analysis in order to see if the
PhoP mutant is preventing or reducing SPI-2 gene expression. SopD2 and SifA are SPI-2
effectors involved in trafficking to the lysosome for degradation, they might be acting together or

in association with other effectors, to prevent degradation of the bacteria by blocking the
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delivery of the SCV to the lysosomes for degradation. To test this, a DQ-BSA assay measuring
the proteolytic activity of lysosomes might be helpful to determine if fluorescently labelled
bacteria is being delivered to the lysosome for degradation, this could be determined by looking
at co-localization of the DQ-BSA with the fluorescently-labelled bacteria. Ultimately, this will
provide some important clues into understanding the mechanism or mechanisms by which
Salmonella manipulates TFEB and the combination of effectors that might play a role in this

process.

5.2 Determine the role of TFE3 in pathogen clearance

TFE3 is a member of the MITF subfamily along with TFEB and it also regulates the
expression of lysosomal genes. Similarly to TFEB, TFE3 binds to CLEAR elements and induces
lysosomal biogenesis and autophagy (José A Martina & Puertollano, 2016). In some cell types,
both transcription factors seem to play redundant roles in terms of their ability to induce
expression of lysosomal genes, however, both must be present for a maximal biological response
(José A Martina & Puertollano, 2016; Pastore et al., 2016). TFE3 is activated by amino acid
depletion by mTORCI1, however the mechanism of regulation of TFE3 by other stressors, like
TFEB, can be independent of mMTORCI activity (José A Martina & Puertollano, 2016).
Therefore, it is clear that TFE3 plays an important part in cellular response and adaptation to
stress, including infection. Since TFE3 behaves similarly to TFEB in some situations, and
knowing that TFEB plays an important role in the clearance of bacteria, future research should
focus on investigating the role of TFE3 in clearance of infection and its relationship to TFEB.
For this, similarly to TFEB-KO cells, TFE3-KO and TFEB/TFE3-double knock out (DKO)
RAW macrophages could be used during infection and survival assays as done here with TFEB-

KO cells. This would allow us to see if TFE3 also has a potential role in the clearance of
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infections, and if TFEB and TFE3 show additive or synergistic effects during phagocytosis and

infection.

5.3 In vivo function of TFEB in the clearance of infections

In this study, much of the work focused on exploring the direct response of Salmonella
infection on RAW macrophages and looking for TFEB activation in vitro. Now that we have
established the importance of TFEB in vitro, it is necessary to address the potential use of TFEB
in vivo to ensure TFEB activation is physiologically relevant. Mice depleted of feb, tfe3 or both,
have bene generated by the lab of Dr. Rosa Puertollano at NIH. Pastore et a/, obtained Bone-
marrow derived macrophages (BMDM) from these mice and they were tested for TFEB and
TFE3 activation upon LPS stimulation (Pastore et al., 2016). As mentioned before, both TFEB
and TFE3, have a synergistic effect on lysosomal biogenesis and cytokine production, therefore
it is important to test E.coli and Salmonella infections in these mice, in order see if the lack of
TFEB and/or TFE3 reduces or prevents the ability of mice to clear infections. Following our in
vitro results, it is expected that ¢feb and tfe3 mice, will lose some ability to clear infection when
infected with both E.coli and WT Salmonella, compared to the double knockout (DKO) that will
be unable to clear either infection. This could also potentially include the rapamycin and torinl
treatments on WT mice, to determine enhancement of degradation as seen in vitro with
rapamycin-treated macrophages. Where we expect WT-activated macrophages to increase their
lysosomal-proteolysis and clear infections faster. This experiment is essential to determine the

potential use of TFEB as a therapeutic target that drives bacterial killing.
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