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Abstract

Investigating L. monocytogenes infection of the gallbladder

Nicole H. Schwardt

Chair of Supervisory Committee:
Michelle Reniere
Department of Microbiology

Listeriosis, caused by the bacterium Listeria monocytogenes, is the third leading cause of death
among foodborne illnesses in the United States. Following oral inoculation of the host, L.
monocytogenes transverses the intestinal epithelium and rapidly disseminates to the mesenteric
lymph nodes, liver, and spleen via the lymph and bloodstream. Bacteria colonizing the liver
replicate intracellularly in hepatocytes, and as infected cells lyse some bacteria migrate to the
gallbladder via hepatic ducts. Once in the gallbladder, L. monocytogenes replicates extracellularly
to high bacterial densities. The gallbladder then becomes the primary bacterial reservoir and the
source of fecally excreted bacteria. Despite its importance in L. monocytogenes pathogenesis,
little is known about how L. monocytogenes survives and replicates in the gallbladder. The goal
of this dissertation is to characterize the gallbladder as an infectious niche for L. monocytogenes,
which will lead to a more complete understanding of its multi-organ infection cycle and the
determinants of intra- vs. extracellular infection. In this work, | investigated both bacterial and host
factors that contribute to gallbladder colonization. First, | developed a novel genetic screen using
an ex vivo primate gallbladder infection model to reveal L. monocytogenes genes that are required
for replication. Further characterization candidates from the ex vivo screen showed that many are
also required for intracellular infection and virulence in an oral murine model of listeriosis. Of note,
this study identified sugar transport by phosphoenolpyruvate-dependent phosphotransferase
systems (PTS) as being important for replication in the gallbladder. These findings represent
novel insights into L. monocytogenes carbon metabolism during infection and suggests a role for
these transporters for infection in extracellular niches. Next, using a L. monocytogenes mutant
deficient in gallbladder colonization, | found that STING-mediated innate immunity plays a role in
gallbladder colonization following oral infection. Finally, | investigated the roles peroxide
resistance mechanisms and iron transport systems during intracellular replication, which revealed
extensive redundancy in the stress responses employed by L. monocytogenes during infection.
Overall, my dissertation research highlights the gallbladder as a replicative niche for L.
monocytogenes and genetic determinants required for L. monocytogenes replication, which will
lend further insight into the gallbladder’s role in its multi-organ pathogenic life cycle.
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Chapter 1: Introduction

Listeria monocytogenes as a model foodborne pathogen

Listeria monocytogenes is a Gram-positive bacterium known to survive and replicate in a
variety of environments, including soil, sludge, and in mammalian hosts where it is the etiologic
agent of the severe foodborne iliness listeriosis'. Most L. monocytogenes infections result in self-
limiting gastritis that do not require antibiotic treatment or hospitalization. However, in patients
with risk factors such as pregnancy, old age, or immunocompromised status, infections spread
beyond the Gl tract to cause sepsis, meningitis, and pregnancy complications such as pre-term
labor or miscarriage. While the incidence of disease is relatively low compared to other foodborne
illnesses, the case fatality rate of invasive listeriosis is 15-22%, making L. monocytogenes one of
the most deadly bacterial pathogens®3. Thus, better understanding the determinants of L.
monocytogenes replication and pathogenesis remains an important area of investigation for
infectious disease and public health researchers.

Humans are exposed to L. monocytogenes multiple times per year due to its frequent
occurrence in food processing facilities®. In addition, it is estimated that 10-12% of healthy adults
exhibit asymptomatic fecal shedding of L. monocytogenes, emphasizing how prevalent this
pathobiont is within the human population’. Most exposures do not lead to invasive listeriosis, but
L. monocytogenes nevertheless causes multiple foodborne outbreaks per year in the United
States, with a hospitalization rate of over 90%*. Food products are frequently recalled due to L.
monocytogenes contamination®. The high occurrence of contamination with this pathogen is due
to the ability of L. monocytogenes to grow and form biofilms in high salt, high acid, and in the
presence of many disinfectants, which makes it difficult to eliminate from food processing
environments®. Additionally, L. monocytogenes can grow at refrigeration temperatures, which
allows it to persist in ready-to-eat foods and further complicates efforts to limit the prevalence of
this pathogen in the food supply.

During foodborne infection, L. monocytogenes undergoes a multi-organ infection cycle,
summarized in Figure 1, which involves colonization and replication in both extracellular and
intracellular niches. After ingestion of L. monocytogenes-contaminated food, the bacteria first
colonize the lumen of the gastrointestinal (Gl) tract where they replicate extracellularly, primarily
in the cecum and colon’. In susceptible hosts, a small portion of the L. monocytogenes in the Gl
tract invade intestinal epithelial cells, replicate intracellularly, and spread to neighboring
enterocytes via actin-mediated motility®. L. monocytogenes then cross the mucosal barrier and
gain access to the lamina propria, Peyer’s patches, and draining mesenteric lymph node (MLN).
In the MLN, intracellular replication is required for further dissemination to peripheral organs®.
Bacteria disseminate from the Gl tract indirectly to the spleen through the MLN and lymphatics,
and directly to the liver via the portal vein®°. Subsequently, bacteria migrate from the liver through
the hepatic ducts to seed the gallbladder, where they replicate extracellularly in the lumen to very
high densities'®"". After a meal, the gallbladder contracts and delivers a bolus of bile and bacteria
into the small intestines, reseeding the Gl tract'?. Thus, the gallbladder becomes the main
reservoir of L. monocytogenes during infection and the source of bacteria excreted in the feces'.

Animal models of infection have been crucial for understanding L. monocytogenes
pathogenesis. Murine infection models are most commonly used because they are conducive to



performing large-scale experiments'. Intravenous (i.v.) models of inoculation were found to be
more consistent in bacterial colonization and virulence, which led to i.v. models of infection being
favored over oral models. Following i.v. infection, bacteria are rapidly filtered from the bloodstream
into the liver and spleen™, where they proliferate to high densities. Typically only livers and
spleens were harvested in these studies, and therefore many L. monocytogenes virulence factors
have been characterized in vivo primarily at these systemic sites of infection, but not in other
organs relevant to foodborne infection. Taken together, i.v. models of listeriosis have been
invaluable to understanding L. monocytogenes determinants of infection in vivo, but they pose
maijor limitations for studying foodborne listeriosis.

To study the natural foodborne route of L. monocytogenes infection, oral inoculation
methods have been optimized in recent years and have allowed characterization of the multi-
organ pathogenesis. Mice are not natural hosts of L. monocytogenes infection, and therefore a
very high dose of bacteria is needed to consistently colonize the mouse GI tract via oral
inoculation'. In addition to determining the proper infectious dose, pre-treating animals with oral
antibiotics and fasting immediately before infectious result in more robust colonization of the
murine Gl tract, which has led to more reproducible experiments’-'®. With these improvements,
oral models of listeriosis have been used to determine the multi-organ route of dissemination
(Figure 1)®'°. Additionally, oral models of infection have shown that a significant proportion of
bacteria are extracellular in the livers, spleens, and MLN®'®, organs that were previously thought
to be predominantly intracellular sites of infection. As oral infection models become more widely
used, they will continue to provide insights into both the bacterial and host determinants of L.
monocytogenes pathogenesis, in particular those required for replication in the Gl tract and other
infection niches beyond the liver and spleen.
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Figure 1. Multi-organ life cycle of L. monocytogenes. 1) A susceptible host consumes contaminated
food, and L. monocytogenes colonizes the intestinal epithelium in the GI tract. 2) L. monocytogenes
disseminates beyond the Gl tract to peripheral organs. 3) After replicating intracellularly in the liver, bacteria
descend to the gallbladder via the hepatic ducts. Once in the gallbladder, L. monocytogenes replicates
extracellularly to extremely high densities. 4) Gallbladder contraction delivers a bolus of bile and bacteria
into the small intestines. 5) L. monocytogenes is excreted in the feces.

L. monocytogenes infection of the gallbladder

The gallbladder is a sac-like organ in which bile is stored and concentrated. The inner
surface of this organ is comprised of a single layer of columnar epithelial cells lining the inner-
most surface, a mucus layer lining the epithelial cells, and a lumen filled with bile. Bile is produced
in the liver and is composed of bile salts, cholesterol, phospholipids, and the heme degradation
products biliverdin and bilirubin, which give bile its characteristic color. Bile stored in the
gallbladder lumen is neutral pH, but becomes acidified when it enters the small intestine. Bile acts
as an emulsifier, aiding in the digestion of lipids in food and exhibiting antimicrobial activity by
damaging membranes, nucleic acids, and proteins'’. Despite these antimicrobial properties,
some bacteria have evolved methods of bile detoxification that render them tolerant to bile and
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capable of colonizing the gallbladder, including L. monocytogenes, Salmonella enterica, and
Campylobacter jejuni'®1°,

The first study characterizing infection of the gallbladder used in vivo fluorescent imaging
to show that L. monocytogenes replicates in murine gallbladders to high densities following both
oral and i.v. inoculation, and that replication takes place extracellularly’. In a subsequent study,
Hardy et al. show that contraction of the gallbladder delivers a bolus of bacteria into the small
intestines'?, which reinfects the Gl tract and perpetuates the multi-organ cycle of infection. This
secretion of bacteria into the intestines supports the hypothesis that L. monocytogenes replicates
primarily extracellularly in the gallbladder, rather than adhering to the epithelial tissue or mucosal
surface. Importantly, the combination of robust replication in the gallbladder and re-seeding of the
Gl tract following biliary secretion led to the hypothesis that the gallbladder is the primary bacterial
reservoir during listeriosis.

L. monocytogenes must colonize the GI tract, disseminate beyond the GI tract, and
establish a replication niche in the liver before disseminating to the gallbladder®'°. It is therefore
important to understand these host barriers to fully characterize the role of the gallbladder in L.
monocytogenes pathogenesis. To this end, libraries of barcoded strains of L. monocytogenes
have been used to determine the dissemination pathways from the Gl tract to peripheral organs,
as well as to quantify the bottlenecks experienced upon reaching those organs®'°. After L.
monocytogenes establishes a replication niche in the liver, 1-5 bacteria further disseminate to the
gallbladder and replicate to high densities'®. This small founding population in the gallbladder
represents an incredibly restrictive bottleneck to reach this organ, where in contrast the founding
population of the liver is ~200 bacteria following oral infection. Depletion of innate immune cells
during infection leads to an increase in founding population size in the gallbladder, which suggests
a role of the host immune system in restricting dissemination to this organ'®. Importantly, the
populations recovered from the feces were most genetically to those recovered from the
gallbladders, indicating that the gallbladder is the source of fecally shed bacteria during L.
monocytogenes infection™.

It is generally accepted that L. monocytogenes replicates extracellularly in the gallbladder,
which is consistent with most strains of this pathogen readily replicating in the presence of high
concentrations of bile'”. Several L. monocytogenes genes have been characterized as required
for replication in bile?*%2. The multidrug resistance transporter MdrT was originally identified to
secrete c-di-AMP (CDA)?*%*, and subsequently suggested to be an efflux pump for cholic acid, a
component of bile?. The bile exclusion system encoded by bilE was proposed to be a transporter
that protected L. monocytogenes from toxicity induced by reconstituted bovine bile??. However,
BilE was recently renamed EgtU when it was conclusively demonstrated that it specifically binds
and transports the low molecular weight thiol ergothioneine?. The bsh gene encoding bile salt
hydrolase was originally described as required for survival in bile in vitro and for intestinal
persistence in a guinea pig model of infection?’. SigB is a stress response alternative sigma factor
that positively regulates both bsh and bilE?'??, It is now appreciated that bsh, bilE, and sigB confer
resistance to acidified bile, as would be found in the small intestine, but are not necessary to
detoxify bile at neutral pH, as would be found in the gallbladder lumen?’?®, Therefore, despite
extensive investigations of mechanisms of bile resistance, it remains unclear which L.
monocytogenes genes are required for replication in the in vivo gallbladder environment. A better
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understanding of the bacterial factors required for infection of this organ will lead to a more
complete model of L. monocytogenes pathogenesis.

The innate immune response to L. monocytogenes infection

Once L. monocytogenes colonizes a host, it must contend with the host immune response.
The first line of defense against infection is referred to as the innate immune response, which is
not pathogen-specific but is crucial for limiting the growth and dissemination of L. monocytogenes.
The mammalian innate immune system consists of physical barriers that prevent foreign material
entering the body, such as the skin and mucosal surfaces, and innate immune cells, such as
monocytes, neutrophils, and macrophages®®, which recognize and eliminate pathogens. These
professional immune cells detect the presence of pathogens using proteins known as pattern
recognition receptors (PRRs), which sense bacterial ligands and trigger downstream immune
activation, such as the release of inflammatory cytokines®®. Non-immune cells are also involved
in the innate immune response. For example, epithelial cells express PRRs and induce
recruitment of professional immune cells to an infected tissue. PRRs can be expressed on the
host cell surface to sense extracellular pathogens or in the cytosol to sense intracellular
pathogens. The extracellular PRRs TLR2 and TLR5 contribute to the early recognition of L.
monocytogenes, but these PRRs do not significantly contribute to bacterial clearance at systemic
sites of infection®.

Cytosolic sensing of pathogens is critical for combatting intracellular pathogens. L.
monocytogenes stimulates an immune response during intracellular infection by activating the
host protein STING (Stimulator of Interferon Genes), which then induces interferon-b (IFN-p)
production. There are two mechanisms by which L. monocytogenes can activate STING during
intracellular infection®®. The first mechanism is cGAS-dependent: first, bacteriolysis leads to the
release of bacterial DNA into the host cytosol. The host protein cGAS (cyclic-GMP-AMP synthase)
then binds the cytosolic DNA and in response produces cyclic-GMP-AMP (cGAMP), which binds
and activates STING. The second mechanism is cGAS-independent, where L. monocytogenes
produces and secretes cyclic-di-AMP (CDA), which also binds and activates STING (Figure 2).
Activation of STING by either cGAMP or CDA induces increased expression of IFN-f. In general,
innate immune sensors such as STING induce the release of cytokines and recruit additional
immune cells to the site of infection®®. However, the role of IFN- in mediating L. monocytogenes
infection remains somewhat elusive. It has been suggested that excess IFN-B signaling can be
detrimental to the host, and that the role of IFN-B signaling may differ between intravenous and
oral routes of infection?*.

Following activation of the innate immune system by sensors such as STING, the release
of cytokines and the recruitment of professional immune cells to the site of infection are induced.
The first immune cells to reach the infected tissue following inoculation with L. monocytogenes
are polymorphonuclear neutrophils (PMNs), which infiltrate infected tissues within 30 minutes of
inoculation and contribute to bacterial clearance®. Following PMN infiltration, monocytes are
recruited the site of infection. While the precise role of monocytes requires further investigation,
it is thought that they prevent the spread of L. monocytogenes while also preventing PMN-
mediated tissue damage. In addition to recruited PMNs and monocytes, tissue resident
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macrophages, such as Kupffer cells in the liver, are also involved in mediating killing of L.
monocytogenes within infected tissues.

The roles of these immune cells in response to L. monocytogenes infection were
investigated primarily using i.v. murine models of infection, which typically only collect livers and
spleens, therefore very little is known about the immune responses to L. monocytogenes in the
gallbladder. Depletion of circulating PMNs and monocytes results in increased bacterial burdens
in the gallbladders of infected mice'’, supporting a role of the host immune system in modulating
gallbladder infection. It remains unclear, however, whether recruitment of these immune cells to
the gallbladder epithelium directly contributes to bacterial clearance from this organ. Additionally,
this effect was demonstrated using an i.v. model of infection, and whether depletion of these cells
has a similar effect following oral infection was not tested'. During S. enterica infection of the
gallbladder, both macrophages and PMNs increase in abundance compared to uninfected tissues,
showing that immune cell recruitment can play a role during bacterial infection of the gallbladder®'.
Whether these immune cells are present in gallbladders infected with L. monocytogenes has not
been tested.

Cytosol

1} W o &

cGAMP © ® \ / CDA
STING ) — IFN-B
production

Figure 2: Interferon-f induction by L. monocytogenes. (Left) cGAS-dependent activation of STING.
Intracellular bacteriolysis leads to release of bacterial DNA into the cytosol. cGAS binds cytosolic DNA,
which leads to its production of cGAMP. cGAMP then binds STING, which induces IFN-f production. (Right)
cGAS-independent activation of STING. Intracellular L. monocytogenes produce and secrete c-d-AMP
(CDA). CDA then binds STING, which induces IFN-B production.
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L. monocytogenes adaptation to (host)ile environments

L. monocytogenes must rapidly adapt to its environment, and the transcriptional
reprogramming to transition from saprophytic to pathogenic lifestyles has been extensively
studied®2. Even within a single host organism, L. monocytogenes encounters a variety of different
environments, including the Gl tract, host cytosol, and gallbladder, all of which present a distinct
array of deadly stressors. In the gallbladder those stressors are presumed to be derived from bile
acids, but given that most strains of L. monocytogenes are resistant to bile stress it is likely that
resistance to additional stressors is required for survival in the gallbladder.

One source of stress during infection comes from host-derived reactive oxygen species
(ROS), which are a component of the host innate immune system®. ROS are produced by
bacteria and the host as a byproduct of the incomplete reduction of molecular oxygen during
aerobic respiration, and accumulation of ROS leads to DNA damage and mutagenesis and protein
damage®. Given these deleterious effects that stem from aerobic respiration, it is unsurprising
that peroxide detoxification strategies have evolved in all domains of life. Bacteria express many
defense many scavenging enzymes to defend themselves against ROS-mediated oxidative
stress®®. Superoxide dismutase detoxifies the highly toxic ROS superoxide (O2), generating
molecular oxygen and hydrogen peroxide (H202). Peroxidase and catalase enzymes then
efficiently scavenge and detoxify the resulting hydrogen peroxide. At low concentrations of
hydrogen peroxide, peroxidases are the primary scavengers of peroxide, whereas at high
concentrations of hydrogen peroxide catalases become the dominant peroxide scavengers*®. Due
to the near-ubiquitous nature of peroxide stress, bacteria typically express multiple functionally
redundant enzymes to protect against peroxidases. Given the deleterious effects of ROS, it is
unsurprising that the mammalian immune system includes a mechanism known as the phagocytic
respiratory burst. During the respiratory burst, increased activity of NADPH oxidase leads to
increased oxygen consumption and increased concentrations of ROS, which contributes to
eliminating invading pathogens®®.

Another source of stress that bacteria contend with both in the environment and within a
host is nutrient scarcity. In addition to carbon sources and other macronutrients, bacteria must
scavenge trace micronutrients from their environment. Iron is an essential trace element required
by nearly all bacteria, as it serves as a co-factor for enzymes involved in essential metabolic
processes such as energy production, DNA replication, and detoxification of reactive oxygen
species®’®. Despite iron being the most abundant element on Earth, biologically available forms
of iron are scarce in most environments and as a result a diverse array of mechanisms of iron
acquisition have evolved in bacteria. The two main forms of iron that bacteria can access are
molecular iron, which exists in both ferric (Fe**) and ferrous (Fe?*) forms, and heme, in which an
iron molecule rests within a porphyrin ring. Heme is the most abundant source of iron available to
bacteria during infection of mammalian hosts, due to both its abundance in the blood in
hemoglobin and its function as a co-factor for many essential proteins®. Iron in mammalian hosts
is also stored in the cytosolic protein ferritin, which can store more than 4,000 iron molecules®°.

Iron is an essential trace nutrient and plays a role in the host immune response to infection.
Iron-rich tissues, such as the liver, respond to inflammation by inhibiting the secretion of iron, thus
limiting the growth of extracellular bacteria in the tissue. Macrophages also limit iron secretion in
response to inflammatory cytokines, leading to an increased abundance of intracellular iron in

15



these cells*. While essential to the survival and growth of nearly all bacteria, iron can be toxic to
both bacterial and eukaryotic cells. Excess intracellular iron, in the form of heme or molecular iron,
can undergo Fenton chemistry, in which iron reacts with ROS and generates more ROS in the
process*'. Cells therefore must employ mechanisms to combat iron toxicity by exporting excess
iron back into the environment or sequestering iron in a non-reactive form for later use.
Interestingly, the L. monocytogenes iron efflux pump FrvA is required for virulence during murine
infection*?, highlighting that preventing accumulation of excess iron is necessary for survival in
the host.

To maintain optimal levels of iron, L. monocytogenes encodes a number of transporters
that facilitate uptake and efflux of both heme and molecular iron, which are described in detail in
Chapter 5. While the function and regulation of iron homeostasis proteins have been extensively
studied in L. monocytogenes, the roles of different iron transporters during infection are not well
understood. As discussed above, in vivo studies have primarily used i.v. murine models of
listeriosis, therefore the roles of iron homeostasis genes in the Gl tract stage of infection have
largely not been investigated. Additionally, the roles of these genes in intracellular vs. extracellular
infection have not been studied.

State of the field and open questions

While the pathogenesis of L. monocytogenes has been extensively studied for over 40
years, in vivo studies of L. monocytogenes pathogenesis have historically only characterized
infection of the liver and spleen. Moreover, oral infection models that more accurately mimic the
natural foodborne route of infection have only recently become widely used'*?°. Additionally, the
gallbladder has only recently been appreciated as the primary reservoir of infection during
listeriosis ', therefore the bacterial determinants of colonization and replication in the gallbladder
are not well understood. L. monocytogenes is highly tolerant of bile acids in vitro**, therefore bile
stress is not thought to be an impediment to L. monocytogenes colonization of the gallbladder.
Host factors that influence bacterial colonization of the gallbladder, such as availability of
metabolites or presence of other anti-microbial factors, are also largely unknown. Identification of
the L. monocytogenes factors required for colonization of the gallbladder would characterize how
it survives and replicates in this organ. Understanding the gallbladder as a replicative niche will
also provide insight into the role of extracellular infection sites during listeriosis, such as the Gl
tract.

The immune responses to L. monocytogenes infection of the gallbladder also remain
poorly understood, as the role of the host immune system in listeriosis has predominantly been
characterized in the liver and spleen. Previous studies have strongly suggested that immune cell
infiltration to the gallbladder plays a role in bacterial clearance. Depletion of innate immune cells
prior to infection leads to increased bacterial burdens in the gallbladder following i.v. infection'®,
but whether these cells play a similar role during oral infection requires further investigation.
Further characterizing the host response to infection of the gallbladder, and how bacterial factors
modulate this response, will provide important insights into L. monocytogenes pathogenesis
throughout its multi-organ infection cycle.

Overall, the goal of my thesis is to characterize the stressors encountered during L.
monocytogenes infection, with a focus on defining the gallbladder as a replicative niche. First, a
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genetic screen using an ex vivo infection model revealed many L. monocytogenes genes that are
required for replication in the mammalian gallbladder (Chapter 2). Next, a L. monocytogenes
mutant deficient in gallbladder colonization was used to investigate the role of STING-mediated
innate immunity during gallbladder infection (Chapter 3). Finally, investigating the roles of
peroxidases and iron transporters highlighted the diversity of stressors, and stress responses,
encountered during infection (Chapters 4 & 5). Together, these studies have identified L.
monocytogenes genes required for virulence in vivo and provided insight into the metabolic
requirements and stressors encountered during the multi-organ foodborne infection cycle.
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Chapter 2: A genome-wide screen in ex vivo gallbladders identifies
Listeria monocytogenes factors required for virulence in vivo

Introduction

Following oral inoculation of a mammalian host, L. monocytogenes colonizes the
gastrointestinal tract and disseminates to peripheral organs such as the liver, from which L.
monocytogenes colonizes the gallbladder and replicates to high densities. The gallbladder then
becomes the primary bacterial reservoir and the source of fecally excreted bacteria (Figure 1).
Despite its importance in L. monocytogenes pathogenesis, little is known about how this pathogen
survives and replicates in the gallbladder. As mentioned in Chapter 1, L. monocytogenes utilizes
several bile-resistance mechanisms, such as the bile exclusion system BIlE and bile salt
hydrolase (Bsh)?®?. It is now known that these genes are required for L. monocytogenes survival
in acidified bile, but are not necessary to detoxify bile at neutral pH?"?®. Bile stored in the
gallbladder lumen is pH neutral, therefore the L. monocytogenes genes required for replication in
this organ remain largely unknown.

Murine infection models have been crucial for understanding gallbladder colonization of
bacterial pathogens, including L. monocytogenes, but they pose two major limitations. However,
due to the bottleneck in which fewer than five L. monocytogenes initially seed the gallbladder
following either oral or intravenous infection'®, performing genetic or biochemical screens in
mouse models is not feasible. Additionally, murine gallbladders only contain 5 - 15 L of biofluid**,
which would not yield enough biomass to use infection model for global genetic screens. Purified
bile salts and reconstituted powdered bile are frequently used to mimic the gallbladder
environment in vitro, but it is not clear what concentrations and diluent accurately represent
gallbladder biofluid. In fact, studies investigating L. monocytogenes requirements for survival in
reconstituted porcine bile and ex vivo porcine bile identified distinct genes'”?, supporting the
notion that reconstituted bile does not mimic the biofluid encountered in vivo.

In this study, we sought to identify L. monocytogenes genes required for replication in the
mammalian gallbladder using a transposon sequencing (Tn-seq) approach. This technique
combines saturating transposon mutagenesis with next-generation sequencing to assess the
contribution of every genetic locus in a high-throughput manner*“¢. Tn-seq has been used to
identify essential genes and genes conditionally essential for survival in a host for several
pathogenic bacteria, including Staphylococcus aureus*’, Vibrio cholerae*®, Streptococcus
pneumoniae*®, and recently L. monocytogenes®. However, the restrictive bottlenecks in mouse
models of listeriosis make the use of global genetic approaches to study gallbladder colonization
in vivo unfeasible. Here, we performed Tn-seq on L. monocytogenes in ex vivo non-human
primate gallbladders and identified dozens of genes necessary for survival and replication in this
environment and more broadly in the context of a murine model of listeriosis.

This chapter represents collaborative effort by myself, Courtney Halsey, Madison Sanchez,
and Michelle Reniere. My contributions to this publication include performing experiments
described in Figures 4-8, and the writing and preparation of the final manuscript.
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Results

An unbiased approach identifies L. monocytogenes genes required for growth and
survival in the gallbladder lumen

To identify Listeria monocytogenes genes required for gallbladder colonization, we
established a novel model of gallbladder colonization using non-human primate (NHP)
gallbladders obtained from the Washington National Primate Research Center Tissue Distribution
Program. There are several advantages to NHP organs over conventional murine models. First,
NHP gallbladders can be inoculated with bacteria via syringe, eliminating bottlenecks to
colonization encountered during murine infections. Second, NHP organs are larger and contain
~1,000-fold more biofluid than murine gallbladders, which can support more bacterial biomass or
be harvested for in vitro assays. Finally, organs were obtained from NHPs at the endpoint of other
non-infectious experiments, and therefore no additional animals were sacrificed for this model.

In the development of the gallbladder colonization model, we first assessed whether ex
vivo gallbladder biofluid (bile) supports growth of L. monocytogenes. Bile harvested from three
independent NHP gallbladders was determined to be sterile and supported exponential growth of
L. monocytogenes in vitro. We next injected mid-log L. monocytogenes into the lumen of intact ex
vivo gallbladders and monitored bacterial survival over time by removing luminal contents with a
syringe and plating to enumerate colony forming units (CFU). Interestingly, we observed
consistent reductions in CFU shortly after inoculation, followed by exponential growth that
plateaued between 6 and 12 hours post-injection (data not shown). To minimize host cell death
and maintain the integrity of the organs, we limited the incubation time to 6 hours in subsequent
experiments.

After establishing growth conditions for L. monocytogenes in NHP gallbladders, we used
this ex vivo organ model to investigate the L. monocytogenes genes required for survival and
growth in the gallbladder lumen using the unbiased global genetic approach of transposon
sequencing (Tn-seq). Four NHP gallbladders were inoculated via syringe with a saturated
transposon mutant library of L. monocytogenes. To monitor growth of the mutant library in the
organs, samples of luminal contents were collected 30 minutes and 6 hours post-injection. As
observed previously with wild type (WT) L. monocytogenes, an initial reduction in CFU at 30
minutes post-injection was followed by exponential growth through 6 hours, with an average
doubling time of 46 minutes (Figure 3A). This doubling time is similar to that observed for L.
monocytogenes growing in rich medium, demonstrating robust growth in this environment. After
6 hours of incubation in the gallbladders, the entire luminal contents were harvested, diluted in
brain heart infusion (BHI) broth, and incubated for 2 hours to increase biomass. Bacterial genomic
DNA was then isolated and libraries were prepared for lllumina sequencing of the transposon
insertion sites (Figure 3B and Table 1). Using the parameters of a logz fold-change less than -1.50
and an adjusted p-value of less than 0.05, mutants in 43 genes were significantly depleted after
incubation in the gallbladders compared to the input libraries, indicating that these genes are
required for growth or survival in the NHP gallbladder lumen.
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Figure 3. Tn-seq in ex vivo NHP gallbladders identifies L. monocytogenes genes necessary for
growth and survival. (A) Growth of the L. monocytogenes transposon library in NHP gallbladders over 6
hours. Bacteria were inoculated via syringe and collected for CFU enumeration 30 minutes and 6 hours
post-infection. Gallbladders from three Macaca mulatta and one M. nemestrina were used. (B) Average
read counts of L. monocytogenes genes in the gallbladder experimental condition (Exp) compared to the
input library (Ctrl).

Genes significantly depleted after incubation in the gallbladder included those involved in
stress responses, such as trxA encoding thioredoxin and c/pX encoding a Clp protease ATPase
subunit, consistent with the known antimicrobial effects of bile. We also identified the
adenylosuccinate lyase encoded by purB, consistent with the importance of purine biosynthesis
in surviving bile stress?®. Depleted genes also included those encoding two phosphoenolpyruvate-
dependent phosphotransferase system (PTS) permeases known to import both glucose and
mannose (mptACD and mpoBCD)*. PTSs are multi-protein complexes utilized by many bacteria
to import and phosphorylate defined carbohydrates, with the sugar specificity determined by the
Enzyme Il (EIl) complex proteins®'. While the L. monocytogenes genome encodes 29 complete
PTSs®, our screen identified Mpt and Mpo as the only Ells required for growth in the gallbladder
(Figure 4). In addition to the PTS permeases, genes encoding regulators that activate
transcription of the mpt and mpo operons (manR and sigL), and for phosphorylation of the PTS
sugars (ptsl and ptsH, encoding EI and HPr, respectively) were also significantly depleted in the
gallbladder condition. Identification of multiple PTS-related operons and their regulators, which lie
at distinct genetic loci, suggests that L. monocytogenes imports glucose and/or mannose via Mpt
and Mpo for growth in the gallbladder. The Tn-seq also identified 8 of the 9 genes encoding the
F-type ATP synthase as depleted after growth in the gallbladders. The F-type ATP synthase, while
not essential for aerobic growth, is required for anaerobic replication in L. monocytogenes®,
suggesting that the ex vivo gallbladder may be an oxygen-limited environment. Overall, analysis
of our screen identified multiple whole operons as depleted after growth in the NHP gallbladder,
indicating that the screen was robust. Importantly, many genes identified here have not been
previously implicated in the context of infection.
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Figure 4: Model depicting the PTSs and their regulators identified by Tn-seq. Color-coded to match
Figure 2B. Only Mpo-IIA (gray) was not significantly depleted after incubation in NHP gallbladders.

Table 1. Summary of significant Tn-seq hits. Highlighting indicates genes encoded in operons.
* indicates genes selected for validation

Category: LMO | Name | Description log2FC
Protein 1233 trxA* | Thioredoxin -2.27
homeostasis / | 2219 | prsA2 | Foldase -1.75
Redox 0964 yjbH | Thioredoxin-fold protein -1.58
1268 | clpX* | ATP-dependent Clp protease ATPase -1.57
Nucleotide 1096 | guaA | GMP synthase -2.28
transportand | 1773 | purB* | Adenylosuccinate lyase -2.16
metabolism 2538 upp Uracil phosphoribosyltransferase -1.57
0055 | purA | Adenylosuccinate synthetase -1.53
1571 prkA 6-phosphofructokinase -2.52
1002 ptsH | PTS system, phosphocarrier protein HPr -2.42
1003 | pts/* | PTS system, enzyme | (El) -2.23
zzrtl;z:fi::te 2556 fbaA Fructose-bisphosphate aldolase class Il -2.24
0097 | mptC* | PTS system, mannose-specific IIC component | -1.66
and transport =
0096 | mptA* PTS system, mannose-specific I|1AB 161
component
0098 | mptD* | PTS system, mannose-specific IID component | -1.61
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0781 | mpoD* | PTS system, mannose-specific IID component | -1.65
0782 | mpoC* | PTS system, mannose-specific IIC component | -1.61
0783 | mpoB* | PTS system, mannose-specific IIB component -1.6
Energy 2530 | atpG* | ATP synthase gamma chain -1.98
production 2534 | atpE* | ATP synthase FO sector subunit ¢ -1.91
2529 | atpD* | ATP synthase beta chain -1.86
2528 | atpC* | ATP synthase epsilon chain -1.85
2533 | atpF* | ATP synthase FO sector subunit b -1.84
2535 | atpB* | ATP synthase FO sector subunit a -1.62
2532 | atpH* | ATP synthase delta chain -1.74
2531 atpA* | ATP synthase alpha chain -1.78
1581 ackA | Acetate kinase -1.65
Regulation 0289 | yycH | TCS YycFG regulatory protein YycH -2.72
0288 walK | Two-component sensor histidine kinase -0.78
1599 | ccpA* | Catabolite control protein A -2.56
1523 relA (p)PPGpp synthetase -1.76
2461 sigL RNA polymerase sigma-54 factor RpoN -1.68
1891 recU | RecU Holliday junction resolvase -1.51
1892 | pbpA1 | Bifunctional penicillin-binding protein 1A -0.92
Coenzyme 1901 | panC | Pantoate--beta-alanine ligase -2.91
Metabolism 1902 | panD 3-methyl-2-oxobutanoate 16
hydroxymethyltransferase
1363 iSPA farnesyl diphosphate synthase -1.58
DNA 1955 | xerD | Site-specific tyrosine recombinase XerD -1.82
recombination 1954 darm Phosphopentomutase -1.47
and repair 2702 recR Rec.ombi.natio.n protein RecR -1.66
1533 VA Ho!llday junction ATP-dependent DNA 162
helicase
Amino acid 1663 | ansB | Asparagine synthetase -1.72
metabolism 1299 glnA | Glutamine synthetase type | -1.56
rl:z::bolism 1936 | gpsA | Glycerol-3-phosphate dehydrogenase -1.71
Hypothetical - - hypothetical protein -1.92

Genes identified by Tn-seq in the NHP gallbladder contribute to replication in bile
in vitro

To investigate the roles of the identified genes in L. monocytogenes physiology and

pathogenesis, we used allelic exchange techniques to generate nine deletion mutants,
representative of 19 genes identified in our screen (Table 1). To evaluate the PTS permeases, the
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entire mptACD (Ampt) or mpoABCD (Ampo) operons were deleted and a double mutant lacking
both operons (AmptAmpo) was generated. To evaluate the F-type ATP synthase, the atpB open
reading frame was deleted, which eliminates functionality of the entire complex®2. The mutants
were then grown individually either in BHI broth or NHP bile in 96-well plates, and CFU were
enumerated after 0.5 and 6 hours of static incubation. Because the oxygen status of the
gallbladder lumen is not known, L. monocytogenes growth was evaluated in both aerobic and
anaerobic conditions. Several mutants exhibited general growth defects and replicated
significantly less than WT in rich medium, including AccpA, Aptsl, and AtrxA (Figures 5A and 5B).
The AatpB strain had the most striking phenotype in BHI, displaying a slight ~4-fold reduction in
CFU in the presence of oxygen and a complete lack of growth in anaerobic conditions (Figure
5B). This is consistent with a previous report documenting that the F-type ATPase is essential for
L. monocytogenes anaerobic growth®?. We additionally measured growth in BHI in shaking flasks
to assess growth in maximally aerated conditions in rich medium. Under these growth conditions,
the AatpB mutant exhibited significantly decreased CFU at the earliest time point, while AtrxB was
attenuated for growth at 6 and 8 hours post-inoculation (Figures 5C and 5D). Although the relevant
oxygen levels during infection are unknown, these data provide a broad view of mutant growth in
vitro under varying oxygen levels and reveal that AatpB and AtrxA are generally impaired for
growth in rich medium.

When incubated in bile under anaerobic conditions, all mutants were significantly impaired,
with the exception of AccpA (Figure 5B). This decrease in CFU at 6 hours was not driven by
differences in killing early after inoculation, as all strains exhibited similar reductions in CFU at 30
minutes (Figure 6). Interestingly, some mutants exhibited an oxygen-dependent phenotype. For
example, AatpB, Ampt, and AmptAmpo grew similarly to WT in bile under aerobic conditions
(Figure 5A), but displayed reduced growth under anaerobic conditions (Figure 5B). Together,
these results demonstrated that the genes identified by Tn-seq as important during growth in the
NHP gallbladder lumen are also required for growth in bile in vitro, even in the absence of
competing strains.
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Figure 5. Growth of mutants in vitro. (A-B) NHP bile or BHI was inoculated with 10 CFU/mL of each L.
monocytogenes strain, incubated for 6 hours statically in an aerobic incubator (A) or in an anaerobic
chamber (B), and then CFU were enumerated. Each circle is an individual data point, while the bars indicate
the means and the error bars represent the standard error of the mean (SEM) of at least 3 biological
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replicates. (C-D) Flask growth curves in BHI, with shaking. Data in (C) represent the means and SEM of at
least 3 biological replicates. Data in (D) represent the means and SEM of at least 2 biological replicates. *
p <0.05, ** p <0.01, ** p <0.001, as determined by Dunnett’'s multiple comparisons test compared to WT

in each medium condition and at each time point.
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Figure 6. Growth curves of L. monocytogenes in BHI or bile in vitro. NHP bile or BHI was inoculated
with L. monocytogenes, incubated statically in an aerobic incubator (A,B) or in an anaerobic chamber (C,D),
and CFU were enumerated, as in Figure 2. Data are the means and SEMs of at least three independent

experiments. Statistics not shown for clarity.

Genes identified by Tn-seq as critical for survival in the gallbladder lumen also
contribute to intracellular fitness

Tn-seq identified L. monocytogenes genes required for growth in the gallbladder lumen,
which represents one of the extracellular environments that L. monocytogenes encounters during
infection. While extracellular niches of infection remain largely uncharacterized, the determinants
of intracellular infection and their roles in systemic disease have been thoroughly described. The
intracellular lifecycle begins with L. monocytogenes entering host cells via phagocytosis or
receptor-mediated endocytosis, followed by cytosolic replication and intercellular spread to
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neighboring cells via actin-dependent motility>®. To determine if the genes we identified also have
important roles in the intracellular lifecycle, we assessed cell-to-cell spread and cytosolic
replication of each of the L. monocytogenes mutants in cell culture.

The intracellular lifecycle was first evaluated via plaque assay in which a monolayer of
cells is infected with L. monocytogenes and then immobilized in agarose containing gentamicin
to prevent extracellular growth. Three days post-infection, the live cells are stained and the zones
of clearance formed by L. monocytogenes are measured as an indicator of intracellular growth
and intercellular spread. In this assay, most mutants formed significantly smaller plaques than
those formed by WT, while mutants lacking the PTS operons mpt and mpo formed plaques similar
in size to WT. (Figure 7A). Notably, infections with AatpB resulted in no visible plaque formation.
We hypothesize this is due to the AatpB requirement for oxygen, which may be limiting in cells
with the agarose overlay. Plaque areas were also measured after infection with the complemented
strains, in which each deleted gene was expressed from its native promoter at an ectopic site on
the chromosome. With one exception, complementation restored plaque areas to WT levels
(Figure 7A). The pts/ complemented strain produced even smaller plaque areas than Aptsl,
although this strain did restore other Apts/ growth defects, as discussed below.

The plaque assay measures both cytosolic replication and cell-to-cell spread. To identify
the role of each gene in intracellular growth, we measured replication kinetics in primary bone
marrow-derived macrophages (BMDMs) over 8 hours. The ApurB mutant exhibited the most
dramatic phenotype as it did not replicate in the host cytosol (Figure 7B). Several additional
mutants displayed attenuated intracellular growth, including AccpA, Aptsl, and AtrxA (Figure 7B).
Intracellular growth was fully restored in the complemented strains, including Apts/ + pts/ (Figure
7C. Despite defects in plaque formation, both clpX::Tn and AatpB grew similarly to WT in BMDMs,
indicating that these mutants are defective specifically in the cell-to-cell spread stage of the
intracellular lifecycle. Finally, strains lacking the PTS operons (Ampt, Ampo, AmptAmpo) displayed
no defects in cytosolic growth, consistent with these strains forming WT-sized plaques (Figure
7D). Together, these results indicated that although we identified these genes using the selective
pressure of extracellular growth in a mammalian organ, many also contribute to intracellular
infection. However, the PTS operons were found to be dispensable during intracellular infection,
consistent with prior work®.
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Figure 7. Intracellular replication and intercellular spread. (A) Plaque areas formed in L2 fibroblasts,
measured as a percentage of WT L. monocytogenes. * p < 0.05, ** p < 0.01, *** p < 0.001, as determined
by one-way ANOVA with multiple comparisons to the mean of WT. ND, not detected. (B-D) Intracellular
growth of mutants in BMDMs, normalized to CFU at 30 minutes for each strain. * p < 0.05, ** p < 0.01, ***
p < 0.001, as determined by Dunnett's multiple comparisons test compared to WT in each condition. Data
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in panels A, B, and D are the means and SEMs of at least 3 independent experiments, and data in panel C
are the means and SEMs of 2 independent experiments.

L. monocytogenes genes important in the NHP gallbladder are required for oral
infection of mice

The Tn-seq screen identified many genes important for extracellular replication in an NHP
gallbladder as well as intracellular growth and intercellular spread in murine cells. Thus, we
hypothesized that these genes would be important for virulence in a mouse model of oral
listeriosis. For these infections, 6-7 week old female BALB/c mice were given streptomycin in their
drinking water for 2 days and fasted for 16 hours prior to infection to increase susceptibility to oral
infection’**. Mice were then fed 108 CFU of each L. monocytogenes strain via pipette. Body
weights were recorded daily as a measurement of global disease severity. Mice infected with WT
lost nearly 20% of their initial body weight throughout the 4 day infection, whereas mice infected
with most of the mutant strains exhibited significantly less weight loss (Figures 8A and 8B).
Notably, mice infected with AccpA, Ampo, or AmptAmpo lost approximately the same amount of
weight as mice infected with WT, suggesting that that these genes may not be required for L.
monocytogenes pathogenesis in vivo. Conversely, mice infected with Apts/, AtrxA, and ApurB lost
very little weight over the 4 day infection, suggesting that these strains were severely attenuated
in their pathogenicity.

To assess bacterial burdens throughout infection, mice were euthanized and CFU were
enumerated from organs at both 1 and 4 days post-infection (dpi). After ingestion, L.
monocytogenes in the Gl tract disseminates via the portal vein to the liver and subsequently the
gallbladder. At 1 dpi, bacterial burdens in the livers and gallbladders were similar between WT
and all mutant strains, indicating that these genes are not required for dissemination from the Gl
tract to the liver or gallbladder (Figures 8C and 8E). By 4 dpi, 7 of the 9 mutants displayed
significantly decreased bacterial burdens in the gallbladder compared to WT (Figure 8D).
Bacterial burdens in mice infected with Apts/, ApurB, and clpX::Tn were decreased by more than
300,000-fold compared to mice infected with WT. In contrast, bacterial loads of mice infected with
AtrxA, Ampt, Ampo, AmptAmpo, and AatpB displayed more variability in CFU between animals
and were decreased by 174- to over 38,000-fold compared to mice infected with WT. Interestingly,
all mutants were significantly attenuated in the livers at 4 dpi, with the exception of AccpA (Figure
8F). These data demonstrate that the majority of the L. monocytogenes genes identified by Tn-
seq as important for colonization of NHP gallbladders ex vivo were also required for infection of
murine gallbladders in vivo.

In addition to disseminating directly to the liver via the portal vein, L. monocytogenes
disseminates from the Gl tract via the lymphatics through the MLN and to the spleen®. Most
mutants colonized the MLN and displayed similar bacterial burdens as WT at both 1 and 4 dpi,
with the exception of Aptsl, ApurB, and AatpB, which were significantly attenuated in the MLN
compared to WT (Figures 9A and 9B). In the spleens, only Aptsl, ApurB, Ampt, and clpX::Tn were
significantly attenuated at 4 dpi compared to WT (Figure 8F). Bacterial burdens in the feces were
also enumerated as a measure of L. monocytogenes colonization in the lower GI tract lumen.
Bacterial burdens in the feces were similar between most mutants and WT at 1 dpi, whereas the
majority of mutants exhibited significantly decreased bacterial loads compared to WT at 4 dpi

28



(Figures 9E and 9F). The notable exception is ApurB, which was decreased ~150-fold compared
to WT in the feces at 1 dpi, but similar to WT by 4 dpi. These data collectively demonstrate that
the genes identified in our ex vivo screen contribute to infection of multiple organs, including the
gallbladder, following oral infection of mice.
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Figure 8. Murine model of oral listeriosis. Mice were orally infected with 108 of each L. monocytogenes
strain. (A-B) Body weights of infected mice over time, reported as a percentage of initial weight before
streptomycin treatment. Data are means and SEM of n=4-33. (C-F) CFU were enumerated from tissues at
1 or 4 days post-infection. Each data point represents a single mouse (n=15-18 for WT, n=4-10 for mutants),
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horizontal solid lines represent geometric means, and the dotted lines represent the limit of detection. The

data are combined from 4 independent experiments.

*p <0.05, * p<0.01, *** p <0.001, as determined

by Dunnett’'s multiple comparisons test compared to WT in each condition.
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Figure 9. Dissemination after oral listeriosis. Mice were orally infected with 108 Lm 10403S strains and
CFU from tissues were enumerated 1 and 4 days post-infection. Each data point represents a single mouse
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(n=15 for WT, n=4-10 for mutants), horizontal solid lines represent geometric means, and the dotted lines
represent the limit of detection. The data are combined from 4 independent experiments. * p < 0.05, ** p <
0.01, *** p <0.001, as determined by Dunnett’'s multiple comparisons test compared to WT in each condition.

Discussion

In this study we sought to identify L. monocytogenes genes important for infection of the
mammalian gallbladder. To this end, we developed an ex vivo bacterial colonization model of NHP
gallbladders and performed Tn-seq to determine the genes necessary for growth and survival in
this environment. This unbiased global genetic approach identified mutants in 43 genes that were
significantly depleted after growth in the gallbladder condition, including some genes known to be
important for virulence and others not previously studied in the context of infection. Several
mutants identified by Tn-seq had growth defects in rich medium and most were predictably
attenuated for growth in NHP bile in vitro. Many mutants also had defects in the intracellular
lifecycle, including cytosolic growth and cell-to-cell spread, with the notable exception of the PTS
permeases. A murine model of oral L. monocytogenes infection revealed that nearly all identified
genes are required for full virulence. Together, these data identified genes that are important for
L. monocytogenes infection of a mammal and, interestingly, not all are required for intracellular
replication or intercellular spread.

Animal models have shed light on the importance of gallbladder colonization during L.
monocytogenes pathogenesis. Murine models of infection demonstrated that L. monocytogenes
replicates extracellularly in the gallbladder lumen to high bacterial densities and that this
population becomes the primary bacterial reservoir and source of fecally shed L.
monocytogenes” %", Further, they revealed the presence of an uncharacterized severe within-
host bottleneck in which the founding population of the gallbladder is limited to approximately 3
bacteria'. Dowd et al. demonstrated that L. monocytogenes readily grows in ex vivo porcine
gallbladders and the extracted bile®®. Given the limitations of using murine or porcine infection
models for examining bacterial gallbladder colonization, and inspired by Dowd’s use of ex vivo
organs as incubators, we established a new infection model with a less restrictive bottleneck that
is also amenable to Tn-seq analysis. While the present study focused on L. monocytogenes
luminal growth within the organs, the ex vivo NHP gallbladder model could be utilized to measure
mucosal and epithelial colonization of a variety of gallbladder-tropic pathogens.

Our Tn-seq screen identified mutants in dozens of genes that were significantly depleted
after incubation in the NHP gallbladders. These genes include those involved in redox regulation
(trxA, yjbH, rex), cell wall modifications (walK), and protein stability (c/pX), consistent with the
known antimicrobial activities of bile which result in cell envelope stress and protein damage'’.
Purine biosynthesis was previously identified as important for growth in porcine bile and we
identified purB as essential for replication in the gallbladder®®. Interestingly, the screen did not
identify mdrT, bsh, bilE, or sigB as required for growth or survival in the gallbladder?®>?2. MdrT is
a multidrug resistance transporter originally identified to secrete c-di-AMP#2* and subsequently
suggested to be an efflux pump for cholic acid, a component of bile?®. The bsh gene encoding bile
salt hydrolase was originally described as required for survival in bile in vitro and for intestinal
persistence in a guinea pig model of infection®. The bile exclusion system encoded by bilE was
proposed to be a transporter that protected L. monocytogenes from toxicity induced by 30%
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reconstituted bovine bile?”. SigB is a stress response alternative sigma factor that positively
regulates both bsh and bilE?"?2. It is now appreciated that bsh, bilE, and sigB confer resistance
to acidified bile acids, as may be found in the small intestine, but are not necessary to detoxify
bile at neutral pH, as would be found in the gallbladder lumen?’?3, Furthermore, BilE was recently
renamed EgtU when it was conclusively demonstrated that it specifically binds and transports the
low molecular weight thiol ergothioneine®.

Some genes we identified by Tn-seq had been previously described as necessary for
virulence in vivo, while many others had not been studied in the context of infection. The purB,
trxA, yjbH, clpX, and rex genes are known to be required for full virulence, though some of the
studies used different mouse strains and different inoculation methods®*~*®. Moreover, rex is one
of the few L. monocytogenes genes specifically required for replication in the murine gallbladder?’.
Conversely, we identified genes encoding all 8 structural components of the F-type ATP synthase,
which was not previously examined in vivo®?. We also identified operons encoding two PTS Ell
complexes (mpt, mpo), as well as genes encoding their transcriptional (sigL, manR) and post-
transcriptional regulators (ptsH, ptsl). Mpt and Mpo were previously designated as dispensable
for virulence base on tissue culture assays, although were never tested in vivo™.

Most mutants under investigation were deficient for growth in NHP bile in vitro, which was
unsurprising given the conditions under which the Tn-seq screen was performed. The most
attenuated strains after growth in bile were Apts/, AtrxA, and ApurB, which also displayed growth
defects in rich medium. Additionally, the AatpB strain was severely attenuated in BHI, which was
expected based on the published requirement for the F-type ATP synthase for anaerobic
replication®. In the aerobic condition, the cultures were incubated statically and we hypothesize
that the lack of aeration led to AatpB growing more slowly than WT in BHI. Surprisingly, AatpB did
replicate in NHP bile under anaerobic conditions. Future research will investigate the role of atpB
in L. monocytogenes growth in bile and in vivo. It has been hypothesized that the F-type ATP
synthase is required during anaerobic to combat acid stress and generate a proton motive force,
not for ATP synthesis®*®°. It remains unclear, however, if these mechanisms contribute to the role
of the F-type ATP synthase during infection.

Tissue culture models of infection have historically been reliable indicators of L.
monocytogenes pathogenesis in vivo, although the correlation was not as strong in this study.
Several mutants displayed defects in a plaque assay, which measures both intracellular growth
and intercellular spread over three days. Specifically, AccpA, AtrxA, ApurB, and clpX::Tn formed
significantly smaller plaques than WT. Despite this, AccpA was surprisingly fully virulent in a
murine model of listeriosis. Furthermore, mpt and mpo were completely dispensable for
intracellular growth and intercellular spread in tissue culture, although they were required for
infection of mice. Importantly, studies solely using tissue culture models of infection would not
have identified these operons as important for pathogenesis in vivo.

To assess the validity of the ex vivo NHP gallbladder model, we evaluated the roles of genes
identified by Tn-seq in an oral murine model of listeriosis. Nearly all mutants tested were
significantly attenuated in the gallbladders and livers of infected mice 4 dpi. The notable exception
was the strain lacking ccpA, the catabolite control protein A that represses transcription of
metabolic genes based on the phosphorylation state of HPr and the overall nutrient status of the
cell. In the AccpA mutant, approximately 100 genes are de-repressed®, resulting in attenuated in
vitro growth in rich medium, bile, and BMDMs, yet exhibiting no virulence defect in mice after oral
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infection. Interestingly, not all strains were attenuated in the spleens and MLNs of infected mice,
suggesting that factors required for colonizing the liver and gallbladder are distinct from those
needed to colonize other peripheral organs. For example, AfrxA was attenuated approximately
29,000-fold in the gallbladder, but colonized the spleen and MLN at levels similar to WT, despite
a significant growth defect in rich medium in vitro. Relatedly, it was recently reported that L.
monocytogenes folate metabolism is specifically required in the livers but not the spleens of
infected mice*®"%2. Conversely, Apts/ and ApurB were significantly attenuated in the MLN at both
1 and 4 dpi, indicating that these genes are necessary for dissemination beyond the gut and/or
replication in the MLN. Taken together, oral infections of mice revealed that the genes identified
by Tn-seq in the NHP gallbladder have broader roles in disease pathogenesis than simply
conferring resistance to bile stress.

Similarly to the gallbladders, most mutants were significantly attenuated in the feces at 4
dpi, supporting the notion that the gallbladder is the main source of fecally excreted bacteria'.
The two mutants not attenuated in the feces were AccpA and ApurB. While AccpA was fully
virulent in mice, the ApurB mutant was severely attenuated in vitro and in all murine organs after
infection. These results indicate that purine biosynthesis is required for intracellular infection and
virulence, but not for survival in the lumen of the lower Gl tract, consistent with previous report356'58.
The factors influencing fecal shedding of L. monocytogenes are incompletely understood. Zhang
et al. used a barcoded library of L. monocytogenes to demonstrate that the gallbladder is the
source of fecally shed bacteria and that neutrophils and monocytes restrict bacterial dissemination
to the gallbladder'. A subsequent study using a similar approach determined that the bacterial
population in the feces was derived from the inoculum after infection with a severely attenuated
strain of L. monocytogenes’. Thus, multiple factors contribute to fecal shedding during listeriosis,
including the level of gallbladder colonization, L. monocytogenes virulence capacity, and the host
immune response.

In summary, our Tn-seq approach identified dozens of L. monocytogenes genes required
for replication in ex vivo gallbladders, and nearly all genes investigated in vivo were required for
virulence during oral infection. This study revealed several novel insights into L. monocytogenes
carbon metabolism during infection. It was previously thought that the glucose and mannose El
PTS proteins encoded by mpt and mpo were dispensable for virulence®, but here we show that
these operons are required for full virulence in an oral murine model of listeriosis. This study
focused on a subset of genes identified in our ex vivo Tn-seq screen, and the many other genes
identified are likely to reveal novel virulence factors and further our understanding of the L.
monocytogenes multi-organ infection cycle.
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Chapter 3: Investigating the roles of Rex and STING during Listeria
monocytogenes oral infection

Introduction

The Tn-seq screen described in Chapter 2 identified a number of L. monocytogenes genes
that are required for both replication in bile and for virulence in an oral murine model of infection.
In addition to identifying genes involved in sugar transport and metabolism, the screen identified
a number of genes important for combatting redox stress, such as trxA encoding thioredoxin, and
rex encoding a redox-responsive transcriptional repressor. This result was interesting because
the lab has previously characterized the role of Rex in L. monocytogenes?®’. The absence of Rex
repression leads to increased expression of many genes, including those involved in fermentative
metabolism. Unexpectedly, expression of virulence genes are also elevated in the Arex mutant,
including bile salt hydrolase (bsh) and internalins A and B (inlAB)*’. As expected, Arex exhibits
higher tolerance to bile than WT due to increased bsh expression. However, despite being highly
resistant to bile stress, the Arex mutant is attenuated in the gallbladder during oral infection,
highlighting that bile resistance alone is not sufficient for full virulence in this organ. In addition,
infection with Arex caused less severe disease than WT as measured by weight loss®’, further
emphasizing the importance of gallbladder colonization in systemic virulence. Because Arex lacks
in vitro growth defects that could explain its decreased gallbladder colonization and overall
attenuation in vivo, we hypothesized that the host immune response plays a role in clearing L.
monocytogenes from the gallbladder, and that lack of transcriptional repression by Rex either
exacerbates or renders L. monocytogenes unable to evade this response.

L. monocytogenes can stimulate an immune response by activating the host protein
STING, which then induces IFN-B expression. There are two mechanisms by which L.
monocytogenes can activate STING during intracellular infection: 1) bacteriolysis leads to the host
protein cGAS binding cytosolic DNA, leading to production of cGAMP, which binds STING, and 2)
L. monocytogenes produces and secretes CDA, which directly binds STING (Figure 2). The
primary mechanism of CDA secretion by L. monocytogenes is via the multi-drug resistance
transporter, MdrT, a transmembrane protein that exports CDA*?°. Expression of mdrT is
repressed by the regulatory protein TetR, and consequently L. monocytogenes mutants lacking
tetR secrete increased CDA and induce a potent IFN-B response?.

Repression of mdrT transcription by TetR is reportedly alleviated in the presence of cholic
acid, a deconjugated bile acid®®. The Arex mutant expresses increased transcripts encoding bile
salt hydrolase (bsh)?, whose function is converting conjugated bile acids into deconjugated bile
acids, such as cholic acid. Based on these known mechanisms, we proposed the following model:
The Arex mutant overexpresses bsh compared to WT, even in the absence of bile?’. Therefore,
when Arex is exposed to bile acids, as in the gallbladder lumen, increased bsh expression leads
to increased production of deconjugated bile acids, which in turn relieves repression of marT
expression by TetR. Increased production of MdrT leads to an increase in CDA secretion, which,
during infection, leads to direct activation of STING (Figures 2 and 10). Finally, the resulting
downstream immune activation results in more rapid bacterial clearance.
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Figure 10. Hypothesized mechanism of immune activation by L. monocytogenes Arex during murine
infection. 1) Absence of transcriptional repression by Rex leads to increased expression of bsh, encoding
bile salt hydrolase. 2) Bsh converts conjugated bile acids to deconjugated bile acids. 3) Deconjugated bile
acids, such as cholic acid, bind TetR, leading to release from the mdrT promoter and allowing transcription.
4) Increased MdrT production leads to increased secretion of CDA and bile acids. Secreted CDA then
activates STING, leading to IFN- expression (Figure 2).

The goal of experiments presented here is to better understand both bacterial and host
factors necessary for survival and replication in the gallbladder. This chapter describes
unpublished work investigating the roles of the L. monocytogenes transcriptional regulator Rex
and the host signaling protein STING during murine oral infection. First, | measured IFN-$
expression in response to intracellular infection with Arex in WT, cGas™, and Sting” macrophages.
To characterize a potential mechanism of this immune activation, transcriptional changes in
response to bile and CDA secretion by the Arex mutant were measured in vitro. Finally, | evaluated
the role of STING during infection with Arex using an oral infection model in Tmem173” mice,
which lack STING. While | performed the vast majority of experiments presented here, Dr. Cortney
Halsey and Dr. Michelle Reniere conceived of the study, mouse breeding was carried out by
Shania Leano, and histology scoring was performed by Dr. Jessica Schneider.
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Results

L. monocytogenes mutant Arex induces an elevated interferon response during
intracellular infection

We hypothesized that Arex induces an elevated type | IFN response due to increased
secretion of CDA in the host cytosol (Figure 10). To test this hypothesis, | measured host IFN-
production in WT, cGas™”, and Sting” bone marrow-derived macrophages (BMDMs) in response
to L. monocytogenes infection. The L. monocytogenes strains used in these infections were WT,
Arex, Arex + rex, tetR::Tn, Arex tetR::Tn, and AmdrMTAC. The tetR::Tn strain, which has been
shown to induce a robust IFN-B response in macrophages® served as a positive control.
Conversely, AmdrMTAC does not secrete any CDA®®, therefore inducing no IFN-B expression,
and serves as a negative control. To determine whether the regulators Rex and TetR act
synergistically to repress CDA secretion, a Arex tetR::Tn double mutant was included in these
experiments.

The WT, cGas™, and Sting”” BMDMs were inoculated with the 6 L. monocytogenes strains
for 30 minutes, after which medium containing gentamicin was added to the cells to kill remaining
extracellular bacteria. The cells were then incubated for a total of 6 hours, then samples of
supernatants were collected from each condition. Supernatants were then applied to ISRE-L929
reporter cells®*, which produce luciferase in response to IFN-p stimulation, and relative
luminescence is reported as a proxy measurement of IFN-B protein abundance. WT BMDMs
infected with Arex produced increased IFN-B compared to those infected with WT, indicating that
Arex induces increased IFN-B, and the complement strain Arex + rex induced similar IFN-
production to WT (Figure 11A). As expected, the strains lacking tetR induced a potent IFN
response compared to WT, and AmdrMTAC induced little to no IFN-B. Interestingly, the tetR::Tn
and Arex tetR::Tn strains induced similar levels of IFN-f, suggesting that TetR and Rex regulate
CDA secretion via the same pathway, not separate but synergistic pathways. The IFN-f induced
in cGas” BMDMSs was similar to WT BMDMs, which supports the hypothesis that IFN-B production
is not induced by L. monocytogenes lysing in the cytosol. Infection of Sting”” BMDMs resulted in
very little or no IFN- expression, which supports our hypothesis that Arex induces increased IFN-
B production in a STING-dependent manner.

To further investigate whether the transcriptional regulators TetR and Rex act
synergistically to reduce induction of IFN-B, | measured IFN-B transcripts (ifnb) produced by
BMDMs following L. monocytogenes infection. While the ISRE assay allows for measuring IFN-3
protein production in a high throughput manner, one major limitation to this method is that
luminescence can have a relatively low upper-limit of detection. In contrast, measuring transcript-
level expression by quantitative RT-qPCR is lower throughput, but has a wider range of detection
and is thereby more precise. To measure IFN-f transcripts, | infected BMDMs in the same manner
as for the ISRE assays described above, and harvested RNA from the BMDMs after 6 hours of
infection. Analysis by RT-gPCR revealed that IFN-B expression at the transcript level exhibited
similar trends to IFN-B protein production shown by ISRE assay (Figure 11B). RT-gPCR also
revealed similar IFN-§ transcript abundances in WT and cGas” BMDMs following infection, but
no detectable IFN-B transcripts in the Sting” BMDMs. RT-qPCR also showed that in all BMDM
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genotypes, the tetR::Tn and Arex tetR:: Tn strains induced similar levels of IFN-f transcripts. Taken
together, these experiments support our hypothesis that intracellular Arex induces an elevated
immune response that is cGAS-independent and STING-dependent.
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Figure 11. L. monocytogenes Arex induces an IFN-P response in a STING-dependent manner. IFN-b
production by BMDMs in response to intracellular infection with L. monocytogenes strains as measured by
(A) interferon-stimulated response element (ISRE) L929 cells that produce luciferase in response to type-l
interferon stimulation; RLU: relative luminescence units (WT and cGas™: n=3; Sting”: n=1), and (B)
quantitative RT-qgPCR (n=2).
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Neither Rex nor Bsh is necessary for bile-induced mdrT transcription

I next investigated whether the increased IFN-B production induced by Arex is related to
expression of the CDA export protein MdrT, and whether MdrT expression is further increased
upon exposure to bile. To test this, | measured mdrT transcripts produced by Arex compared to
WT in response to bile using RT-qPCR. The tetR::Tn and AmdrMTAC strains were used as
positive and negative controls for mdrT transcript production, respectively. We hypothesized that
Arex would express increased mdrT due to increased bile salt hydrolase (Bsh) activity, therefore
a Absh mutant was also included in these experiments to determine the role of bsh in mdrT
expression. L. monocytogenes strains were grown to mid-log, then incubated with 0.1%
reconstituted porcine bile. Samples were collected at baseline (immediately before bile added; 0
min) and 10 and 30 minutes after addition of bile.

Consistent with previous reports®, WT L. monocytogenes expressed increased mdrT
transcripts both 10 and 30 minutes after addition of 0.1% porcine bile, resulting in 10- to 20-fold
increases in mdrT expression over time (Figure 12A). The tetR::Tn strain expressed at least 100-
fold more mdrT than WT both before and after bile treatment and the AmdrMTAC strain expressed
no mdrT, as expected. The Arex mutant produced increased mdrT transcripts following bile
treatment, but not to the same magnitude as WT (Figure 12A). The Absh mutant expressed similar
levels of mdrT as WT, suggesting that Bsh activity is not required for mdrT expression (Figure
12A). These experiments were also performed using 1.1% porcine bile, which resulted in similar
transcriptional changes as treatment with 0.1% bile (data not shown). Overall, these data
contradict our hypothesis that Arex expresses increased mdrT compared to WT.

In our model hypothesis we propose that Arex expresses increased mdrT due to
overexpression of bsh (Figure 10). | therefore measured bsh transcripts to determine whether
Arex expresses increased bsh under these conditions. The WT and Arex strains expressed similar
bsh transcripts at baseline and 10 minutes following bile treatment, indicating that lack of
transcriptional repression by Rex is insufficient to induce bsh overexpression (Figure 12B). After
30 minutes of bile treatment, Arex expression of bsh increased 70-fold, while WT expression
increased 10-fold compared to baseline. These results suggest that both de-repression by Rex
and activation by bile contribute to increased bsh expression (Figure 12B).
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Figure 12. Transcriptional changes by Arex in response to bile. L. monocytfogenes strains were grown
to mid-log in BHI, then incubated with 0.1% reconstituted porcine bile. Samples were collected immediately
before bile was added (0 min), 10 min, and 30 min after addition of bile. Relative expression was measured
via RT-gPCR, with rpoB transcripts used as the endogenous control, and normalized to WT expression at
0 min. Bars represent averages of n=2, error bras represent SEMs.

Rex-deletion does not induce increased CDA production in the absence of bile

I have shown that Arex does not express elevated levels of mdrT transcripts in response
to bile treatment. L. monocytogenes encodes additional exporters, in addition to MdrT, that
contribute to CDA secretion. To directly quantify the CDA produced and secreted by L.
monocytogenes, | used a luciferase-based detection assay®. WT, Arex, and Arex + rex strains
were grown in BHI, samples were collected during exponential and stationary phases of growth,
and the samples were then centrifugated to separate the cellular and supernatant fractions. The
cellular fraction represents CDA contained within the bacterial cells, while the supernatant fraction
represents secreted CDA. Exponential phase cultures of WT and Arex contained similar levels of
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CDAin the cellular fraction, and Arex cultures contained slightly higher amounts of CDA compared
to WT in the supernatants (Figure 13A and 13B). The complement strain Arex + rex contained
substantially decreased CDA compared to WT in the cellular fraction, but similar levels of CDA in
the supernatant. In the stationary phase cultures, all three strains contained similar amounts of
CDA in both cellular and supernatant fractions (Figure 13C and 13D). This result is consistent
with Arex expressing similar levels of mdrT as WT during exponential broth growth in the absence
of bile. Taken together, these results do not support our hypothesis that Arex secretes excess
CDA during infection. It remains possible that Arex secretes excess CDA in the presence of bile
or during intracellular infection; CDA production and secretion will be quantified under these
conditions in future experiments.
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Figure 13. CDA production by Arex during growth in BHI. (A-D) L. monocytogenes strains were grown
to either exponential or stationary growth phases. CDA concentrations was measured from cellular (A and
C) and supernatant fractions (B and D) using the CDA-Luc assay, and normalized to bacterial density as
measured by ODeoo. Bars represent averages of n=3, error bars represent SEMs. Statistical significance
was determined by one-way ANOVA with multiple comparisons to the mean of WT, ns: not significant. (E-
F) CDA standards used for calculating sample CDA concentrations. Solid line represents simple linear
regression of standards.
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Oral infection with L. monocytogenes Arex results in pathology distinct from
infection with WT

The experiments presented in this chapter so far have shown that Arex induces increased
IFN-B expression during intracellular infection in vitro. We next wanted to determine if Arex
induces an increased immune response in vivo following oral infection of mice. More specifically,
we wanted to test whether infection with Arex leads to increased recruitment of immune cells to
the gallbladder. To determine if Arex induces an increased immune response in vivo, we
collaborated with the UW Histology and Imaging Core (HIC) to visualize the impact of infection
with L. monocytogenes on immune cell recruitment to the gallbladder and liver. To this end, | orally
inoculated BALB/c mice with WT, Arex, or PBS (uninfected), and harvested livers with gallbladders
still attached 4 days post-infection. Harvested tissues were then fixed in 10% formalin, then
transferred to the HIC for further processing, slide preparation, and H&E or antibody staining. To
maintain structural integrity of the organs, gallbladders remained attached to livers throughout
processing, and liver tissue was included in the slide sections. Slides were stained with antibodies
raised against F4/80, a macrophage marker, and Ly6B, a surface protein present on most
neutrophils and some activated macrophages. Stained slides were de-identified and scored by
veterinary pathologist Dr. Jessica Schneider. Scoring categories included inflammation and
presence of positive antibody staining, which would indicate recruitment of immune cells to the
tissue.

Blinded scoring showed that infection with WT L. monocytogenes induced inflammation in
both the liver and gallbladder compared to uninfected controls (Figure 14A and 14D). Additionally,
livers infected with WT displayed increased F4/80 and Ly6B staining compared to uninfected
tissues, indicating increased abundance of macrophages and neutrophils (Figures 14B and 14C).
Inflammation and immune cell abundance in the livers of mice infected with Arex were elevated
compared to uninfected controls, but were decreased compared to those infected with WT. The
Arex mutant resulted in pathology more closely resembling uninfected controls in gallbladder
inflammation, but more closely resembling WT in gallbladder F4/80 staining (Figure 14E). Positive
Ly6B staining was not detected in any gallbladder samples, suggesting that neutrophils were not
present in the gallbladder at this time of infection.

Taken together, these data suggest that infection with Arex results in less inflammation
and fewer immune cells recruited to the liver and gallbladder compared to infection with WT, which
do not support our model hypothesis that Arex induces increased inflammation during murine
infection. It is possible that Arex is cleared so rapidly following oral infection that 4 days post-
infection is too late to detect evidence of an elevated immune response. Future studies will screen
for inflammatory markers earlier during infection, such as 2 days post-infection, to determine the
timing of immune responses to the gallbladder following L. monocytogenes oral infection.
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Figure 14. Blinded scoring of tissues following L. monocytogenes oral infection. BALB/c mice were
orally inoculated with 108 of each L. monocytogenes strain, or PBS (Uninfected). 4 days post-infection,
livers and gallbladders were collected, fixed, stained, and then scored in a single-blinded manner. F4/80,

macrophage marker; Ly6B, neutrophil marker.

Attenuation of Arex in vivo is partially rescued in the absence of STING

| have shown that Arex induces increased IFN-B during macrophage infection in a STING-
dependent manner, but does not express increased mdrT transcripts or secrete increased CDA
compared to WT during growth in BHI. However, it remains possible that these transcriptional
changes are context dependent, therefore measuring differences in mdrT expression during broth
growth may not represent changes that occur during replication in the host cytosol. Before
measuring transcriptional changes or CDA concentrations during intracellular infection in vitro, |
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first tested whether STING plays a role during murine infection with Arex in vivo. To this end, both
WT (B6) and Tmem173” mice were orally inoculated with either L. monocytogenes WT or Arex,
and organs were harvested for CFU enumeration 5 days post-infection. Importantly, this was the
first infection of B6 mice with Arex and we predicted similar phenotypes as in the BALB/c mice
used previously?’. | hypothesized that in Tmem173” mice, bacterial loads would be similar
between mice infected with WT and Arex L. monocytogenes, indicating rescue of Arex virulence.
This result would be consistent with the hypothesis that Arex induces a more potent, STING-
dependent immune response than WT L. monocytogenes, leading to more rapid clearance from
infected tissues.

Consistent with previous infections of BALB/c mice, B6 mice infected with Arex lost little
to no bodyweight throughout the 5 day infection, whereas B6 mice infected with B6 lost 10-20%
of their bodyweight (Figure 15A). This indicates that infection with Arex leads to significantly less
severe disease than infection with WT. In contrast, the Tmem173” mice did not lose any
bodyweight following infection with either L. monocytogenes strain, despite these mice harboring
substantial bacterial burdens. This result meant that we could not compare overall disease
severity of Tmem173” mice infected with WT vs. Arex, and suggested that colonization dynamics
following oral infection could be different between mouse backgrounds.

Infection of B6 mice with Arex resulted in significantly decreased bacterial burdens in the
spleens, livers, and gallbladders compared to B6 mice infected with WT (Figure 15), consistent
with previous work showing that Arex is attenuated in BALB/c mice® . In contrast, we observed no
differences in bacterial burdens in the livers, ceca, and feces of Tmem173” mice infected with
WT or Arex, suggesting that STING is required for the attenuation of Arex seen in B6 mice (Figure
15B, 15F-G). In the MLN, Arex had decreased bacterial loads compared to WT, but the magnitude
of difference between WT and Arex was much less pronounced in the Tmem173” mice than the
B6 mice (Figure 15E). Unfortunately, neither WT nor Arex colonized the gallbladders of the
Tmem173” mice, and therefore gallbladder colonization differences between L. monocytogenes
strains in this animal model could not be evaluated (Figure 15C).
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Figure 15. Attenuation of Arex during oral infection is STING-dependent. B6 and Tmem1737 mice
were orally infected with 108 of each L. monocytogenes strain. (A) Body weights of infected mice over time,
reported as a percentage of initial weight before streptomycin treatment. Data are means and SEM of n=5.
(B-G) CFU were enumerated from tissues at 5 days post-infection. Each data point represents a single
mouse (n=5 per group). Open circles indicate mice infected with WT L. monocytogenes; closed blue circles
indicate infection with Arex. Horizontal solid lines represent geometric means. Dashed lines indicate limit of
detection. * p < 0.05, ** p < 0.01, *** p < 0.001, as determined by two-tailed t-tests.
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Mice lacking STING exhibit distinct colonization dynamics following oral infection

Neither WT nor Arex L. monocytogenes strains colonized the gallbladders of Tmem173”
mice after oral infection (Figure 14C), which meant that the combined roles of Rex and STING in
gallbladder colonization could not be evaluated. Previous studies have shown that a different
STING-deficient mouse strain Sting®’®' is more susceptible to L. monocytogenes oral infection
than B6 mice, as evidenced by increased weight loss and increased bacterial loads in the livers,
spleens, and MLN compared to B6 mice®. It was therefore surprising that our Tmem173” mice
lost no bodyweight and exhibited similar bacterial loads in the livers, spleens, and MLN as WT
mice following oral infection (Figure 15). Both the Tmem173” and Sting®’®" mouse strains lack
functional STING, but the Tmem173” mice used in this study were derived via targeted
chromosomal deletion®®’, and the Gt mice via chemical mutagenesis®.

The data presented in Figure 15 represent the first L. monocytogenes oral infections of
Tmem173” mice, therefore it is possible that the timing of colonization and dissemination differs
between STING-deficient mouse strains. To establish oral infection dynamics in the Sting”mouse
background compared to B6 mice, | orally infected B6 and Tmem173” mice with WT L.
monocytogenes and harvested tissues at 1, 3, 5, and 7 dpi. Because B6 mice infected with L.
monocytogenes typically reach euthanasia criteria after 5 days of infection, only the Tmem173”
mice were taken out to 7 days. As seen previously, Tmem173” mice did not lose any weight
during infection (Figure 16A). In all organs collected from the Tmem173” mice, bacterial burdens
peaked at 5 dpi and decreased between 5 and 7 dpi, suggesting Tmem173” mice begin to clear
the infection after day 5 (Figure 16B-F). Comparing bacterial burdens in B6 and Tmem173” mice
suggests that L. monocytogenes does have different colonization phenotypes in the two mouse
strains. We observed decreased bacterial burdens in the ceca and feces of Tmem173” mice
compared to WT throughout the 7 day time course (Figure 16E-F), which suggests that STING is
involved in L. monocytogenes infection of the Gl tract. Interestingly, bacterial burdens in the livers,
spleens, and MLN were similar between mouse backgrounds throughout the time course,
suggesting that STING is not involved in mediating dissemination out of the Gl tract (Figure 16B-
E). Most importantly, bacterial burdens in the gallbladders of Tmem173” mice were predominantly
below the limit of detection throughout the time course, demonstrating that this animal model is
not appropriate for studying gallbladder colonization following oral infection (Figure 16C).
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Figure 16. Oral infection dynamics in Tmem173” mice. B6 and Tmem173” mice were orally infected
with 108 of each L. monocytogenes strain. (A) Body weights of infected mice over time, reported as a
percentage of initial weight before streptomycin treatment. Data are means and SEM of n=5-19. (B-G) CFU
were enumerated from tissues. Each data point represents a single mouse (n=3-7), horizontal solid lines
represent geometric means, dotted lines represent limit of detection. The data are combined from 3
independent experiments, where Days 1 and 3 were collected in the same experiment, and Day 5 and Day
7 were each collected in separate experiments. Day 5 data is the same as previously shown in Figure 14.
B6 mice were infected for max. 5 days, as they reach euthanasia criteria after this time point. * p < 0.05, ***
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Discussion

The L. monocytogenes Arex mutant exhibits increased resistance to bile stress in vitro,
yet is attenuated for virulence and yielded significantly decreased bacterial loads in the
gallbladder following oral infection of mice. In this chapter, | tested a model hypothesis in which
Arex secretes excess CDA in response to bile exposure, leading to an increase in STING-
dependent IFN-B expression and more rapid clearance by the host immune response. In support
of this hypothesis, | found that Arex induced IFN-f expression during intracellular infection in a
STING-dependent, cGAS-independent manner. However, Arex did not express elevated mdrT in
response to bile and did not secrete increased CDA compared to WT in vitro. Histology of livers
and gallbladders of infected BALB/c mice showed that L. monocytogenes WT and Arex exhibit
varying pathologies during murine oral infection, but there was no evidence that Arex induced an
elevated immune response compared to WT. Finally, oral infections of B6 and Tmem173” mice
with WT and Arex L. monocytogenes demonstrated that Arex was less attenuated compared to
WT in the absence of host STING. Taken together, these data support the hypothesis that STING
is indeed involved in the attenuation of Arex during oral infection, but the mechanisms underlying
this attenuation remain unclear.

L. monocytogenes is well known to induce IFN- expression via activation of STING during
intracellular infection®*?®, and we show here that the Arex mutant induces a more robust IFN-B
response than WT (Figure 10). The Arex mutant exhibits similar intracellular replication dynamics
as WT? and induced IFN-B expression in a cGAS-independent manner, therefore we
hypothesized that Arex induces an elevated IFN-B response due to elevated CDA secretion
directly activating STING. However, Arex did not produce increased transcripts of the CDA
exporter mdrT compared to WT in the presence or absence of porcine bile in vitro (Figure 11).
The Arex mutant also secreted similar amounts of CDA to WT during growth in BHI, but whether
this changes with addition of bile still needs testing (Figure 12). Additionally, it is possible that L.
monocytogenes expresses increased mdrT or secretes elevated CDA in the host cytosol, which
will be investigated in future experiments. Even if secreted CDA by Arex is indeed elevated during
intracellular growth, it is still unclear why this would lead to increased bacterial clearance from the
gallbladder.

The mechanism by which IFN-B production resulting from intracellular infection leads to
clearance of extracellular bacteria remains unclear. L. monocytogenes replicates extracellularly
in the gallbladder during murine infection''?, and recent studies have shown that L.
monocytogenes colonizes both intra- and extracellular compartments of the liver®™. |
hypothesized that increased IFN-f induced during intracellular infection, such as in the liver, leads
to recruitment of immune cells to the infected tissue, which then kill extracellular bacteria, such
as in the gallbladder, to reduce bacterial loads. To characterize the immune cell types associated
with L. monocytogenes infection of the gallbladder and to determine whether immune cell
recruitment differs between infection with WT and Arex, we took a histology and
immunohistochemistry approach (Figure 13). The resulting pathology scores suggested less
inflammation and fewer macrophages in gallbladders infected with Arex compared to those
infected with WT, which does not support our hypothesis that Arex induces an elevated immune
response. In other host tissues, such as the MLN, immune cell recruitment can be measured
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using more quantitative methods, such as flow cytometry. | attempted to quantify immune cell
recruitment to the gallbladder by flow cytometry and was unsuccessful, as it is technically
challenging to apply this method to murine gallbladders due to their small size and cell type
composition. It is therefore promising that the blinded histology scoring method distinguished
disease pathologies between two strains of L. monocytogenes and between infected and
uninfected tissues. This histology approach in the gallbladder, in combination with quantitative
measurement of immune cells in other tissues, will be used in future studies to characterize the
host immune response throughout the body during infection with L. monocytogenes.

Oral infections of both B6 and Tmem173” mice with L. monocytogenes WT and Arex
demonstrated that STING is indeed involved in the attenuation of Arex. Quantification of bacterial
loads in infected tissues revealed that in B6 mice, Arex was significantly attenuated compared to
WT L. monocytogenes in all organs tested. Of note was that Arex had significantly decreased
CFU in the MLN, as this organ was not harvested in the previous infections®’. This result
introduced the possibility that Arex disseminates to peripheral organs less efficiently than WT due
to poor replication in the MLN, which could explain the decreased bacterial loads of Arex in the
spleens, livers, and gallbladders following oral infection of WT mice. This experiment also
revealed differences in infection dynamics between B6 mice, presented in this chapter, and
BALB/c mice, which were used in the initial study characterizing Arex?’. Infections of BALB/c mice
resulted in similar bacterial burdens in the Gl tract between WT and Arex, whereas bacterial
burdens were similar between the two strains during infection of B6 mice. It has been previously
shown that BALB/c mice are more susceptible to oral infection than B6 mice'®, therefore it was
expected for infections of B6 mice in this chapter to yield lower bacterial burdens compared to
those reported by Halsey et al*’.

A previous study investigating the role of CDA secretion during L. monocytogenes infection
found that B6 mice lacking functional STING (Sting?”") were more susceptible to oral infection
than WT B6 mice, as shown by increased weight loss®. Additionally, Louie et al. show that
bacterial burdens in the liver, spleen, and MLN of Sting?”®" mice were significantly higher than in
B6 mice®. We were therefore surprised to see the opposite result in our oral infections, where
infection with WT L. monocytogenes resulted in no weight loss at all in our Tmem173” mice
(Figure 14A), and similar bacterial burdens were observed in the liver, spleen, and MLN of
Tmem173” mice compared to B6 mice (Figure 14B-E). While the Sting®”® and Tmem173” mice
were assumed to be phenotypically identical, it is clear based on our results that disease severity
and bacterial burdens in the two backgrounds are quite different. A 7-day time course of oral
infection showed that Tmem173” mice had decreased bacterial loads to WT mice in the Gl tract
and similar bacterial loads to WT mice in peripheral organs, and that the Tmem173” mice did not
exhibit any weight loss through 7 days of infection (Figure 15). Importantly, no bacteria were
detected in the gallbladders of Tmem173” mice at any time point tested (Figure 15C). In
conclusion, these results support our initial finding that our Sting” mice are less susceptible to
infection than B6 mice, and the Tmem173” mouse model cannot be used to study gallbladder
colonization following L. monocytogenes oral infection.

Overall, the work described in this chapter constitutes an effort to characterize the
mechanism by which the L. monocytogenes Arex mutant is attenuated during murine infection. |
showed in vitro that Arex induces elevated IFN-3 expression and that this phenotype is STING-
dependent and cGAS-independent. While this work established that the Tmem173” mouse model
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of infection cannot be used to study gallbladder colonization during oral infection, the STING-
dependent attenuation of Arex was observed in multiple organs in addition to the gallbladder.
Future studies will investigate the role of STING during L. monocytogenes oral infection, with a
focus on how STING promotes or restricts dissemination from the Gl tract to peripheral organs.
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Chapter 4: Investigating the roles of Listeria monocytogenes

peroxidases in growth and virulence
Adapted from Cesinger et al., DOI: 10.1128/Spectrum.00440-21°°

Introduction

Reactive oxygen species (ROS), including peroxide, are produced by bacteria and
mammalian host cells as a byproduct of aerobic respiration, therefore most organisms have
evolved strategies to combat these toxic compounds®. During infection, innate immune cells
produce a burst of ROS to neutralize invading pathogens®, making peroxide detoxification
strategies particularly important for pathogenic bacteria. While the mechanisms of peroxide
detoxification have been studied for decades in the model organisms E. coli and Bacillus
subtilis®>3*7° the mechanisms by which Listeria monocytogenes defends against ROS are less
clear. The virulence factors employed by L. monocytogenes to successfully infect a host are all
transcriptionally regulated by the master virulence regulator PrfA, which is itself redox regulated’”.
In addition to virulence factors, PrfA regulates genes that enhance L. monocytogenes resistance
to peroxide, further indicating that peroxide stress is relevant during infection. We became
particularly interested in the peroxide detoxification strategy employed by L. monocytogenes
during infection when our previous work revealed that the single catalase (encoded by kat)
produced by the bacterium is required for aerobic growth, but dispensable during infection”®.
These results led to the hypothesis that L. monocyfogenes produces other redundant peroxidases
in order to survive the respiratory burst of the macrophage phagosome. Here, we evaluated the
expression and essentiality of all peroxidase-encoding genes during L. monocytogenes growth in
vitro and during infection of murine cells in tissue culture.

We performed in silico analysis of the L. monocytogenes genome using the RedoxiBase
database’™ and identified 9 predicted peroxidases (Table 2). This database includes the
peroxidases produced by Bacillus subtilis, and each of these was used as a query protein
sequence to identify homologous proteins produced by L. monocytogenes 10403S™. According
to the RedoxiBase database, peroxidase proteins belong to two families: heme peroxidases and
nonheme peroxidases’®. Of the heme peroxidases, L. monocytogenes encodes a heme-
dependent catalase (Kat), a coproheme decarboxylase (ChdC, formerly HemQ), and a DyP-type
peroxidase (Lmo0367). Of the nonheme peroxidases, L. monocytogenes encodes Lmo0983,
AhpA (formerly AhpC or Prx), Tpx, Lmo1609, and OhrA. Finally, Fri is a nonheme bacterial ferritin
classified as an oxidoreductase by the RedoxiBase database’. Previous work from the lab
demonstrated that L. monocytogenes requires kat to detoxify endogenously produced peroxide
during aerobic growth, and that kat is dispensable for intracellular growth in macrophages’. In
order to characterize the roles of the 8 additional peroxidases during infection, each potential
peroxidase-encoding gene was deleted by allelic exchange while the strain was growing
anaerobically to prevent oxygen-mediated toxicity. Based on the redundant roles of Kat and Ahp
in other bacteria’ "¢, we also generated a AkatAahpA double mutant to include in our analyses.

The goal of the experiments in this chapter was to test if peroxidases, in addition to
catalase, are necessary for intracellular infection. This chapter describes a paper co-authored by
Monica Cesinger and myself, in collaboration with Cortney Halsey, Maureen Thomason, and

51



Michelle Reniere. My contributions to this publication included performing experiments described
in Figures 16 and 17 of this chapter, construction of bacterial strains, and preparation of the
manuscript.

Table 2. Predicted peroxidases encoded by L. monocytogenes

Gene Name Predicted Function Reference(s)
Imo0367 | -- Heme-dependent dyp-type peroxidase --
Imo0943 | fri, dps bacterioferritin, oxidoreductase 77,78
Imo0983 | -- glutathione peroxidase --
Imo15683 | tpx thiol peroxidase --
Imo1604 | ahpA 2-cys peroxiredoxin 79,80
Imo1609 | -- thioredoxin --
Imo2113 | chdC, putative heme peroxidase, involved in heme 81
hemQ biosynthesis
Imo2199 | ohrA organic hydroperoxidase 57
Imo2785 | kat heme-dependent catalase 73
Results

Expression of peroxidase-encoding genes in the host cytosol.

To determine whether peroxidase genes are expressed during cytosolic infection, we
measured expression of these peroxidase-encoding genes during infection using fluorescent
transcriptional reporters. | engineered L. monocytogenes strains to express RFP from the native
promoter of each peroxidase-encoding gene, and to express GFP from a constitutive promoter.
J774 macrophages were infected with each reporter strain for 1 hour before gentamicin was
added to the medium to eliminate extracellular bacterial growth. Flow cytometry was performed 6
hours post-infection and infected cells were identified by GFP fluorescence compared to an
uninfected, non-fluorescent control. Cells infected with the reporter strains for expression of fri,
ahpA, and kat exhibited significantly increased RFP production compared to the background
(Figure 17). These results suggested that only fri, ahpA, and kat are significantly expressed during
macrophage infection and therefore might have roles in virulence.
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Figure 17. Intracellular expression of peroxidase-encoding genes. J774 macrophages were infected
with each reporter strain, which expressed RFP from the indicated promoter and constitutive GFP. Cells
were infected for 6 hours and then analyzed by flow cytometry. The dotted line indicates background RFP
fluorescence. Data are means and SEM for three biological replicates. P values were calculated using a
heteroscedastic Student's ¢ test comparing each mutant to the wt. **, p > 0.01; ***, p > 0.001.

Intracellular replication and intercellular spread of peroxidase mutants.

During infection of macrophages, L. monocytogenes resides briefly in the phagosome,
where it is bombarded by hydrogen peroxide produced by the host respiratory burst**. Previous
work demonstrated that Kat-mediated peroxide detoxification is not required for intracellular
survival or growth in macrophages™. To test which peroxidases are important intracellularly, we
infected bone marrow-derived macrophages (BMDMs) with each strain and enumerated CFU
over time. To ensure a robust innate immune response, BMDMs were pretreated with interferon
gamma (IFN-y) to activate the host respiratory burst®. In these experiments, the majority of
peroxidase mutants grew similarly to the WT. Surprisingly, the AkatAahpA double mutant exhibited
a significant 5- to 8-fold increase in CFU at each time point compared to the WT. In contrast, the
Afri strain was significantly attenuated for intracellular replication, and this defect was genetically
complemented by providing fri in trans.

One hypothesis to explain the dispensability of the majority of peroxidases for intracellular
growth is that the host respiratory burst is ineffective against L. monocytogenes because the
secreted pore-forming toxin listeriolysin O (LLO) allows rapid escape from the vacuole. To
examine which peroxidases may be important specifically in the vacuolar environment, the gene
encoding LLO (hly) was disrupted in each mutant background, and survival in the vacuole of IFN-
y-activated BMDMs was evaluated over time. In agreement with the intracellular growth curves,
the majority of peroxidase mutants survived in the vacuole for 6 hours at rates similar to that of
the WT. The exceptions were the AkatAahpA mutant, which survived significantly better than WT,
and the Afri mutant, which exhibited a 1-log decrease in CFU at the earliest time point, although
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this was not statistically significant (p = 0.06). Together, these data demonstrate that the only
peroxidase important for vacuolar survival and intracellular growth in activated BMDMs is that
encoded by fri.

We next sought to test the role of each peroxidase in virulence using a plaque assay,
which is a measure of intracellular growth and cell-to-cell spread that is highly correlated with
virulence in a murine model of infection®’, In this assay, a monolayer of L2 murine fibroblasts is
infected and immobilized in agarose containing gentamicin to kill extracellular bacteria. Three
days postinfection, the living cells are stained with neutral red and the area of the plaques formed
by L. monocytogenes are analyzed as a measure of intercellular spread. In this assay, all of the
mutant strains formed plaques similar in size to or larger than those formed by the WT (Figure
18A), consistent with most peroxidase-encoding genes being dispensable for vacuolar survival
and intracellular replication. Although the AkatAahpA double mutant formed plaques similar in size
to those of WT, the mutant exhibited a dramatic advantage at invading host cells. The AkatAahpA
mutant formed approximately 5 times more plaques than WT (Figure 18B). This is consistent with
the increased bacterial burden observed in IFN-y-activated BMDMs at the earliest time points and
suggests that the AkatAahpA mutant is better able to invade host cells.
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Figure 18. Intercellular spread of peroxidase mutants. (A) Plaque areas formed in L2 fibroblasts,
measured as a percentage of WT L. monocytogenes. Data are means and SEM of n=3. (B) Representative
images of plaques demonstrating the greater number of plaques formed by the AkatAahpA mutant than the
WT.
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Discussion

Bacterial pathogens must detoxify endogenously produced ROS and exogenous sources
of oxidative stress during infection. Hydrogen peroxide is particularly dangerous, as it is an
uncharged molecule that can penetrate membranes®. In this study, we performed the first
comparison of the expression and essentiality of all proteins with predicted peroxidase activity in
L. monocytogenes during intracellular infection. | showed using fluorescent reporter strains that
most peroxidases are not expressed during cytosolic growth, with the exceptions of kat, ahpA,
and fri. | next showed that L. monocytogenes peroxidase mutants all formed WT-sized plaques,
indicating that no single peroxidase gene is required for cytosolic replication or cell-to-cell spread.
Considering that the host respiratory burst assaults invading bacteria with up to 100 mM peroxide
in the phagosome’®, our results suggest a high degree of redundancy in the L. monocytogenes
peroxide stress response.

Lmo1604 is annotated as an alkyl hydroperoxide reductase (Ahp) based on similarity to
other enzymes. The classical Ahp system is composed of two components: the peroxiredoxin
(AhpC) and a dedicated reductase (AhpF) that reduces and recycles AhpC and is typically
encoded by a sequence adjacent to ahpC®. Many organisms encode multiple Ahp proteins;
however, L. monocytogenes encodes only Lmo1604, and there is no adjacent reductase. We
found that ahpA is expressed during intracellular replication but is not required for growth in IFN-
y-activated macrophages or prolonged survival in the vacuole. These results are consistent with
published work showing that the AahpA mutant had no defect in macrophages or during infection
of mice®.

The most dramatic aerobic growth defect was seen in the L. monocytogenes mutant
lacking chdC, encoding a putative heme-dependent peroxidase®'. This severe growth defect
resembled that of L. monocytogenes AhemEH, which also cannot produce heme’. As our data
attribute the AchdC growth defect to the heme deficiency, it is unlikely that ChdC peroxidase
activity plays a primary role in endogenous peroxide detoxification. However, our results raise an
interesting question: why is heme biosynthesis required for L. monocytogenes aerobic growth?
Heme is an essential cofactor for cytochrome oxidases of the electron transport chain, and
therefore, S. aureus hem mutants are impaired for growth due to a lack of aerobic respiration®>%.
However, L. monocytogenes lacking one or both terminal cytochrome oxidases are only
moderately impaired for aerobic growth, compared to the complete lack of replication observed
for AchdC and AhemEH mutants™® . Interestingly, S. aureus requires heme biosynthesis for
virulence in murine models of acute infection*'. In contrast, L. monocytogenes mutants lacking
hemEH or chdC are not defective for intracellular replication and, in fact, exhibit increased
intercellular spread compared to WT"® (unpublished observations). These results suggest either
that heme biosynthesis is dispensable for L. monocytogenes pathogenesis or that exogenous
host-derived heme can support growth of the AchdC mutant during infection. Ongoing research
aims to determine the role of heme in L. monocytogenes aerobic growth and virulence.

Hydrogen peroxide toxicity and iron are inextricably linked due to the Fenton reaction, in
which ferrous iron reacts with hydrogen peroxide to generate hydroxyl radicals that damage
DNA®. One method used by bacteria to mitigate the danger of free iron and the Fenton reaction
is to sequester iron within bacterial ferritin proteins, which are multimeric protein shells that can
store up to 4,500 iron atoms®®. The amino acid sequence of L. monocytogenes Fri is identical to
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that of the Listeria innocua Dps protein, which has been biochemically characterized as a bacterial
ferritin. L. innocua Dps has a smaller internal diameter than typical ferritins and therefore can
store only ~400 iron atoms per shell®. The protection afforded by L. innocua Dps is due to the
hydrogen peroxide-mediated iron oxidation, which occurs rapidly and in a manner that prevents
Fenton chemistry®®°. Based on the identity of the proteins, we predict that L. monocytogenes Fri
has a similar function and uses peroxide to oxidize and store iron. It is therefore not possible to
distinguish between the importance of the peroxidase activity of Fri and its role in iron homeostasis
in the cell. The role of Friin L. monocytogenes has been investigated previously by several groups,
and in fact, the protein encoded by Imo0943 has been given multiple different names, including
Flp (ferritin-like protein)®, Frm (ferritin-like protein from L. monocytogenes)®!, and Frl (ferritin-like
protein in Listeria species)®. Here, we kept the more common name Fri’""®%_Our results are
consistent with the literature showing that fri expression increases 8-fold upon entry into stationary
phase and a Afri mutant is more sensitive to peroxide stress when treated in log phase’”%. We
also determined that fri expression is increased during intracellular growth and accordingly, fri is
required for growth in activated BMDMs.

In our assays, we did not observe phenotypes for L. monocytogenes lacking Imo0367,
Imo0983, tpx, Imo1609, or ohrA, and little is known about their functions. Lmo0367 shares 52%
amino acid identity with the B. subtilis YwbN/EfeB protein, a DyP-type peroxidase that is
transported as a folded protein across the cytoplasmic membrane via the twin-arginine
translocation (Tat) pathway®®. While the protein localization and function of L. monocytogenes
Lmo0367 have not been examined, the corresponding gene was found to be regulated by the
ferric uptake regulator Fur and expression was consequently decreased in response to heme
stress®®%’. Additionally, Imo0367 is co-transcribed with genes fepCA, which encode a ferrous iron
transport complex®, which further emphasizes the intricate link between iron and peroxide
toxicity.

Taken together, the experiments presented in this chapter characterized the roles of
peroxidase-encoding genes on L. monocytogenes intracellular infection. Our results support the
notion that hydrogen peroxide toxicity and iron are intimately linked, which is evident by several
of the putative peroxidases also being involved in maintaining iron homeostasis, including the
heme-dependent peroxidase Lmo0367, the bacterial ferritin Fri, the terminal heme biosynthesis
enzyme ChdC, and the heme-dependent catalase Kat. Additional studies are necessary to assess
the roles of these enzymes in iron influx, oxidation, and storage in response to oxidative stress.
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Chapter 5: Investigating the iron sources consumed by Listeria
monocytogenes during intracellular infection

Introduction

When transitioning from one replication niche to another, such as from soil to a host
organism, bacteria must adapt to the nutrients available in that environment. One essential
nutrient that is often scarce is iron, and bacteria have evolved to utilize a diverse array of iron
acquisition mechanisms. L. monocytogenes encodes a number of transport proteins that import
either molecular iron or heme® (Figure 19). Two complexes transport ferrous iron into the cell:
the transporter encoded by feoAB (Imo2104-5) imports ferrous iron into the cell®®, and the Fep
complex encoded by fepCAB (Imo0365-0367) first converts iron from a ferric to ferrous state, and
then imports the ferrous iron into the cell®®'°. L. monocytogenes utilizes two mechanisms to
facilitate uptake of heme from the environment. The first takes place in conditions where heme is
abundant, and the transport complex encoded by hupDGC (Imo2429-31) facilitates uptake of
heme'®'. The second mechanism occurs when heme is scarce; the proteins Hbp1 and Hbp2 are
anchored to the cell wall and bind heme at high affinity. Once heme is bound, it is transferred to
HupDGC and transported into the cytoplasm'®’. As mentioned in Chapter 4, iron is essential to
the survival and growth of nearly all bacteria, but it can also be toxic to both bacterial and
eukaryotic cells. Excess intracellular iron, in the form of heme or elemental iron, can undergo
Fenton chemistry, in which the iron reacts with reactive oxygen species (ROS) and generates
more ROS in the process*'. Cells therefore must employ mechanisms to combat iron toxicity by
exporting excess iron back into the environment and sequestering iron in a non-reactive form for
later use. L. monocytogenes encodes the protein FvrA, an iron/heme exporter which transports
excess iron out of the cell**'%?, and Fri, a non-heme-containing iron storage protein, to prevent
accumulation of free iron in the bacterial cytosol. Interestingly, fvrA is required for virulence during
murine infection*?, highlighting that preventing accumulation of excess iron is necessary for
survival in the host. In mammalian host cells, iron is either associated with proteins as a co-factor,
usually as heme, or stored by ferritins in the cytosol®.

Heme is the most abundant source of iron available to bacteria during infection of
mammalian hosts*®, so it is unsurprising that both the Hup complex and proteins Hbp1 and 2 have
both been shown to be required for virulence in vivo using an intravenous murine model of
infection'?"931% These studies strongly suggest that L. monocytogenes utilizes heme as an iron
source during mammalian infection. The roles of molecular iron transporters during L.
monocytogenes infection, however, require further investigation. The transporter encoded by
feoAB, which imports ferrous iron into the cell, was found to be dispensable in vivo®™. Conversely,
previous studies suggest that the fep operon is required for virulence during murine infection*.
While some of these iron transporters have been shown to be required for virulence in vivo, the
roles of these transporters during intracellular infection have not been thoroughly investigated.

In this chapter, | present data collected towards the goal of identifying the source of iron
used by L. monocytogenes during intracellular infection and the corresponding bacterial
transporters. The project was terminated when we discovered a second site mutation in the
Ahbp1,2 mutant, which had significant effects on a key phenotype. Despite this caveat, most
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experiments presented in this chapter served to optimize media conditions to grow L.
monocytogenes on different iron sources, which could be of use to future researchers. While |
performed the majority of experiments in this chapter, Mauna Edrozo and Michelle Reniere
constructed mutant strains and performed preliminary experiments (Figure 20A and Table 3).
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Figure 19: Iron uptake systems in Listeria monocytogenes. (Left) Heme acquisition. In heme-replete
conditions, HupDGC complex imports heme into the cytosol. In low heme conditions (<50 nM), cell-wall
anchored proteins Hbp1 and Hbp2 bind heme at high affinity, and deliver the heme to HupDGC for import
into the cytosol. (Right) Ferrous iron transport mechanisms. The protein complexes FepCAB and FeoAB
transport ferrous iron into the cytosol. The bactoferritin Fri then stores cytosolic iron. The efflux pump FrvA
exports molecular iron out of the cell.

Results

Transcriptomics of L. monocytogenes replicating in the macrophage cytosol

To determine what L. monocytogenes genes are expressed during cytosolic replication,
the lab utilized a non-biased approach and performed RNA-seq comparing transcript abundance
after replication in rich BHI broth and in the cytosol of J774 macrophages. Surprisingly, many
genes involved in iron homeostasis were significantly depleted in the cytosol (Table 3), including
those involved in heme uptake (hbp1,2, hupDCG) and ferrous iron uptake (fepCA, feoAB). In
contrast, frvA, which encodes an iron efflux pump, had increased transcript abundance in the host
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cytosol, suggesting that L. monocytogenes encounters iron in excess during intracellular infection.
Transcripts encoding the iron storage protein Fri were not differentially expressed, suggesting that
iron storage is not differentially regulated during intracellular infection compared to growth in broth.
The combination of iron acquisition genes being downregulated and iron efflux being upregulated
led me to hypothesize that L. monocytogenes is iron-replete while replicating in the host cytosol,
and therefore iron acquisition genes are dispensable for intracellular growth, which is inconsistent
with the notion that there is very little iron available in the cytosol*'.

Table 3. RNA-seq comparing L. monocytogenes transcripts after growth in BHI vs. macrophage
cytosol. Genes related to iron homeostasis that were differentially expressed during intracellular replication
in J774 macrophage-like cells. Shading indicates genes transcribed in operons.

Lmo Name Function Fold change
Imo0641 frvA Fe(ll) efflux P1B4-type ATPase +46.28
Imo2186 hbp1 Cell wall anchored heme uptake protein IsdC -35.26

Cell surface protein IsdA, transfers heme from
Imo2185 hbp2 hemoglobin to apo-IsdC -22.63
Imo2184 isdE Heme ABC transporter, heme-binding protein IsdE -10.54
Imo2183 isdF Heme ABC transporter, permease component IsdF -8.91
isdD Heme transporte_r ar_lalogous.to IsdDEF, ATP-
Imo2182 binding protein -5.98
Imo2181 srtB Sortase B -4.52
Imo0484 isdG heme-degrading monooxygenase -10.19
Imo1957 fhuG Ferrichrome transport system permease protein -4.78
Imo1958 thuB Ferrichrome transport system permease protein -4.35
Imo1959 fhuD Ferrichrome-binding periplasmic protein precursor -2.71
Imo0366 fepA Ferrous iron transport periplasmic protein -4.41
Imo0365 fepC Ferrous iron transport permease -3.72
Imo0367 fepB tat-translocated enzyme -2.39
Imo2105 feoB ferrous iron transporter B -3.77
Imo2104 feoA Ferrous iron transport protein A -2.68
Imo1960 fhuC Ferrichrome transport ATP-binding protein -3.72
Imo1961 ferredoxin-NADP reductase 1 -2.97
Imo2429 hupC Ferrichrome transport ATP-binding protein -2.74
Imo2430 hupG Ferrichrome transport system permease protein -2.11
Imo2431 hupD Ferrichrome-binding periplasmic protein precursor -2.06

Heme-binding proteins are required for cell-to-cell spread, but not replication

To evaluate the roles of iron transporters during L. monocytogenes infection, mutants
lacking the ferrous iron transporter Fep (AfepCA) and heme-binding proteins 1 and 2 (Ahbp1,2)
were generated via allelic exchange. To determine whether these genes contribute to intracellular
infection, plaque assays were performed in L2 fibroblasts. The AfepCA mutant formed plaques
similar in size to WT and the Ahbp1,2 mutant formed plaques 40% the size of WT (Figure 20A),
suggesting that uptake of heme, but not ferrous iron, is required for intracellular infection. Plaque
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assays are a measurement of both cytosolic replication and cell-to-cell spread. To evaluate
whether these mutants also exhibit decreased intracellular replication compared to WT, |
measured replication kinetics in both bone marrow-derived macrophages (BMDMs) and TIB73
hepatocytes over 8 hours and found that both AfepCA and Ahbp1,2 replicated to similar bacterial
densities as WT in both cell types (Figures 20C and 20D). Together these results indicate that
neither Fep nor Hbp is required for cytosolic replication, but Hbp1 and Hbp2 are required for cell-
to-cell spread during intracellular infection. Additionally, the two mutants grew similarly to WT in
BHI broth (Figure 20B), further supporting that these iron transporters are not required for L.
monocytogenes replication.
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Figure 20. Heme binding proteins 1 and 2 are required for cell-to-cell spread. (A) Plaque areas formed
in L2 fibroblasts, measured as a percentage of WT L. monocytogenes. Data are means and SEM of n=3.
*** p < 0.001, as determined by one-way ANOVA with multiple comparisons to the mean of WT. (B) Growth
kinetics in BHI. (C) Intracellular growth of mutants in BMDMs. (D) Intracellular growth of mutants in TIB73
cells. Data are means and SEM of n=2.
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Serial passaging in iron-free media

The goal of this project was to determine the impact of iron acquisition systems on L.
monocytogenes intracellular infection. | therefore sought to determine culture conditions in which
L. monocytogenes becomes iron-starved, so that in later experiments | could infect host cells with
iron-starved bacteria. To establish how long L. monocytogenes can grow before depleting all iron,
| grew WT and mutant strains of L. monocytogenes in Listeria-synthetic medium (LSM)'®
containing no exogenous iron source, and then serially passaged these strains into fresh iron-
free LSM once per day. The Afri strain was included in this experiment to assess the role of iron
storage on iron starvation, as this mutant lacks the only iron storage protein encoded by L.
monocytogenes®®. Surprisingly, most strains continued to grow in iron-free LSM for 12 days of
passaging, at which point the experiment was terminated (Figure 21). The only mutant that did
not replicate in the iron-free LSM was AfepCA, which suggests that Fep alone is sufficient for L.
monocytogenes to survive and replicate in low-iron conditions. Additionally, the Afri mutant
continued to grow in iron-free LSM similarly to WT, which indicates that even in very low iron
conditions storage of iron does not confer a fitness advantage.
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Figure 21. Serial passaging in iron-free medium. L. monocytogenes strains were grown in Listeria-
synthetic medium lacking any iron source, and serially passaged into fresh iron-free medium every 24 hours
for 12 days. Data are bacterial densities as measured by ODeoo 24 hours post-inoculation.

Determining optimal concentrations of exogenous iron in Listeria-defined medium
for growth and starvation

It was immediately clear that passaging in iron-free medium was not an efficient method
of starving L. monocytogenes, as depletion of iron should result in an inability to replicate. Another
method of starving bacteria of iron is to add chelators to the growth media, which sequester iron
and render it biologically unavailable. However, before determining concentrations of chelator
necessary to starve bacteria of iron, the concentrations of ferrous iron and heme in LSM needed
to be optimized. To this end, | grew cultures of WT L. monocytogenes in LSM containing FeCl:
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ranging from 0 to 500 uM, or heme ranging from 0 to 50 uM for 48 hours. The goal was to
determine a concentration high enough to support robust growth, but not so high to become toxic.
Based on the growth dynamics in the concentrations tested, 20 yM FeCl, and 5 uM heme (Figure
22A and 22B) were used in subsequent experiments.

Once these concentrations were determined, the growth dynamics of iron transport
mutants were evaluated (Figure 22C and 22D). First, L. monocytogenes strains were grown in
either 0 uM (no exogenous iron source) or 20 uM FeCl,. The Ahbp1,2, Afri, and Ahbp1,2Afri
mutants all grew similarly to WT in both 0 and 20 uM FeCl.. The mutants lacking Fep (AfepCA
and AfepCAAfri) did not replicate in either condition, consistent with this transporter being required
for uptake of ferrous iron (Figure 22D). Next, mutants were grown in either 0 uM or 5 yM heme
as the sole exogenous iron source. All mutants grew similarly to WT in § yM heme, including
those lacking heme binding proteins 1 and 2, suggesting that these secreted proteins are not
required for growth on this concentration of heme as a sole iron source. Additionally, 5 yM heme
restored the growth of strains lacking fepCA to WT levels, indicating that transport of ferrous iron
is dispensable when heme is present (Figure 22E).

After confirming that these concentrations of ferrous iron and heme support robust growth
of both WT and most mutant strains, | next established culture conditions in which iron is
biologically unavailable, thereby starving the bacteria of iron. To this end, | grew WT L.
monocytogenes in LSM containing no iron source and increasing concentrations of bipyridyl (BP),
a metal chelator that binds iron and other metal ions. The goal of this first titration experiment was
to determine a concentration of BP that restricts bacterial growth without killing. Of the
concentrations tested in the first experiment, both 250 uM and 500 uM BP led to no replication
over 12 hours, with 500 uM leading to a decrease in bacterial densities over time (Figure 23A).
Iron bound to heme cannot be chelated by BP, therefore addition of heme should restore growth
even in the presence of BP. The goal of this second titration was, therefore, to determine a
concentration of BP that restricts growth, but this growth restriction should be restored by addition
of heme. This experiment determined that 250 uM BP is sufficient to restrict growth of WT L.
monocytogenes, but growth was fully restored in LSM containing heme, indicating that this
concentration of BP was not overly toxic to the bacteria (Figure 23B and 23C). Finally, | measured
the growth dynamics of mutants AfepCA, Ahbp1,2, and Afriin LSM containing BP and heme, and
confirmed that growth of all the mutants was restricted with BP alone, and restored with the
addition of heme (Figure 23D). Future studies will use these conditions to starve L.
monocytogenes of iron, and then these iron-starved bacteria can aid in our understanding of how
these pathogens acquire iron during intracellular infection.
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Figure 22. Determining optimal concentrations of exogenous iron for replication in Listeria defined
medium. WT L. monocytogenes was grown in LSM containing increasing concentrations of FeCI2 (A) or
heme (B) as the sole iron source. A panel of L. monocytogenes strains was cultured in LSM containing
either 0 uM or 20 uM FeClI2 (C-D) and 0 pyM or 5 uM heme (E-F). In all conditions, cultures were inoculated
with 5x10” CFU/mL of L. monocytogenes culture grown overnight in LSM. E-F: data are means and SEM

of n=3; all other panels n=1.

63

A -
FeCl, Titration Heme titration
1011_
-©- O0uM -~ O0uM
R 1010 - SHM - 05HM
o
é’ 10° 20uM 1uM
_En ¥ 50uM -+ 5uM
S 108 ~ 100uM - 1M
L
O Lord ~e- 500uM -~ 50uM
100 T T 1 I
0 0 2 4 6 8 10 12 24 48
Time (hours) Time (hours)
C OuM FeCl, D 20uM FeCl,
14 "
10 .~ WT 10
1010 - AfepCA __1010
5 P ° A
8 1004 — Ahbp1,2 2 o0
- Afri —
£ 408 £ 408
> 10° B AfepCAAfri > 10
© o4 P & Ahbp1,2Afi O
108 B/E\ T T 7 A /? 108+ T { | /?
0 10 24 0 5 10 24
Time (hours) Time (hours)
E OuM Heme F 5uM Heme
1011 1011_
- WT
10 10
- 10 e -~ AfepCA ,§10 =
8 109 -+ Ahbp1,2 g 100
—El Afri _EI
S 10 B AepCAAfi S 10°
O L >§ AfepCAARbP1,2 © qor ] F
108+ T 1 i 108 T T i
0 10 24 0 10 24
Time (hours) Time (hours)



CFU/mL (log,()

CFU/mL (log,)

CFU/mL (log,,)

1070+ /@
109+ /
/
108+ /
/0
107 /
—
105 T T T T l\\\\ 1
0 4 6 8 10 12 2
Time (hours)
OpM Heme
1010_
/O
10%+
8 /
108 e
.
o \'F/Q—Q—ﬁ_"/
10% | L L N
0 2 4 6 8 10 12
Time (hours)
1010_
T ® O °
LS e e B S N '
0 2 4 6 8 10 12 2

Time (hours)

-~ 0uM
-0~ 10uM
—— 50uM
-+ 100uM
—— 250uM
-~ 500uM
C 5uM Heme
Conc. BP 1070+
-~ O0uM
" > 10%
—-=— 200uM =3
Ko}
250uM E 1084
-e- 500uM 5
[T
O 1074
108 T T T T T ™ T
0O 2 4 6 8 10 12 24
Time (hours)
No BP
- WT 8 WT +5 uM heme
250puM BP
-o- WT -~ WT + heme
- AfepCA -5~ AfepCA + heme
-o- Ahbp1,2 -4 Ahbp1,2 + heme
Afri Afri + heme

Figure 23. Determining optimal concentration of bipyridyl to restrict bacterial replication in Listeria
synthetic medium. (A) WT L. monocytogenes grown in LSM containing increasing concentrations of
bipyridyl (BP). WT was then cultured in LSM containing a different panel of increasing concentrations of BP
and either 0 pM (B) or 5 pM heme (C). (D) A panel of mutants was cultured in LSM containing 0 uM or 5

MM heme and 250 pyM BP.

Quantifying iron-regulated genes in tissue culture

To investigate the role of iron acquisition by L. monocytogenes during intracellular infection,
| aimed to deplete iron from both the bacteria and host cells prior to infection. In this section, |
describe two experiments in which | attempted to deplete host cells of iron in tissue culture and

to quantify the iron starvation state of the cells.
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| first incubated cells in tissue culture in L2 media containing reduced amounts of fetal
bovine serum (FBS). Most of the iron in this medium comes from FBS, therefore reducing the
amount of FBS in media also reduces the total iron. TIB73 hepatocytes were seeded in media
containing 0.3%, 1%, or 10% FBS (standard media conditions = 10% FBS) and incubated
overnight. Additionally, cells were seeded in 10% FBS and 100 uM bipyridyl (BP). After 12-16
hours of incubation overnight, | harvested RNA from the cells and performed RT-gPCR to measure
expression of iron uptake and storage genes. Transcripts measured encode transferrin receptor
(TfR), the iron import protein Dmt1, and the iron storage protein ferritin (ferritin-h, heavy chain). It
has been shown that treatment with BP leads to increases in TfR and Dmt1 expression, and a
decrease in ferritin expression'®, and | hypothesized that incubation with low FBS would result in
the same transcriptional changes. | found that dmt1 expression correlated well with FBS
concentration, but TfR expression did not, as 0.3% and 1% FBS resulted in decreased TfR
transcripts compared to the standard 10% FBS (Figure 24A). Cells incubated with less FBS
exhibited increased ferritin expression, which is the opposite of what was expected. Additionally,
cells incubated with BP overnight did not exhibit different transcript levels of any of these host iron
genes. Overall, the results of this experiment suggested that these overnight incubation conditions
do not result in a quantifiable iron starvation state.

One major caveat to incubating cells overnight with very little FBS is that FBS contains
many nutrients and growth factors necessary for keeping cells alive and healthy. While | was able
to harvest enough RNA from the first experiment to perform RT-gPCR, the cells incubated with
less FBS and the cells incubated with BP, were visibly less healthy and less confluent the next
morning (not shown). To starve host cells of iron without depriving them of serum, | seeded cells
in 10% FBS overnight, and the next morning treated the cells with 100 uM BP for 30 or 60 minutes
before performing RT-qPCR to quantify expression of iron-regulated genes. Expression of TfR,
Dmt1, and ferritin was compared to that of cells that received no BP treatment. Under these
conditions, both TfR and dmt1 transcript levels increased following 30 and 60 minutes of BP
treatment compared to untreated (Figure 24B). Ferritin transcript abundance was similar between
untreated and BP-treated cells. Taken together, acute treatment with BP led to transcript-level
differences in expression of iron-regulated genes. Future experiments will determine whether
longer BP treatment results in a stronger “iron-starvation” signature, while maintaining cell viability.
Ultimately, these conditions will be used to evaluate the role of iron within the host on L.
monocytogenes survival and replication.
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Figure 24. Quantifying iron-regulated gene expression in tissue culture. (A) TIB73 hepatocytes were
seeded overnight in media containing varying concentrations of FBS. (B) TIB73 hepatocytes were seeded
overnight in medium containing 10% FBS, then cells were treated with 100 uM BP or vehicle for the
indicated time. Transcript abundances of TfR, Dmt1, and ferritin-h were measured via RT-qPCR, with hprt
as the endogenous control. Expression in (A) was normalized to that of 10% FBS (standard media
conditions), and expression in (B) was normalized to that of cells that did not receive BP treatment. Dotted
lines: relative expression = 1.

Whole-genome sequencing revealed unforeseen mutations

While optimizing conditions for depriving both bacteria and host cells of iron, | performed
plague assays in TIB73 cells to ensure that the plaque phenotypes seen in L2 cells were
consistent in hepatocytes, which are more relevant to in vivo infection. As expected, AfepCA
formed plaques similar in size to WT, and Ahbp1,2 formed plaques 40% the size of WT, which is
nearly identical to what we have previously observed in L2 cells (Figures 20A and 25A). | also
generated complement strains in which genes hbp1,2 were expressed from their native promoter
at an ectopic site on the chromosome. Surprisingly, the complemented strain also formed plaques
40% the size of WT, which suggested that the defect in plaque formation of Ahbp1,2 is not due to
the gene deletion alone (Figure 25A). To investigate this, we performed whole-genome
sequencing on the Ahbp1,2 mutant, and found that this strain also harbored a mutation in pdhA
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(P143S), which is most likely the explanation for this mutant strain forming smaller plaques. To
confirm this, | re-generated the Ahbp1,2 in a clean background, and evaluated plaque formation
in L2 cells. L2 cells were used in this last experiment to replicate the conditions in which these
mutants were first studied (Figure 20A). The new deletion mutant formed plaques similar in size
to WT, while the old mutant formed smaller plaques as seen previously, confirming that the “Old”
mutant was not attenuated due to deletion of hbp1,2 (Figure 25B).
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Figure 25. Heme binding proteins 1 and 2 are not required for plaque formation. Plaque areas formed
in (A) TIB73 hepatocytes and (B) L2 fibroblasts, measured as a percentage of WT L. monocytogenes.
Where error bars are present, data are means and SEM of n=2, all other bars represent mean plaque area
of n=1.

Discussion

Iron is an essential nutrient and therefore bacterial pathogens must employ appropriate
mechanisms to acquire it during infection. We found that the L. monocytogenes mutant Ahbp1,2
had a plaque-forming defect in L2 fibroblasts and TIB73 hepatocytes, despite replicating similarly
to WT intracellularly and in rich broth. Conversely, the mutant AfepCA exhibited no defects in
plaque formation nor intracellular growth. These results suggested that heme uptake is required
for intracellular infection, while uptake of ferrous iron is dispensable, and that heme is the main
host-derived source of iron used by L. monocytogenes during infection. To further investigate this,
| determined concentrations of ferrous iron, heme, and BP that would starve bacteria of iron during
growth in LSM. | also began determining conditions that would starve host cells of iron in tissue
culture. Finally, | found via complementation and whole-genome sequencing that the plaque-
forming defect seen in the Ahbp1,2 mutant was not due to deletion of hbp1,2. Generating a
deletion mutant in a clean background confirmed that hbp1,2 is dispensable for intracellular
infection in tissue culture.

The most striking over-arching finding from these experiments is that it is challenging to
starve L. monocytogenes of iron, even after serial passaging in LSM containing no exogenous
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iron source for 12 days. The only L. monocytogenes strain that did not grow for the full-length
passaging experiment was AfepCA, which lacks the main ferrous iron transporter. Even the Afri
mutant, which lacks the sole iron storage encoded by L. monocytogenes, continued to grow after
12 passages. These results strongly suggested that uptake of trace amounts of ferrous iron in the
medium, most likely found in the water, was sufficient for bacterial growth, even when iron storage
mechanisms are absent. Because serial passaging proved an inefficient method of starving L.
monocytogenes of iron, | next used the metal chelator BP to restrict metal availability in the
medium. | determined a concentration of BP that halted growth of L. monocytogenes without being
bactericidal. In optimizing these conditions, | also determined concentrations of FeCl, and heme
to support bacterial growth in LSM. These growth conditions could be used in future research
investigating the source of iron used during infection or the regulation of iron uptake systems.

In addition to establishing bacterial growth conditions that restrict iron, | began optimizing
tissue culture conditions that would starve host cells of iron, using levels of iron-regulated
transcripts as a measure of starvation. | found that culturing cells in low amounts of FBS did
indeed lead to an iron starvation state in host cells, but it also caused the cells to grow more
sparsely and become round in morphology. To maintain the health of the host cells, | next acutely
treated cells cultured in standard medium with BP, which led to increases in transcripts associated
with iron starvation. These conditions require further optimization, as this concentration of BP was
determined for treatment of a different cell type'®.

L. monocytogenes encodes multiple iron acquisition systems that import ferrous iron. In
addition to FepCA, a transport channel encoded by feoAB imports ferrous iron from the
environment®'%°_ While both FepCA and FeoAB in L. monocytogenes are predicted to be
regulated by Fur®®%% | observed that deletion of fepCA alone was sufficient to render L.
monocytogenes unable to grow on FeCl, as a sole exogenous iron source, suggesting that FeoAB
is either not expressed or not active in these conditions. Future experiments measuring transcript-
level expression of the operons encoding these two transporters will determine the mechanism
behind this discrepancy.

We determined that heme binding proteins encoded by hbp1,2 were not required for L.
monocytogenes growth in rich broth, LSM, or during intracellular infection. Proteins Hbp1 and
Hbp2 function in conjunction with the heme transporter encoded by hupDGC. In low-heme
conditions, proteins Hbp1 and Hbp2 are secreted and anchored to the cell wall, where they bind
exogenous heme or hemoglobin at high affinity'®'. The Hbps then deliver heme to the HupDCG
transport system, which transports the heme into the bacterial cytosol. In conditions where heme
is abundant (>50 nM), the Hbps are dispensable and the HupDCG system alone imports heme'".
It is therefore likely that deletion of hupDCG will be necessary to render bacteria unable to take
up heme.

The overall conclusion of this study is that the ferrous iron transporter FepCA and heme
binding proteins Hbp1 and Hbp2 are all dispensable for growth in rich medium and for intracellular
infection, and that the cell-to-cell spread defect observed in the original Ahbp1,2 strain was
caused by an off-target mutation. However, it is still unclear why L. monocytogenes iron uptake
genes are all downregulated in the host cytosol, as typically the host cytosol is thought to be a
nutrient-scarce environment*'. Future studies will use the experimental conditions determined in
this work to investigate the role of iron acquisition during infection.
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Chapter 6: Future Directions

Introduction

In this thesis, the bacterial and host determinants of L. monocytogenes infection of the
gallbladder were investigated. Using a Tn-seq approach, | identified many genes that were
required for both replication in the gallbladder lumen. In validating the screen, | found that most
genes identified as depleted in the ex vivo gallbladder lumen were also required for full virulence
in an oral murine model of infection. In characterizing the host determinants of infection, | found
that the innate immune sensor STING contributes to the attenuation of L. monocytogenes Arex
during murine oral infection, but the molecular mechanism driving this phenotype remains
unknown. Both of these studies have opened up new areas of investigation in L. monocytogenes
infection of the gallbladder, as well as L. monocytogenes oral infection in general.

Characterizing the role of PTS-mediated sugar transport during L.
monocytogenes infection

Despite the gallbladder being an important component of the L. monocytogenes multi-
organ foodborne infection cycle, the bacterial determinants of replicating in this organ are poorly
understood. To address this gap in knowledge, we performed a genome-wide Tn-seq screen in
ex vivo non-human primate (NHP) gallbladders and identified dozens of genes that are required
for replication in the gallbladder lumen, as described in Chapter 2. Genes significantly depleted
in the gallbladder condition included two operons encoding mannose/glucose PTS permeases
(mpt, mpo), as well as their transcriptional (sigL, manR) and post-transcriptional regulators (ptsH,
ptsl). These PTS permeases were previously designated as dispensable for virulence, although
were never tested in vivo™.

Identification of PTS sugar transporters as required for replication in the gallbladder
reveals novel insights into L. monocytogenes carbon metabolism during infection. It is well-
accepted that the primary carbon sources consumed by L. monocytogenes in the cytosol are host-
derived glycerol and hexose-phosphates and thus, the permeases that import these sugars are
required for intracellular replication and virulence'®~'%. Conversely, L. monocytogenes encodes
84 genes that assemble into 29 complete PTSs, which were previously thought to be dispensable
for virulence®. Indeed, the main glucose and mannose PTSs, encoded by the mpt and mpo
operons, are not required for intracellular growth or intercellular spread®'"°. However, we found
that strains lacking mpt or mpo are significantly attenuated in a murine model of listeriosis. These
results suggest that glucose and mannose are important nutrients for L. monocytogenes
replicating in extracellular sites in vivo, such as the gallbladder and, to a lesser extent, the liver.
Moreover, all PTSs are activated by a phosphorelay between enzyme | (encoded by pts/) and
HPr (encoded by ptsH). It is then perhaps not surprising that the Apts/ mutant, which functionally
lacks all 29 PTSs, is deficient for intracellular replication and dramatically attenuated in vivo.
Ongoing studies are aimed at characterizing the intra- vs. extracellular bacterial loads during
murine infection with PTS mutants, as well as identifying additional PTSs that are required for full
virulence.
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Of note, infection with Ampt resulted in reduced bacterial burdens compared to Ampo,
suggesting that the two seemingly redundant operons play distinct roles during infection. The
differences in bacterial burdens between Ampt and Ampo were also reflected in the body weights
of mice; mice infected with Ampt lost significantly less weight than WT, whereas those infected
with Ampo lost similar amounts of weight to WT. Previous studies investigating these operons in
vitro determined that deletion of mpt results in increased mpo transcripts, and deletion of mpo
strongly inhibits mpt expression®*''°. Based on these in vitro transcription data, one would expect
Ampt to be more virulent than Ampo, and for the double mutant to phenocopy Ampo. While the
double mutant did indeed phenocopy Ampo in vivo, it remains unclear why Ampt was significantly
less virulent than both Ampo and AmptAmpo. In addition to mpt and mpo, L. monocytogenes
encodes 2 additional glucose/mannose PTSs® and | have found in preliminary experiments that
the AmptAmpo mutant expresses increased levels of these 2 additional PTSs compared to WT
(data not shown). Future studies will continue investigating the expression regulation of PTSs in
vivo, with a particular focus on SigL and ManR, the transcriptional activators of mpt and mpo that
were also identified in our Tn-seq analysis as important for gallbladder survival.

The roles of Rex and STING during L. monocytogenes gallbladder infection
remain unclear

While the study presented in Chapter 2 identified bacterial determinants of gallbladder
infection, the experiments in Chapter 3 sought to characterize how L. monocytogenes interacts
with the host innate immune response, and how those interactions influence colonization and
replication in the gallbladder. Previous studies have strongly suggested that the innate immune
system plays a role in bacterial clearance from the gallbladder'®, but whether these cells are
recruited to the gallbladder to promote clearance had not been investigated. Further
characterizing the host response to infection of the gallbladder will provide a deeper
understanding into the multi-organ infection cycle of L. monocytogenes.

In this chapter, | tested the hypothesis that the L. monocyfogenes mutant Arex secretes
excess CDA in response to bile exposure in the gallbladder, leading to an increase in STING-
dependent IFN-f3 expression and more rapid clearance by the host immune response. Measuring
transcripts encoding the CDA exporter MdrT suggested that Arex does not secrete increased CDA
compared to WT during replication in rich broth, both in the presence and absence of bile. These
experiments were performed using reconstituted porcine bile, and we wanted develop a method
to measure bacterial transcription during in vivo murine infection. To this end, | engineered L.
monocytogenes strains to express RFP from the native promoter of mdrT, such that RFP
fluorescence could be measured as a proxy for mdrT transcription. Preliminary attempts to orally
infect mice with these fluorescent strains and quantify bacterial fluorescence by flow cytometry
were unsuccessful. | found that fluorescence from samples harvested from uninfected mice was
indistinguishable from infected mice, which could be due to either autofluorescence of bile or
insufficient bacterial loads in the gallbladders of infected mice. These preliminary experiments
were performed using B6 mice, which are relatively resistant to L. monocytogenes oral infection
and gallbladder colonization'. These pilot experiments will therefore be repeated in the more
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susceptible BALB/c mouse strain to determine whether RFP fluorescence can be used to
indirectly quantify transcription in murine gallbladders.

Oral infection results demonstrated that STING is indeed involved in the attenuation of
Arex, as evidenced by Arex exhibiting less attenuation in Tmem173” mice than B6. However, the
lack of gallbladder colonization in the Tmem173” mice by either L. monocytogenes strain meant
that we could not use this model to evaluate the role of STING specifically in the gallbladder.
Interestingly, Arex was significantly attenuated in the mesenteric lymph nodes (MLN) following
oral infection of B6 mice, and this attenuation was partially rescued in the Tmem173” background.
This result supports our hypothesis that Arex induces an innate immune response leading to its
clearance, and me to hypothesize that Arex disseminates to peripheral organs less efficiently than
WT. Poor replication in the MLN could therefore explain the decreased bacterial loads of Arex in
the spleens, livers, and gallbladders of B6 mice. | also hypothesize that Arex induction of a STING-
dependent immune response leads to increased recruitment of immune cells to the MLN. To test
these hypotheses, future studies will quantify immune cell infiltration to the MLN in both WT and
Tmem173” mice infected with L. monocytogenes WT or Arex using flow cytometry. Together,
characterizing the innate immune responses in the gallbladder via histology and in the MLN via
flow cytometry will lead to a more complete understanding of the host responses to L.
monocytogenes infection.

Concluding Remarks

The work presented in this thesis has shed light on the L. monocytogenes and host
determinants of colonizing and replicating in the gallbladder following foodborne infection. Many
open questions remain, but the experiments reported here have established multiple new areas
of investigation into L. monocytogenes pathogenesis. Given that listeriosis remains a significant
public health concern, especially in immunocompromised groups, deepening our understanding
of how this bacterium causes disease and how the host immune system contributes to its
pathogenesis is crucial to identifying therapeutic targets.
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Chapter 7: Materials and Methods

Bacterial strains and culture conditions

The bacterial strains used in this study are listed in S2 Table. L. monocytogenes was
cultured in brain heart infusion (BHI) and E. coli was cultured in Luria-Bertani (LB) broth at 37°C,
with shaking (220 rpm), unless otherwise specified. Antibiotics (purchased from Sigma Aldrich)
were used at the following concentrations: streptomycin, 200 ug/mL; chloramphenicol, 10 pg/mL
(E. coli)y and 7.5 pg/mL (L. monocytogenes); and carbenicillin, 100 yg/mL. L. monocytogenes
mutants were derived from wild type strain 10403S"""""2, Plasmids were introduced to E. coli via
chemical competence and heat shock and introduced into L. monocytogenes via trans-
conjugation from E. coli SM10""3, All strains used in this work are listed in Tables 4 and 5.

Murine cells

L2 fibroblasts, TIB73 hepatocytes, and ISRE reporter cells were incubated at 37°C in 5%
CO2 in Dulbecco’s modified Eagle’s medium (DMEM) with 10% heat-inactivated fetal bovine
serum (FBS) (Cytiva) and supplemented with sodium pyruvate (1 mM) and L-glutamine (1 mM)
(L2 Medium). For passaging, cells were maintained in Pen-Strep (100 U/ml) but were plated in
antibiotic-free media for infections.

Bone marrow-derived macrophages (BMDMs) were routinely incubated in DMEM
supplemented with 20% heat-inactivated FBS, 1 mM sodium pyruvate, 1 mM L-glutamine, 10%
supernatant from M-CSF-producing 3T3 cells, and 55 uyM B-mercaptoethanol (BMDM medium).
BMDMs were isolated as previously described'™. Briefly, femurs and tibias from C57BL/6 mice
were crushed with a mortar and pestle in 20 mL BMDM medium and strained through 70-um cell
strainers. Cells were plated in 150-mm untreated culture dishes, supplemented with fresh BMDM
medium at day 3, and then harvested by resuspending cells in cold PBS at day 7. BMDMs were
aliquoted in 80% BMDM medium, 10% FBS, and 10% DMSO and stored in liquid nitrogen.

Mice

This study was carried out in strict accordance with the recommendations in the Guide for
the Care and Use of Laboratory Animals of the National Institutes of Health. All protocols were
reviewed and approved by the Animal Care and Use Committee at the University of Washington
(Protocol 4410-01). All animals were group-housed in University of Washington Department of
Comparative Medicine facilities under specific pathogen-free conditions. Female BALB/c WT mice
(#000651) were purchased from The Jackson Laboratory at 5 weeks of age and used in
experiments when they were 6—7 weeks old. WT and Tmem157” (StingkQ) C57B6/6J were bred
in-house using breeders gifted from the Woodward lab.
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Vector construction and cloning

To construct deletion mutants in L. monocytogenes, ~700 bp regions up- and downstream
of the gene of interest were PCR amplified using L. monocytogenes 10403S genomic DNA as a
template. PCR products were digested and ligated into pLIM (gift from Arne Rietsche, Case
Western). pLIM plasmids were then transformed into E. coli and sequences confirmed via Sanger
sequencing (Azenta). Plasmids harboring mutant alleles were then introduced into L.
monocytogenes via trans-conjugation and integrated into the chromosome as previously
described'*""8,

Complemented strains of L. monocytogenes were generated using the pPL2 integration
plasmid'”. Genes were PCR amplified with their respective native promoters using L.
monocytogenes 10403S genomic DNA as a template, and sequences were confirmed by Sanger
sequencing. The constructed pPL2 plasmids were then introduced into L. monocytogenes by
trans-conjugation and integration into the L. monocytogenes chromosome was confirmed by
antibiotic resistance.

Fluorescent transcriptional reporters were engineered to express GFP constitutively from
the HyPer promoter using the integrative plasmid pPL1%"'". This was integrated into the
chromosome of a phage-cured WT L. monocytogenes strain DP-L4056'"". Next, the promoter
regions of peroxidase genes were amplified and ligated to mTAG-RFP via NEBuilder HiFi DNA
assembly. The mTAG-RFP was amplified from DP-L6508%". The promoter-rfp fusions were ligated
into pPL2t and confirmed via PCR and Sanger sequencing. E. coli SM10 harboring the
pPL2t.Promoter-rfp constructs were mated with MLR-L850 (pPL1.pHyper-gfp) to generate the
two-color transcriptional reporter strains. Integration was confirmed by antibiotic resistance and
PCR.

Growth curves in NHP bile

NHP bile aliquots were plated to evaluate sterility and stored at -80°C. Before an
experiment, aliquots were thawed overnight at 4°C and warmed to room temperature immediately
before the inoculation into a 96-well plate. Overnight L. monocytogenes cultures were washed
twice, resuspended in PBS, and 10° CFU were inoculated into either NHP bile or BHI, in a total
volume of 100 pL per well. Bacterial growth was measured by collecting samples of the cultures,
serially diluting in PBS, and plating for CFU. For experiments performed anaerobically, NHP bile
aliquots were thawed overnight in GasPak EZ Anaerobe gas-generating pouches (Becton
Dickinson), and BHI and the 96-well plate were degassed overnight in a closed-system anaerobic
chamber (Don Whitley Scientific A35 anaerobic work station). After washing and resuspending
aerobically-grown overnight L. monocytogenes cultures in PBS, the L. monocytogenes
suspensions and bile aliquots were transferred into the anaerobic chamber and the plate was
inoculated and incubated within the chamber. Bacterial growth was measured by collecting
samples of the cultures, serially diluting in PBS, and plating for CFU.
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L. monocytogenes transposon library in NHP gallbladders

The L. monocytogenes transposon library*® was inoculated directly from the -80°C stock
into BHI broth and incubated at 37°C for 2 hours, with shaking. The library was then washed twice
and resuspended in PBS to a density of 102 CFU per 2 kg of NHP body weight. The inoculum size
was determined to maintain 1,000-fold coverage of the library. Gallbladders were injected via
syringe with 100 uL of inoculum, the injection site was sealed with liquid bandage (3M), and
incubated in a 15 cm petri dish at 37°C and 5% CO.. After 30 minutes, 200 uL of bile was removed
from the gallbladder via syringe, serially diluted, and plated to enumerate CFU. 6 hours post-
injection, bile was extracted from the organ via syringe and the remaining luminal contents
collected via cell scraper after resection. The gallbladder contents were diluted into 50 mL BHI
broth and incubated at 37°C for 2 hours, with shaking. The cultures were pelleted, washed twice
with PBS, and stored at -80°C.

Tn-seq library preparation, sequencing, and analysis

Genomic DNA was extracted using a Quick-DNA Fungal/Bacterial MiniPrep Kit (Zymo
Research). DNA was diluted to 3 pg/130 pL in microTUBES (Covaris) and sheared in duplicate
on a Covaris LE220 Focused-Ultrasonicator using the following settings: duty cycle 10%; peak
intensity 450; cycles per burst 100; duration 100 sec. Sheared DNA was then end-repaired with
NEBNext End Repair (NEB), and purified with Ampure SPRIselect beads (Beckman Coulter).
Poly-C tails were added to 1 pug of end-repaired DNA with Terminal Transferase (Promega), then
purified with Ampure SPRIselect beads. Transposon junctions were PCR amplified with primers
0lj376 and pJZ RND1 (Sx Table) using 500 ng DNA and KAPA HiFi Hotstart Mix (Kapa
Biosystems). PCR reactions were stopped once the inflection point of amplification was reached
(6-14 cycles), and amplified transposon junctions were purified with Ampure SPRIselect beads.
Barcoded adaptors were added using KAPA HiFi Hotstart Mix, and primers pJZ_RND2 and one
TdT_Index per sample. DNA was purified and size-selected with Ampure SPRIselect beads for
250-450 bp fragments. Samples were pooled and sequenced as single end 50 bp reads on a
NextSeq MO150 sequencer with a 7% PhiX spike in and primer pJZTnSq_SeqPrimer.

Trimmed reads were mapped to the L. monocytogenes 10403S NC_17544 reference
genome in PATRIC (now https://www.bv-brc.org/) and assessed for essentiality using TRANSIT
software [Wattam 2014; Wattam 2017; Dedesus 2015]. Genes were considered required for
survival or growth in ex vivo NHP gallbladders if they met the following criteria: 5 or more insertion
sites in the input libraries, a p value less than 0.05, and a 1.5-fold or greater depletion after
incubation in the gallbladder.

Intracellular growth curves

To measure intracellular growth kinetics in macrophages, BMDMs were plated in TC-
treated 24-well plates at a density of 6 x 10° cells per well in BMDM medium. L. monocytogenes
cultures were grown overnight at 30°C, stationary. The next day, L. monocytogenes cultures were
washed twice, resuspended in PBS, and added to BMDMs at an MOI of 0.1. After 30 minutes,
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cells were washed twice with PBS and BMDM medium containing gentamicin (50 pg/mL) was
added to kill extracellular bacteria. At various time points post-infection, cells were washed twice
with PBS and lysed in 250 pL cold 0.1% Triton-X in PBS. Lysates were then serially diluted and
plated to enumerate intracellular CFU. To measure growth kinetics in hepatocytes, TIB73 cells
were plated in TC-treated 24-well plates at a density of 2 x 10° cells per well in L2 medium, then
infected with L. monocytogenes cultures the following day at an MOI of 50. After 1 hour, cells were
washed twice with PBS and BMDM medium containing gentamicin (50 ug/mL) was added to kill
extracellular bacteria. At various time points post-infection, cells were washed twice with PBS and
lysed in 250 pL cold 0.1% Triton-X in PBS. Lysates were then serially diluted and plated to
enumerate intracellular CFU.

Plaque assays

Plaque assays were performed as previously described® 3. In brief, 1.2 x 10° L2
fibroblasts were plated in TC-treated 6-well plates overnight in L2 medium. L. monocytogenes
cultures were grown overnight at 30°C stationary. The next day, L. monocytogenes cultures were
diluted 1:10 in PBS and 5 pL of diluted bacteria was added to cell monolayers. To measure
intercellular spread in hepatocytes, TIB73 cells were seeded at a density of 1.5 x 10° cells per
well in TC-treated 6-well plates overnight in L2 medium. Overnight bacterial cultures grown
statically at 30°C were diluted 1:20 in PBS and 5 pL of diluted bacteria was added to the
monolayers. After 1 hour of infection in either L2 and TIB73 cells, monolayers were washed twice
with PBS, then overlaid with 3 mL of molten agarose solution (1:1 mixture of 2X DMEM and 1.4%
SuperPure Agarose (U.S. Biotech Sources, LLC), containing 10 ug/mL gentamicin). After 3 days
of incubation, 2 mL of molten agarose solution containing Neutral Red was added to wells to
visualize plaques. After 12-24 hours, plates were scanned, plaque areas quantified using ImageJ
software''® and normalized to WT plaque areas.

Measuring interferon expression with ISRE-Luc

The ISRE-Luc bioassay was performed as previously described?. In brief, WT, cGas”,
and Sting” BMDMs were seeded at a density of 6 x 10° cells per well in TC-treated 24-well plates
overnightin BMDM medium. L. monocytogenes cultures were grown overnight at 30°C stationary.
The next day, L. monocytogenes cultures were washed twice, resuspended in PBS, and added
to BMDMs at an MOI = 10. After 30 minutes, cells were washed twice with PBS and BMDM
medium containing gentamicin (50 ug/mL) was added to kill extracellular bacteria. After a total
infection time of 6 hours, BMDM supernatants were harvested and stored at -80°C. The remaining
supernatant was then aspirated, cells were washed twice with PBS, and then cells were lysed in
250 pL cold 0.1% Triton-X in PBS. Lysates were then serially diluted and plated to enumerate
intracellular CFU.

ISRE-L929 BMMs were seeded at a density of 5 x 10* cells per well in TC-treated 96-well
plates overnight in L2 medium. The next day, media was aspirated from the BMMs, and 30 pL of
fresh L2 medium was added to each well. BMDM supernatants were then thawed to room
temperature, and 20 pL of each supernatant was added to the cells. BMMs were then incubated
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for 4 hours, then the culture medium was aspirated and 50 uL of TNT lysis buffer (20 mM Tris;
200 mM NaCl; 1% Triton-X) was added to each well. 40 pL of lysate was transferred to a white,
opaque 96-well plate, and 40 uL of luciferase substrate solution (20 mM Tricine, 2.67 mM
MgSO47H-,0, 0.1 mM EDTA, 33.3 mM DTT, 530 uM ATP, 270 uM acetyl CoA lithium salt, 470 uM
luciferin, 5 mM NaOH, 265 yM magnesium carbonate hydroxide) was added to each well.
Luminescence was quantified using a Synergy HT microplate reader (BioTek).

Measuring transcription in murine cells

WT, cGas™”, and Sting” BMDMs were seeded at a density of 1 x 10° cells per well in TC-
treated 12-well plates in BMDM medium, then infected with L. monocytogenes cultures at an MOI
of 10, as described above. After 6 hours of incubation, cells were washed twice with PBS and 500
uL of Trizol reagent (Invitrogen) was added to each well to lyse the cells. RNA was isolated from
the Trizol-lysates, followed by treatment with TURBO Dnase per manufacturer’s specification
(Invitrogen). cDNA was then synthesized using iScript cDNA synthesis Kit (Bio-Rad) according to
the manufacturers’ instructions and qPCR was then performed using the iTaq universal SYBR
green supermix (Bio-Rad) and primers in Table 6.

Measuring bacterial transcription following porcine bile exposure

To measure bacterial transcription, overnight L. monocytogenes cultures were normalized
to an ODego of 0.02 in 27 mL BHI in 250-mL flasks and incubated at 37°C with shaking. After 4
hours, porcine bile (Sigma Aldrich) was added at concentrations of 0.1% and 1.1%, and then
flasks were incubated at 37°C with shaking. Samples of cultures were removed for downstream
processing 0 min (just before addition of porcine bile), 10 minutes, and 30 minutes following
addition of porcine bile. RNA was then isolated from bacteria as previously described’". Briefly,
bacterial cultures were mixed 1:1 with ice-cold methanol, pelleted, and stored at -80°C. Bacteria
were lysed in acidified phenol:chloroform containing 1% SDS by bead beating with 0.1 mm
diameter silica/zirconium beads. Nucleic acids were precipitated from the aqueous fraction for 1
hour at -80°C in ethanol containing sodium acetate (150 mM, pH 5.2). Precipitated nucleic acids
were washed with ethanol and treated with TURBO DNase per manufacturer’s specification
(Invitrogen). cDNA was then synthesized using iScript cDNA synthesis Kit (Bio-Rad) according to
the manufacturers’ instructions and qPCR was then performed using the iTaq universal SYBR
green supermix (Bio-Rad) and primers in Table 6.

CDA-Luc Bioassay

To measure CDA abundance in L. monocytogenes cultures, overnight bacterial cultures
were normalized to an OD600 of 0.02 in 5 mL BHI and incubated at 37°C with shaking. After 4
and 8 hours, the OD600 of each culture was measured, 1.5 mL (4 hours) or 1 mL (8 hours) was
pelleted, and supernatants transferred to new tubes. The bacterial pellets were resuspended in
cold pull-down buffer (100 mM Tris pH 7.5, 20 mM MgCI2, 50 mM NaCl), then sonicated to lyse
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bacterial cells. CDA in the supernatant and bacterial fractions was then quantified using the CDA-
Luc bioassay as described previously®.

Oral murine infections

Infections were performed as previously described”?’. Streptomycin (5 mg/mL) was added
to drinking water 48 hours prior to infection and food and water were removed 16 hours before
infection. L. monocytogenes cultures were grown overnight at 30°C, stationary. Overnight cultures
were diluted 1:10 in 5 mL fresh BHI and incubated at 37°C for 2 hours, with shaking. Bacteria
were then washed twice and diluted in PBS. Mice were fed 108 bacteria in 20 L of PBS and food
and water were returned immediately after infection. Inocula were serially diluted and plated. Body
weights were recorded daily and mice were humanely euthanized for tissue collection. Tissues
were homogenized in the following volumes of 0.1% Igepal CA-630 (Sigma): MLN, 3 mL; cecum
(contents removed and tissues rinsed with PBS), 4 mL; liver, 5 mL; spleen, 3 mL. Feces were
homogenized in 1 mL of 0.1% Igepal with a sterile stick, and gallbladders were ruptured and
crushed in 500 uL of 0.1% Igepal with a sterile stick. All samples were serially diluted in PBS and
plated to enumerate CFU.

Histology and Immunohistochemistry

Female 6-week-old BALB/c mice were orally infected with L. monocytogenes as described
above. A group of uninfected mice was included, which received streptomycin in the drinking water
and were fasted before infection, but these mice were fed PBS alone. Four days post-infection,
mice were humanely euthanized and livers were harvested with the gallbladders still attached and
intact. The organs were left whole and fixed in 10% formalin for 3 days with gentle rocking. Fixed
organs were then de-identified and transferred to the UW Histology and Imaging Core for slide
preparation and staining, and slides were scored for inflammation and positive antibody staining
by Dr. Jessica Schneider.

J7 infections with fluorescent reporters

J774 cells were plated in 12-well TC-treated dishes at 10° cells per well. L.
monocytogenes transcriptional reporter strains were grown to mid-log phase at 37°C with shaking.
After being washed twice and resuspended in phosphate-buffered saline (PBS), bacterial
suspensions were added to the cells at an MOI of 10. At 1 hour postinfection, cells were washed
twice with PBS, and medium containing gentamicin (50mg/ml) was added to each well. At 6 hours
postinfection, the cells were washed twice with PBS, treated with 0.25% trypsin (Gibco), and
resuspended in an equal volume of medium. The cells were then fixed with 2% formaldehyde,
washed twice with flow buffer (PBS containing 5% FBS), and resuspended in 300 pul flow buffer.
Flow cytometry was performed on an LSR Il flow cytometer (BD) and analyzed using FlowJo
(Flowdo, LLC). Cells were discriminated from debris by forward scatter area (FSC-A) and side
scatter area (SSC-A). Single cells were gated using FSC-A and forward scatter height (FSC-H).
The GFP gate was set to include 5% of the uninfected sample; this gate represents infected cells
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and is referred to as GFP positive. Within the infected-cell population, the RFP gate was set to
include 5% of cells infected with pH-gfp; this gate is referred to as RFP positive. Reported values
represent percent RFP-positive cells within GFP-positive cells of a given sample.

Growth curves in rich broth

To evaluate aerobic growth in rich medium, L. monocytogenes overnight cultures were
normalized to an OD600 of 0.02 in 25 mL BHI in 250-mL flasks at 37°C with shaking. At each time
point, bacteria were serially diluted and plated on BHI agar to enumerate CFU.

Serial passaging in Listeria synthetic medium

Cultures of L. monocytogenes strains were grown overnight in tryptic soy broth (TSB). The
following day, bacteria were washed twice with PBS then normalized to ODsgo = 0.02 in Listeria
synthetic medium (LSM) with or without an exogenous iron source, and incubated at 37°C with
shaking. Every 24 hours, ODeoo was measured and each culture was back-diluted into fresh LSM
(with or without iron) such that the ODeoo = 0.02. This was repeated every day for 12 days.

Growth curves in Listeria synthetic medium

L. monocytogenes strains were grown overnight in media meant to pre-condition the
bacteria for the next day’s growth curve conditions, because transitioning from conditions with no
iron to higher concentrations of iron can be toxic to the bacteria. If the bacteria were used for
growth curves in LSM containing FeCly, then the overnight cultures were grown in LSM containing
2.5 uyM FeCl.. Similarly, if the bacteria were used for growth curves in LSM containing heme, then
the overnight cultures were grown in LSM containing 1 yM heme. The next day, cultures were
washed twice with PBS then normalized to ODexw = 0.05 in LSM containing increasing
concentrations of FeCl. or heme. In experiments with bipyridyl (BP) treatment, 2,2’-bipyridyl
(Sigma) resuspended in ethanol was added to cultures.

Iron starvation of host cells

To measure the iron starvation state of host cells in tissue culture, TIB73 hepatocytes were
seeded at a density of 1.5 x 10° cells/well in TC-treated 6-well plates. The following day, cells
were washed twice with PBS and then lysed with 750 uL Trizol reagent. RNA isolation, RT-PCR,
and gPCR were then performed as described above (see “Measuring Transcription in Murine
Cells”).
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Table 4. E. coli strains used in this study.

Strain Description Reference or Source
XL1 for strain construction Stratagene
SM10 for trans-conjugation "3
MLR-E893 pLIM1 Gift from A. Rietsch
MLR-E1156 pLIM.ccpA-KO

MLR-E1157 pLIM.ptsl-KO

MLR-E1158 pLIM.trxA-KO

MLR-E1159 pLIM.purB-KO This study
MLR-E1160 pLIM.atpB-KO

MLR-E1161 pLIM.mpt-KO

MLR-E1162 pLIM.mpo-KO

MLR-E006 pPL2 "
MLR-E1171 pPL2.Pnat-ccpA

MLR-E1172 pPL2.Pnat-pts|

MLR-E1173 pPL2.Pnat-trxA

MLR-E1174 pPL2.purB-comp This study
MLR-E1175 pPL2.atpB-comp

MLR-E1176 pPL2.mpt-comp

MLR-E1177 pPL2.mpo-comp

MLR-E873 pKSV7.ahpA-KO

MLR-E947 pLIM.Imo0367-KO

MLR-E949 pLIM.Imo1609-KO

MLR-E950 pLIM.tpx-KO

MLR-E951 pLIM.fri-KO

MLR-E952 pLIM.Imo0983-KO

MLR-E972 pPL2t.P-kat-rfp 6
MLR-E973 pPL2t.P-chdC-rfp

MLR-E974 pPL2t.P-ahpA-rfp

MLR-E975 pPL2t.P-Imo0367-rfp

MLR-E976 pPL2t.P-Imo0983-rfp

MLR-E977 pPL2t.P-tpx-rfp

MLR-E978 pPL2t.P-fri-rfp

MLR-E979 pPL2t.P-Imo1609-rfp

MLR-E980 pPL2t.P-ohrA-rfp

MLR-E868 pPL2t.pH-rfp

MLR-E738 pKSV7.fepCA-KO This study (Mauna
MLR-E739 pKSV7.hbp1,2-KO Edrozo)
MLR-E1189 pPL2.hbp1,2 This study
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Table 5. L. monocytogenes strains used in this study.

Strain Description Reference / Source
MLR-LO01 WT 10403S 19
MLR-L1148 AccpA

MLR-L1149 Aptsl

MLR-L1150 AtrxA

MLR-L1151 ApurB This study
MLR-L1152 AatpB

MLR-L1153 Ampt

MLR-L1154 Ampo

MLR-L1155 Ampt Ampo

MLR-L449 clpX::himar1 %5
MLR-L1163 AccpA p-ccpA

MLR-L1164 Aptsl p-ptsl

MLR-L1165 AtrxA p-trxA This study
MLR-L1166 ApurB p-purB

MLR-L1167 AatpB p-atpB

MLR-L1170 clpX::himar1 p-clpX

MLR-L752 Arex

MLR-L957 Arex + rex 2
MLR-L955 Absh

JW516 AmdrMTAC 63

JW33 tetR::Tn 2
MLR-L1085 Arex tetR::Tn This work
MLR-L828 Akat (Imo2785) &
MLR-L174 AohrA (Imo2199) 57
MLR-L879 AahpA (Imo1604)

MLR-L880 AkatAahpA

MLR-L944 AchdC (Imo2213)

MLR-L948 Almo0367

MLR-L953 Almo1609

MLR-L954 Almo0983

MLR-L959 Atpx (Imo1583) 69
MLR-L960 Afri (Imo0943)

MLR-L981 pH-gfp P-kat-rfp

MLR-L982 pH-gfp P-chdC-rfp

MLR-L983 pH-gfp P-ahpA-rfp

MLR-L984 pH-gfp pH-rfp

MLR-L985 pH-gfp P-Imo0367-rfp
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MLR-L986 pH-gfp P-fri-rfp
MLR-L987 pH-gfp P-Imo0983-rfp
MLR-L988 pH-gfp P-tpx-rfp
MLR-L989 pH-gfp P-Imo1609-rfp
MLR-L990 pH-gfp P-ohrA-rfp

Table 6. qPCR primers used in this study.

Name Sequence Citation
tfrc F gcagcattggtcaaaacatgg

tfrc R gctttgggcatttgcaacc 120
ferritin-h F gctgaatgcaatggagtgtgca

ferritin-h R | ggcacccatcttgcgtaagttg

dmt1 F ggagtactcttgttttagctticgtaaa 106

dmt1 R ccagactgcaaatcagattcg

mdrT F ccccaaccatcattacccgetgaactaaatccgtatag

mdrT R ggttggattgtggattcgtatgattggcgeg 25

mdrM F ggtattttgattgttatgcttatgg

mdrM R ttgtaaatcgttcaattaaaaaggc

rpoB F gcggatgaagaggataattacg 23

rpoB R ggaatccattgatggaccgtta

hprt F atcattatgccgaggatttgg From Melissa Locke
hprt R gcaaagaacttatagccccc

ifnb F ctggagcagctgaatggaaag 82

ifnb R cttgaagtccgcecctgtaggt
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