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ABSTRACT

LISTERIA MONOCYTOGENES PLACENTAL COLONZATION AND CONSEQUENCES
FOR PREGNANCY OUTCOME

By
Kayla Nicole Conner

Listeria monocytogenes (Lm) is a Gram-positive bacterium that causes the severe food-
borne disease listeriosis. Listeriosis is particularly problematic in pregnant women as Lm colonizes
the placenta, resulting in adverse pregnancy outcomes including stillbirth, miscarriage, and
preterm labor. Despite numerous studies of placental listeriosis (PL) in various animal models, the
mechanisms driving adverse outcomes following PL are largely uncharacterized. This dissertation
addresses some of the field’s knowledge gaps by analyzing the changes in placental gene
expression and metabolism following infection with Lm and by characterizing a key Lm virulence
factor, Internalin P (InlP), which plays a significant role in Lm placental colonization. Chapter 1
gives pertinent background information on the placenta, Lm, and PL and broadly addresses the
knowledge gaps to be addressed by the rest of the dissertation.

Chapter 2 describes an in vivo study of PL in mice. Infected and control placentas were
analyzed for differences in gene expression profiles between the two groups. We identified an
enrichment of genes associated with eicosanoid biosynthesis, suggesting perturbations in
eicosanoid metabolism in infected tissues. By quantifying placental eicosanoid concentrations
through mass spectrometry, we found a significant increase in the concentrations of several
eicosanoids with known roles in inflammation and/or labor. This study provides a likely
explanation for temporal disruptions of labor following placental infection.

Chapters 3 and 4 discuss two studies of the Lm virulence factor InlP, a key player in

placental colonization. InlP contributes to Lm’s placental pathogenesis likely by conferring the



ability of Lm to transcytose through placental layers. Prior studies reported that no homologs of
InlP exist in Listeria species other than Lm. Chapter 3 describes our discovery that at least two
other Listeria species, L. ivanovii and L. seeligeri, encode InlP homologs. We characterized the
domain architectures and genomic neighborhoods of these homologs and speculated on their
implications for Listeria evolution.

In chapter 4, I continue discussion of InlP and describe our identification and preliminary
characterization of naturally occurring InlP variants. In this study, we used a bioinformatics
approach to analyze Lm whole genome sequences (WGS) and identify InlP variants. We uncovered
two InlP variants of interest in the Lm population. The first results from a start codon point
mutation in the in/P gene, likely resulting in a truncated and potentially nonfunctional InlP protein
product. The second is an InlP variant with a PRO to SER substitution in the InlP calcium binding
loop, which is hypothesized to play a role in InlP activation or stabilization. These results provide
two avenues for further investigation of InlP regulation and function and suggest the potential for
InlP-dependent variation in placental colonization potential across Lm isolates.

In chapter 5, I summarize this dissertation. This chapter reflects on the results, implications,
and challenges of each study outlined in the prior chapters. I discuss the unique challenges faced
due to the ongoing COVID-19 pandemic and its effects on my graduate training. Finally, I share
concluding remarks and propose future directions for this project and the field of PL. Together,
the chapters of this dissertation describe novel findings that contribute to the field by assessing
genetic and metabolic changes to the placenta due to listeriosis and further characterizing a known

key placental virulence factor.
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CHAPTER 1

PLACENTAL LISTERIOSIS: HOW LISTERIA MONOCYTOGENES BREACHES THE
PLACENTAL BARRIER, AND CONSEQUENCES FOR PREGNANCY OUTCOME



INTRODUCTION

Placental Structure and Cell Types

The placenta is a transient organ in mammals that serves as the interface between the
mother and fetus and is expelled during delivery (Fig. 1.1A). This organ is the site of gas exchange,
metabolic and endocrine functions, and vascular rearrangement; processes that are critical for the
maintenance of the pregnancy and fetal development [1]. The major cell type of the placenta is the
fetally-derived trophoblast [2]. Trophoblasts begin forming in the first stages of development,
differentiating from the blastocyst [2]. This gives rise to cytotrophoblasts, which can develop
further into the fused, multinucleated syncytiotrophoblast layer or invasive extravillous
trophoblasts [2,3].

The placenta is anchored into the decidua by protruding villi which are composed of
extravillous trophoblast cells (Fig. 1.1B). In humans, these cells invade the decidua during early
pregnancy, forming villous trees that maintain the placenta’s close contact with maternal
circulation throughout pregnancy [2]. The syncytiotrophoblasts form the outermost cell layer of
the placenta and play important endocrine functions throughout pregnancy [3]. This cell layer is
fused, lacking cell-cell junctions, making it largely resistant to pathogens [4—7]. The
syncytiotrophoblast is in direct contact with maternal blood and is a major site for physiological
exchange between the mother and fetus, necessitating its resistance to outside invaders [3].

While the trophoblasts are inarguably critical for placental physiology, other placental cell
types also contribute to its function. Mesenchymal-derived Hofbauer cells are placenta-resident
macrophages and are the primary antigen-presenting cells of the placenta [3]. Hofbauer cells are

also responsible for producing several growth factors and cytokines that ultimately promote



trophoblast differentiation [3]. The placenta also houses fetal vascular cells, such as pericytes and

fetal endothelial cells, which are critical for regulating placental blood flow [3].

Placental Metabolism and Labor

The placenta is an active regulatory participant throughout the duration of pregnancy,
including labor. Through its production of estrogen, progesterone, oxytocin, relaxin, and
prostaglandins, the placenta helps to regulate temporal and physical aspects of parturition (Fig.
1.2) [8]. Progesterone is maintained at high concentrations throughout pregnancy, inhibiting
contractility of the myometrium until the onset of labor [9,10]. Relaxin has various functions
throughout pregnancy and induces the production of enzymes that contribute to cervical ripening
in late pregnancy [11]. The production of estrogen at term promotes uterine contractility and
increases oxytocin receptor expression, allowing oxytocin to induce myometrial contractions and
prostaglandin production [12—14]. Prostaglandins have been studied comprehensively for their
role in pregnancy and the regulation of labor by promoting inflammation [15,16]. The onset of
labor requires a switch from an anti-inflammatory state to a pro-inflammatory state at the maternal-

fetal interface, mimicking inflammation at other bodily sites caused by infection and other disease.

Prostaglandins

Prostaglandins are 20-carbon fatty acids derived from arachidonic acid (AA).
Prostaglandin biosynthesis begins with the liberation of AA from phospholipids of the cell
membrane (Fig. 1.3) [17]. This process is primarily mediated by Phospholipase A> (PLA>), which
hydrolyzes the phospholipid backbone at the sn-2 position to yield free AA [18]. Once released

from the phospholipid bilayer, free AA can diffuse to other cells, become reincorporated into the



phospholipid bilayer, or undergo metabolization by cyclooxygenase (COX) or lipoxygenase
(LOX) to yield prostanoids and lipoxins, respectively [17]. Two subclasses of prostanoids,
thromboxanes and prostaglandins, are produced through further enzymatic and non-enzymatic
processing by various isomerases and dehydration reactions [17]. Conversion of AA into
prostaglandins depends heavily on COX [17]. Two structurally similar but functionally unique
isoforms of COX, COX-1 and COX-2, exist throughout the body to carry out this function [19].
COX-1 is a constitutively active isoform of COX while COX-2 is inducible and typically
responsible for inflammatory responses. Both form prostaglandin H> (PGH»), which may then be
metabolized further into other prostaglandins [19].

Late in pregnancy, Prostaglandin E; (PGE>) and Prostaglandin F>a (PGF2a) are prominent
mediators of cervical ripening and promote the induction of labor (Fig. 1.2)[16,20,21]. Both have
been shown to induce elastin, collagenase, and matrix metalloproteinases that break down fetal
membranes and promote cervical and myometrial contractility. Synthetic versions of these
prostaglandins, like Misoprostol and Dinoprostone, have been used in the clinic to artificially

induce labor since the 1970s[16,20,22].

Placental Dysfunction and Preterm Labor

The timing of labor requires coordination of numerous mediators, including prostaglandins,
originating from the placenta (Fig. 1.2) [15]. Placental perturbations can disrupt this process,
sometimes resulting in preterm labor [21]. Preterm labor, defined as the onset of labor before 37
weeks of gestation in humans, occurs in an estimated 5-18% of all pregnancies and is the leading
cause of neonatal death worldwide [23]. Preterm labor remains a problem throughout childhood

as it can result in developmental abnormalities and neurodevelopmental disorders [24,25]. Preterm



labor is a syndrome with multiple etiologies including maternal stress, preeclampsia, vascular
disorders, and infection [26,27].

Even though relatively very few pathogens can invade and colonize the placenta, placental
infections are a significant public health concern. An estimated 30% of all preterm births can be
attributed to underlying infection [27]. Pathogens in the reproductive tract and at the maternal-fetal
interface can be detected by toll-like receptors which ultimately drive the production of pro-
inflammatory chemokines (IL-1p), cytokines (IL-6, TNF-o and IL-8), and prostaglandins [28—30].
This can result in an overall pro-inflammatory state at the maternal-fetal interface and induction

of preterm labor.

Models for Study of the Placenta

The placenta is incredibly diverse in structure, shape, and vasculature across placenta-
harboring species. Thus, it is important to be mindful when choosing experimental models for
placental studies. There are four primary placental classifications to consider in choosing a model:
1) placenta type, 2) chorioallantoic placenta shape, 3) histological structure, and 4) vasculature.
Additionally, placenta researchers must consider the available genetic tools and cost associated
with each possible model (Table 1.1).

The first classification differentiates between the two types of placentas - choriovitelline
(CVP) and chorioallantoic (CAP)[31]. CVPs are considered a more primitive form of this organ
and are typically found in marsupials. These primitive placentas are sometimes referred to as the
“yolk sac placenta,” may also serve as the primary placenta during early pregnancy before the CAP

takes over as the pregnancy progresses in some species. The CAP is the larger, more complex



placenta that functions throughout the duration of pregnancy in most non-marsupial species [31].

Second, the placenta can be classified in terms of shape of the chorioallantoic placenta.
Four possible shapes exist: diffuse (large and covers most of the fetus), multicotyledonary (small
spots of tissue scattered across the fetus), zonary (forms a band that wraps around the center of the
fetus), and discoid (small disc on one side of the fetus) [31].

The third level of classification focuses on the histological structure of the placenta and is
primarily defined by the level of invasion of trophoblast cells [31]. Epitheliochorial placentas are
considered the most superficial type with no destruction or invasion of maternal tissues and loose
association between trophoblasts and endometrial epithelium. Endotheliochorial placentas exhibit
degradation of the epithelium and connective tissue in the uterus, which leads to direct contact
between the trophoblasts and endometrium. Finally, hemochorial placentas are considered the
most invasive type, with all maternal tissue layers being degraded, leading to direct contact
between the fetal chorion and maternal blood. The hemochorial placenta can be further
characterized based on the number of trophoblast layers found in the placenta (referred to as
‘hemomonochorial’ for one layer, ‘hemodichorial’ for two layers, etc.) [31].

The fourth and final classification of placentas is based on the structure of the fetal-
maternal interface in hemochorial placentas and consists of two types: villous and labyrinthine
[31]. Villous placentas are found in primates (including humans) and exhibit branched villi that
are bathed in maternal blood. These villi are branched by extravillous trophoblast cells that invade
deeply into the decidua, the thick layer of the maternal uterus that lies closest to the fetus.
Labyrinthine placentas, found in rodents, are characterized by anchoring trophoblast giant cells

that associate more loosely with the decidua without invading [31].



Human placentas are categorized as chorioallantoic, discoid, hemomonochorial, and
villous. Mouse placentas are characterized as chorioallantoic, discoid, hemotrichorial, and
labyrinthine. Thus, despite being metabolically similar, murine and human placentas differ in
histological structure and vasculature. The most common models used for the study of placental
infection are choriocarcinoma cell lines, mice, gerbils, guinea pigs, nonhuman primates, and
human placental explants [32]. Each model has its own benefits and drawbacks, considering factors
such as cost, genetic malleability, and similarity to the human placenta (Table 1.1) [32]. Guinea
pigs and nonhuman primates have historically been used as the most accurate models of human
placental dysfunction, as their placenta structures most closely match those of humans. However,
mouse models offer many benefits such as cost minimization, short gestation period, well-
characterized genetics, and similar molecular/biochemical changes associated with labor to those
that occur in humans [32,33]. Further, results obtained in in vivo mouse models and mouse-derived

cell lines can be validated in human cell lines and explants [32,33].

Listeria and the Placenta — Background and Epidemiology

Listeria monocytogenes is a bacterial pathogen known to colonize the human placenta and
drive a detrimental pro-inflammatory response [34]. Due to this ability, paired with its well-
characterized physiology and genetic malleability, L. monocytogenes has been used in numerous
studies of pregnancy-associated infection and its outcomes for decades.

The Listeria genus encompasses 21 identified species including the human pathogen
Listeria monocytogenes (Lm), the causative agent of listeriosis [34]. Lm is a Gram-positive,
facultative anaerobic bacterium with a saprophytic lifestyle [34]. Many of Lm’s characteristics

which allow it to survive in the soil environment (including resistance to high salt concentrations



and ability to divide at low temperatures) also render it resistant to many common antimicrobial
practices used in food production [34]. While the average adult will encounter multiple Lm
exposures each year with no adverse outcomes, immunocompromised individuals remain
vulnerable to listeriosis [35]. Alarmingly, listeriosis comes with a ~20% fatality rate among those
infected [35].

Listeriosis ranks third in deaths due to foodborne illness worldwide, exceeding those
caused by Salmonella and Clostridium [35]. In human hosts, Lm can cause gastrointestinal, central
nervous system, and perinatal disease [34]. Pregnant individuals are approximately 10 times more
likely to contract listeriosis compared to the non-pregnant population, and an estimated 17% of all
annual listeriosis cases are pregnancy-associated [36]. The actual number of annual listeriosis
cases is likely underestimated due to the subclinical nature of the disease, which is predicted to
result in many pregnancy-associated listeriosis cases being unaccounted for. Pregnancy-associated
listeriosis can result in multiple adverse pregnancy outcomes for both the mother and fetus,
including spontaneous abortion, miscarriage, preterm labor, abnormal fetal development, and
deadly neonatal disease [37].

To date, there have been 14 identified Lm serovars, with only three (1/2a, 1/2b, and 4b)
responsible for 95% of all listeriosis cases [34,35,38—40]. While 1/2b isolates account for most
food contaminants, serovar 4b is responsible for >50% of all human cases of listeriosis [34].
Additionally, serovar 4b strains are found more frequently in pregnancy-associated cases of
listeriosis than in non-pregnancy-associated cases [34]. Together, these findings suggest that

serovar-specific adaptations may dictate the fitness of Lm in specific environments or host niches.



Virulence Factors and Infectious Cycle

Lm encodes an arsenal of virulence factors that are critical for its intracellular lifecycle,
many of which are regulated by the thermosensitive master virulence regulator PrfA (Fig. 1.4)
[34]. Once ingested with contaminated food, Lm can invade host gut epithelial cells by binding
host cell E-cadherin via the surface protein Internalin A (InlA) [41]. From there, Lm can
disseminate to the liver where it binds C-Met on hepatocytes via InlB [42]. Once internalized by
the host cell, Lm secretes the beta hemolysin Listeriolysin O (LLO) which releases it from the
phagocytic lysosome and into the cytosol [43]. There, the actin polymerization protein ActA
allows Lm to undergo cell-to-cell spread by polymerizing host actin, creating “actin rockets” that

propel it into neighboring cells [44—46].

Internalins

While many Lm virulence factors have been characterized, the internalins are continually
being studied for both their role in different Listeria species and for their basic biochemical
properties. The internalins are a large family of proteins found across the Listeria genus [47]. In
Lm alone, over 20 internalins have been identified to date [47]. The internalins can be divided into
two main categories — secreted and anchored [47]. The secreted internalins share C-terminal signal
peptides, while the anchored internalins share anchoring domains that lock them onto the Lm
surface (Fig. 1.5) [47]. All internalins share characteristic leucine rich repeat (LRR) domains at
their core, which can vary in length and number between these proteins [47]. LRRs are found in
proteins across the domains of life, including other bacterial pathogens, and have been shown in

many cases to be the sites of protein-protein interactions [48—50]. The continued study of



internalins will undoubtedly offer answers for questions in not only Listeria biology, but also basic
biochemistry.

While InlA and InlB remain the most well-characterized internalins, others have been
shown to contribute to virulence in the human host. InlC has been shown to enhance Lm cell-to-
cell spread in the liver through its interactions with the host protein Tuba [51,52]. InlF interacts
with host vimentin and enhances Lm’s ability to cross the blood-brain-barrier and colonize the
brain [53]. Finally, InlP has been shown to interact with the host protein afadin and, through an

unclear mechanism, enable Lm to transcytose through the layers of the placenta [54,55].

Breaching the Placental Barrier

The placenta is inherently resistant to most pathogens, and evidence suggests that the
pathogens able to colonize this organ likely use multiple, diverse strategies to breach its protective
barriers [7]. The syncytiotrophoblast has been experimentally shown to resist invasion by bacterial
pathogens including Lm, but damage to this cell layer can allow invaders to cross [4,6]. The
underlying cytotrophoblasts and anchoring extravillous trophoblasts are much more susceptible to
infection [7]. Previous studies suggest that these cell types are the primary routes of entry for Lm
into the placenta [56]. Further, there is evidence that Lm primarily remains intracellular in the
placenta and may use a trojan horse strategy to spread from infected maternal cells to extravillous
trophoblasts, allowing it to bypass the protective syncytiotrophoblast layer and traverse the

placental cell layers [56].
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Concluding Remarks and Dissertation Overview

The molecular mechanisms driving temporal and physical regulation of parturition are
relatively well-understood, but many questions remain regarding preterm labor. Preterm labor has
numerous causes, including placental infection by specialized pathogens that can breach this
organ’s protective barriers. The maternal-fetal interface reaches a pro-inflammatory state at the
onset of labor, and this state can be achieved before term with the presence of placental pathogens
driving the production of pro-inflammatory cytokines, chemokines, and prostaglandins.

Lm is one pathogen known to invade the placenta and has been used as a model in studies
of placental infection. This bacterial pathogen is known to induce preterm labor, but the
mechanisms underlying this remain unclear. Lm’s well-understood lifecycle and repertoire of
virulence factors offer clues as to how it colonizes the placenta and interacts with the host to drive
the pro-inflammatory, pro-parturition state. Future studies should address the genetic and
metabolic perturbations of the placenta resulting from Lm invasion which could ultimately drive
this state and its outcomes. Additionally, future studies of Lm virulence factors (like InlP) could
inform on how Lm and other placental pathogens have evolved specialized mechanisms for
placental invasion. Ultimately, the study of preterm labor and its causes remains important for
public health worldwide. Further elucidation of this syndrome and the mechanisms driving it could
inform on potential therapeutic strategies to reduce the occurrence of preterm labor and its
devastating outcomes for both mother and fetus.

This dissertation serves to address some of the gaps in knowledge regarding 1)
perturbations in placental gene expression and metabolism resulting from placental infection and

2) the role of InlP in placental invasion by Lm. In Chapter 2, we use a mouse model of placental
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listeriosis and differential gene expression analysis to identify over- and underexpressed genes in
the placenta following Lm colonization. We also identify disturbances to the eicosanoid pathway,
resulting in altered placental prostaglandin concentrations which could contribute to infection-
induced preterm labor. In Chapter 3, we use a computational comparative genomics approach to
identify InlP homologs in non-monocytogenes species of Listeria. Finally, in Chapter 4, we
identify naturally occurring InlP variants in the Lm population using computational analysis of
publicly available whole genome sequences. We pair this InlP data with available metadata for
each isolate to establish serovar-specificity of some variants of interest. Finally, in Chapter 5, we
conclude this dissertation with an overview of our major findings and discussion of future

directions.
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FIGURES AND TABLES

Figure 1.1 The human placenta. The human placenta is attached to the uterine wall via
extravillous trophoblasts in the placenta (A). The outermost layer of the placenta is a
multinucleated layer of syncytiotrophoblasts. Beneath this layer are the cytotrophoblasts which
give rise to the syncytiotrophoblasts and extravillous trophoblasts (B). Figure created with
biorender.com.
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Figure 1.2 Parturition in humans. At term, fetal stress drives the release of cortisol from the
fetal adrenal gland. This cortisol acts on the placenta to decrease progesterone production
which, in turn, increases the expression of oxytocin receptors and production of prostaglandins.
Prostaglandins stimulate cervical softening and uterine contractions. Continued oxytocin
production drives this process by further inducing placental prostaglandin production and
uterine contractions. Figure created with biorender.com.
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Figure 1.3 The eicosanoid pathway. The eicosanoid pathway begins with the liberation of free
arachidonic acid from phospholipid bilayers by phospholipase A>. Free arachidonic acid can be
shunted to three major pathways — the cytochrome P450/epoxygenase pathway, the lipoxygenase
pathway, or the cyclooxygenase pathway. Enzymatic processing of arachidonic acid by
cyclooxygenase enzymes yields prostaglandin H> which can be further enzymatically processed
into other prostaglandins. Figure created with biorender.com.
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Figure 1.4 Listeria monocytogenes infectious cycle. The bacterial pathogen Listeria
monocytogenes enters the host cell via phagocytosis or internalin-mediated entry (1). Once in the
phagocytic lysosome (2), L. monocytogenes expresses the beta hemolysin listeriolysin O to break
down the lysosome membrane, releasing the bacterium into the cytosol (3). In the cytosol, L.
monocytogenes can multiply and can use the virulence factor ActA to polymerize host actin (4),
creating actin rockets that propel it through the cell membrane and into neighboring cells (5) where
the cycle can begin again.
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Figure 1.5 General internalin structure. The internalins are a large family of proteins in the
Listeria genus. The internalins can be divided into two main categories: anchored (A) and secreted
(B). The anchored internalins harbor C-terminal LPTXG or GW domains that anchor them into
the Listeria cell membrane. Alternatively, secreted internalins contain an N-terminal signal peptide
and tend to be much smaller than the anchored internalins. All internalins share a characteristic
core of leucine rich repeats which can vary in size and number. Figure created with biorender.com.
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Table 1.1 Comparison of models used in placental studies

Species/Model | CAP Histological Fetal-Maternal | Genetic Cost
Shape Structure Interface Malleability

Human Discoid Hemomonochorial | Villous N/A $$$

(Explants)

Mouse Discoid Hemotrichorial Labyrinthine ++++ $$

Non-Human Discoid Hemomonochorial | Villous ++ $355%

Primate

Guinea Pig Discoid Hemomonochorial | Labyrinthine ++ $$%
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CHAPTER 2

INFECTION WITH LISTERIA MONOCYTOGENES ALTERS THE PLACENTAL
TRANSCRIPTOME AND EICOSANOME
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ABSTRACT

Placental infection and inflammation are risk factors for adverse pregnancy outcomes,
including preterm labor. However, the mechanisms underlying these outcomes are poorly
understood. To study this response, we have employed a pregnant mouse model of placental
infection caused by the bacterial pathogen Listeria monocytogenes, which infects the human
placenta. Through in vivo bioluminescence imaging, we confirm the presence of placental
infection and quantify relative infection levels. Infected and control placentas were collected on
embryonic day 18 for RNA sequencing to evaluate gene expression signatures associated with
infection by Listeria. We identified an enrichment of genes associated with eicosanoid
biosynthesis, suggesting an increase in eicosanoid production in infected tissues. Because of the
known importance of eicosanoids in inflammation and timing of labor, we quantified eicosanoid
levels in infected and uninfected placentas using semi-targeted mass spectrometry. We found a
significant increase in the concentrations of several key eicosanoids: leukotriene B4, lipoxin A4,
prostaglandin A2, prostaglandin D2, and eicosatrienoic acid. Our study provides a likely
explanation for dysregulation of the timing of labor following placental infection. Additionally,

our results suggest potential biomarkers of placental pathology and targets for clinical intervention.

28



INTRODUCTION

To ensure the development of the allogeneic fetus, placental immune responses must be
precisely balanced between protective immunity and deleterious inflammation [1,2]. Bacterial
infection of the placenta can affect this balance, leading to adverse pregnancy outcomes even in
the absence of severe disease [1,2]. One such infection is prenatal listeriosis caused by the Gram-
positive bacterium Listeria monocytogenes (Lm). Lm is an opportunistic foodborne pathogen that
primarily affects the immunocompromised, especially pregnant individuals, who are typically
exposed to Lm through contaminated meat and dairy products [3]. Following ingestion, Lm invades
the gut epithelium and traffics in maternal monocytes to the female reproductive organs where it
uses cell to cell spread to invade the placenta [3]. Invasion of the placenta can result in a myriad
of adverse pregnancy outcomes including preterm labor and downstream abnormal development
of the offspring [4—6]. Despite great strides that have been made in the understanding of Lm
invasion of the placenta, little information is available on the molecular mechanisms underlying
listeriosis-associated preterm labor.

Labor and parturition are complicated processes controlled by many genetic, metabolic,
and physical factors within the female reproductive tract. Eicosanoids, a family of hormone-like
fatty acids, dictate the timing of labor by signaling cervical ripening, breaking down fetal
membranes, and promoting myometrial contractility [7-9]. These lipids are produced
enzymatically by all cells in the body beginning with the liberation of arachidonic acid from cell
membrane phospholipids [10]. Downstream processing by cyclooxygenase (COX) and
lipoxygenase (LOX) enzymes yields the two eicosanoid classes: prostaglandins and lipoxins,

respectively [10]. Eicosanoids are key players in the delicate balance between protective immunity
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and deleterious inflammation throughout the body, including the placenta [10]. While associations
have been made between eicosanoid pathway perturbations and placental pathology, little
information exists regarding infection-induced perturbations to the eicosanoid pathway and
downstream consequences in the placenta.

Due to its well characterized lifecycle and genetic malleability, Lm has been used as a
model for placental infection for decades [11]. In this study, we use a pregnant CD1 mouse model
of bioluminescent Lm placental infection to begin exploring infection-induced eicosanoid pathway
perturbations. We demonstrate through RNA sequencing that mouse placentas colonized with Lm
have gene expression profiles associated with placental dysfunction and preterm labor. We verify,
using semi-targeted mass spectrometry, that these aberrant gene expression profiles result in
significant changes to placental eicosanoid concentrations, which we refer to as the placental
eicosanome. Together, our data identify a likely mechanism for the induction of preterm labor

associated with placental listeriosis infection.

30



MATERIALS AND METHODS

Strains/Bacterial Culture

The bacterial strain used in this study is the bioluminescent Listeria monocytogenes strain
Xen32 (Perkin Elmer, Inc.). Cultures were grown overnight, shaking at 37°C in brain heart
infusion (BHI) broth supplemented with kanamycin for selection. On the day of mouse infection,
overnight cultures were subcultured in fresh BHI supplemented with kanamycin for selection and
grown to an ODgoo of 0.5. The subculture was then diluted in sterile phosphate buffered saline

(PBS) to yield 10° colony forming units (CFU) per mL.

Animals and /n Vivo Imaging

We All mouse experiments were approved by the Institutional Animal Care and Use
Committees at Michigan State University and Stanford University. Mice were housed at the
Stanford University Research Animal Facility and the Michigan State University Clinical Center
animal facility under the care of Campus Animal Resources. The BSL-2 animal procedures were
approved under Stanford University Protocol 12342 (formerly 8158) and Michigan State
University Animal Use Protocol 201800030. Timed gestation day 11 (E11) pregnant CD-1 mice
were delivered on that day from Charles River Laboratories. On E14.5, mice were infected via tail
vein injection with 2 x 105 CFU of Listeria monocytogenes Xen32 in 200mL phosphate buffered
saline prepared as described above (see “Strains/Bacterial Culture”). Uninfected control mice
were not injected. On E18.5, mice were imaged using the PerkinElmer In Vivo Imaging System
(IVIS) to confirm placental infection, then humanely sacrificed under anesthesia according to

approved guidelines. Uterine horns were immediately excised and imaged separately using the
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IVIS to identify infected placentas. Placentas were excised and snap frozen on dry ice then frozen
at -80°C for downstream analyses. All animals were imaged using the IVIS for 5 minutes prior to
euthanasia, and uterine horns were imaged for 1 minute following excision. Image analysis was
performed using the Living Image software by Caliper Life Sciences, and average radiance (light
intensity) is expressed as photons per second per centimeter squared per steradian

(photons/s/cm?/str).

RNA Sequencing

Twenty infected and four uninfected mouse placentas were excised for downstream RNA
sequencing (RNAseq). Tissues were snap frozen on dry ice and stored at -80°C until
homogenization. Tissues were homogenized by suspending them in Qiagen Buffer RLT and
passing them each subsequently through 16G, 18G, 20G, and 22G needles. Total RNA was
extracted from each placenta using the Qiagen RNeasy Midi kit and DNase treated with DNase I
(Qiagen) according to the manufacturer’s instructions. Isolated RNA was analyzed for RNA
integrity (RIN) values by the Stanford PAN Facility prior to submission for RNAseq analysis by
SeqMatic Inc., Mountain View, CA. Single-read sequencing on libraries was performed using the
[llumina Genome Analyzer IIx. Data was analyzed on the Galaxy webserver [12]. Raw read files
from RNAseq analysis were assessed for quality using FastQC [13], and adapters were removed
using Trimmomatic sliding window trimming [14]. To align reads to the mouse reference genome
(GRCm39), we used Bowtie2 [15], and resulting alignment files were analyzed for read counts
with FeatureCounts [16]. Finally, differential expression analysis was carried out using DESeq2
[17]. Gene ontology and pathway analyses were performed by submitting respective lists for

significantly up- and down-regulated genes to g:Profiler with default options
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(https://biit.cs.ut.ee/gprofiler/gost) [18]. Gene ontology networks were generated using GOnet
with custom GO terms related to the eicosanoid pathway (https://tools.dice-database.org/GOnet/)

[19].

Lipidomics

Semi-targeted mass spectrometry (MS) analysis was performed on six infected and six
uninfected mouse placentas that had been snap frozen and kept at -80°C. Placentas were
homogenized in methanol acidified with formic acid. Samples were then incubated overnight at -
20°C for protein precipitation, then centrifuged. Supernatants were subjected to solid phase
extraction using Phenomenex Strata-X 33-micron SPE columns as previously described to
concentrate eicosanoids and remove biological matrix components. Eluates were reconstituted in
methanol containing 0.01% butylated hydroxytoluene, then centrifuged immediately prior to
analysis. Fatty acids and their oxygenated derivatives were analyzed by high resolution/accurate
mass (HRAM)-LC-MS. Data-dependent product ion spectra were collected on the four most
abundant ions at 30,000x resolution using the FT analyzer. Lipidomics data was analyzed using
the Metaboanlyst software according to statistical methods previously published by Xi et al
[20,21]. Lipid concentrations were normalized to placenta mass, log transformed, and subjected to

Pareto scaling prior to statistical analyses.
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Availability of Data and Materials

Raw sequencing files, normalized count tables, and DESeq2 outputs are provided as
supplementary material and can be accessed through the NCBI Gene Expression Omnibus under

Accession GSE201038.

RESULTS

Placental infection by Lm alters placental gene expression

At the dose of 2x10° colony forming units (CFU) of bioluminescent Lm in pregnant CD1
mice, a range of infection levels is observed across placentas in a single uterine horn, which permits
the analysis of many outcomes of prenatal listeriosis including stillbirth and fetal abnormality [22].
Using this model, in vivo bioluminescence imaging (BLI) was employed to identify and isolate
infected placentas (Fig 1). RNA sequencing analysis of 20 infected placentas and 4 control
placentas from uninfected animals revealed 498 significantly underexpressed and 862 significantly
overexpressed (LogoFC < -1 or > 1; adjusted P value < 0.05) in the infected placentas (Fig. 2A,
Supplementary Material). The top five overexpressed genes following infection included Zbp1,
GM12250, Igtp, Tapl, and Ido! (Fig. 2A, Supplementary Material). These results were expected
considering the various immunoregulatory roles these genes are known to play. We observed
minimal variability in the four uninfected sample gene expression profiles, which formed their
own distinct cluster (Fig. 2B). Conversely, the infected sample gene expression profiles displayed
considerable variability, which is consistent with the range of infection levels in our model (Fig.

1, Fig. 2B).
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To better understand the pathways associated with significantly dysregulated genes, we
performed functional profiling using g:Profiler. This analysis revealed several pathways of interest
in both up- and down-regulated gene data sets (Supplementary Material). Interestingly, pathways
associated with underexpressed genes were largely related to ion transport across the membrane
(Supplementary Material). As expected, most pathways associated with overexpressed genes
were linked to pro-inflammatory processes typical of bacterial infection, consistent with the
expected infiltration and activation of immune cells (Supplementary Material). Notably, GO
terms related to prostanoid and prostaglandin biosynthesis were enriched in our upregulated gene
data set (Supplementary Material). To visualize overexpressed gene networks associated with
eicosanoid metabolism, we submitted our overexpressed genes and custom gene ontology ID list
to GOnet to generate a visual custom gene ontology network (Fig. 2C).

Following gene ontology analysis, we became interested in the enrichment of eicosanoid
metabolism genes due to the known roles of eicosanoids in pregnancy and listeriosis elsewhere in
the body. In our RNAseq data, we observed a significant overexpression (approximately 2.3-fold
increase, adjusted P value < 0.05) in the Pzgs2 gene encoding cyclooxygenase 2, a key enzyme in
the eicosanoid pathway (Fig. 2C, Supplementary Material). While Prgs2 encoding
cyclooxygenase 2 was significantly overexpressed, the Prgs/ gene encoding cyclooxygenase 1
(the constitutive housekeeping isoform of this enzyme) was not significantly dysregulated
(Supplementary Material). In addition to Ptgs2, we observed overexpression of several other
eicosanoid-associated genes (Fig. 2C, Supplementary Material). We hypothesized that, due to
overexpression of several genes associated with eicosanoid production, the concentrations of these
lipids would be increased in infected placentas. Specifically, we hypothesized that infected

placentas would harbor increased concentrations of prostaglandins due to the upregulation of
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several enzymes implicated in prostaglandin synthesis (Fig. 3). In addition, because eicosanoid
pathway enzymes can be regulated by post-transcriptional mechanisms including allosteric
induction [23], it was important to measure the pathway products themselves to fully characterize

changes in this pathway.

Lm infection alters eicosanoid concentrations in the placenta

Because we wanted to know if eicosanoid levels were perturbed along with eicosanoid
pathway gene expression, we carried out semi-targeted mass spectrometry to measure
concentrations of various eicosanoids in infected and uninfected placentas (Fig. 1). Our analysis
revealed distinct profiles for infected versus uninfected placentas (Fig. 4). We observed 12
eicosanoids showing a >2-fold increase or decrease in concentration in the placenta following
infection with Lm (Fig. 4). Strikingly, leukotriene B4 (LTB4) exhibited a ~25-fold increase
following infection (Fig. 4, Supplementary Material). Also of note were prostaglandin A»
(PGA2), prostaglandin E; (PGE»), prostaglandin D, (PGD3), and prostaglandin F2, (PGF2,) which
showed ~4.8-, ~2.4-, ~2.1, and ~2.3-fold increases following infection, respectively (Fig. 4,
Supplementary Material). Of these dysregulated eicosanoids, nine reached statistical
significance (p < 0.05) including LTB4, LXA4, PGA2, PGD>, and eicosatrienoic acid (Fig. 5,
Supplementary Material). Together, these data supported our hypothesis that altered gene
expression in the placenta results in changes in placental eicosanoid profiles, which we refer to as

the placental eicosonome.
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DISCUSSION

Pregnancy complications including preterm birth are relatively common, and preterm birth
is the leading cause of infant mortality worldwide [24,25]. While many factors can contribute to
the occurrence of preterm birth, the outcome can be developmentally devastating for the infant.
Infants born prematurely are more likely to exhibit breathing problems, sensory problems, and
developmental delay [26]. Infection is a well-known cause of preterm birth, necessitating studies
of prenatal responses to distinct pathogens [25]. Because of the crucial role of the placenta in
immune responses during pregnancy, pathogens that infect this organ are especially important to
understand. For example, it will be crucial to distinguish placental infection from other prenatal
infections such as chorioamnionitis, which may elicit completely different responses and require
different interventions. In addition, placental infection can induce inflammatory responses, which
have been associated with preterm birth [27]. Therefore, animal models of placental infection are
vital tools in understanding preterm birth.

Listeria monocytogenes is a known placental pathogen that can cause preterm labor as well
as other perinatal pathologies [11,28]. Animal models of prenatal listeriosis have revealed details
of placental infection, including the target cell type, bacterial virulence factors and molecular
mechanisms of invasion [29]. However, host placental responses to this bacterium have not been
previously defined and may reveal clues as to the function of the placenta in prenatal resistance to
infection. Our data sheds light on the molecular and metabolic mechanisms underlying listeriosis-
induced preterm labor. We have shown using a pregnant mouse model of placental listeriosis that
infected placentas harbor distinct gene expression profiles compared to their uninfected

counterparts. Unsurprisingly, we have identified an enrichment of genes associated with
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inflammation and response to infection in infected placentas. We were particularly interested to
observe an enrichment of genes associated with eicosanoid biosynthesis and metabolism following
infection. Though this result is not entirely surprising due to the role of eicosanoids in
inflammation, it was noteworthy considering that eicosanoids are known to play critical roles in
the regulation of labor, as well as other aspects of pregnancy such as placental function [30]. This
discovery warrants further investigation due to previous associations between placental eicosanoid
dysregulation and pathological pregnancy outcomes in previous studies [31].

To determine if eicosanoid concentrations were perturbed along with gene expression
profiles, we employed a semi-targeted mass spectrometry approach to quantify the eicosanoid
concentrations in infected and uninfected mouse placentas. This analysis highlighted perturbations
in eicosanoid concentrations in infected placentas. We noted significant increases in the
concentrations of LTB4, LXA4, PGA», PGD>, and eicosatrienoic acid. Previous studies strongly
support the association between the eicosanoids we have identified as increased in placental
infection and placental pathology, including LTB4[32], LXA4 [33], and PGD> [34].

Broadening our understanding of molecular mechanisms underlying listeriosis-induced
adverse pregnancy outcomes has the potential to propel the development of improved clinical
interventions for pregnancy associated listeriosis and other placental infections. Our study offers
insight into the genetic and metabolic changes that take place in the placenta following Lm
infection. While our study begins to offer possible mechanisms of listeriosis-induced preterm
labor, much remains to be investigated.

To our knowledge, this is the first study associating increased PGA> concentrations with
placental infection or preterm labor. This is noteworthy as PGA> is a known degradation product

resulting from the dehydration of PGE>, which has been studied extensively for its role in the
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timing and induction of parturition. Increased PGA: concentrations could imply an increase in
upstream PGE> production and its subsequent degradation, which could be contribute to
dysregulation of labor. Future studies should address the mechanistic role of this eicosanoid in the
context of infection-induced preterm labor.

Our observations confirm that the known role of eicosanoids in infection and inflammation
in other tissues also applies to the placenta, where the eicosanoids are also known to function in
the timing of labor. It is noteworthy that many of the eicosanoids identified in our study have been
implicated in pathological pregnancy outcomes and placental disease. In addition, the induction of
specific prostaglandins and leukotrienes suggests the possibility of receptor-specific interventions.
It is important to identify new detection and intervention methods that can be utilized to prevent
adverse pregnancy outcome. We propose that future studies assess eicosanoid concentrations in
maternal circulation to assess the usefulness of eicosanoids as clinical biomarkers of placental
disease. Further, we suggest that eicosanoid synthesis and uptake be studied as a potential route of

intervention in the prevention of infection-induced adverse pregnancy outcome.
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FIGURES AND TABLES

Figure 2.1 In vivo bioluminescence imaging of Lm in the placenta. (A) Example of
bioluminescence imaging of a pregnant mouse infected with Lm on E14.5 and imaged on E18.5.
(B) Excised uterine horns from a similar animal showing the placentas used for RNAseq. RNA
from infected placentas (arrows) was sequenced and compared to controls from uninfected mice.
The false color scale is photons/second.
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Figure 2.2 Gene expression profiles are altered in Lm-infected placentas. Differentially
expressed genes in Listeria-infected placentas (compared to uninfected) were determined using
DEseq2 and expressed as a volcano plot (A). Significantly overexpressed genes (fold change > 2;
Adjusted P value < 0.05) are highlighted in red while significantly underexpressed genes (fold
change < -2; Adjusted P value < 0.05) are highlighted in blue. Values are presented as Log, Fold
Change and Logio Adjusted P Value. The top 50 differentially expressed genes are expressed as a
heatmap of normalized counts per sample (B). Heatmap was generated using Heatmapper [35],
and sample clustering was computed with average linkage clustering and Euclidian distance
measurement (represented by the sample dendogram). Gene ontology analysis was conducted
using g:profiler, and network visualization was generated using GOnet (C). GO terms are in blue-
green rectangles and gene names are in orange ovals.
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Figure 2.2 (Cont’d)
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Figure 2.2 (Cont’d)
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Figure 2.3 Lm infection results in upregulation of key eicosanoid pathway enzymes and
increased concentrations of specific eicosanoids in the placenta. This adapted eicosanoid
pathway figure illustrates the points at which this pathway is altered by listeriosis in the placenta.
Genes for enzymes represented in blue text as well as eicosanoids represented in blue text are

significantly overexpressed in our data sets.
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Figure 2.4 Lm infection alters the placental eicosanome. Eicosanoid profiles for infected and
uninfected placentas were assessed using semi-targeted mass spectrometry. A heatmap was
generated using Metaboanalyst to compare relative eicosanoid concentrations in infected versus
uninfected placental samples (A). Fold change was analyzed using Metaboanalyst and is expressed
as a dot plot with each dot representing the Log2 fold change (infected/uninfected) of each
compound in our eicosanoid panel (B). Eicosanoids with >2-fold change are represented by pink
dots, and significantly overexpressed eicosanoids are labeled.
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Figure 2.4 (Cont’d)
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Figure 2.5 Several eicosanoids are significantly overexpressed following placental infection.
Eicosanoid profiles for infected and uninfected placentas were assessed using semi-targeted mass
spectrometry. Data was analyzed using Metaboanalyst, and eicosanoids which reached statistical
significance (*p < 0.05, **p < 0.01) are represented as box plots below. Infected samples are in
red while uninfected samples are in green. Each dot represents one sample. Concentrations are
expressed as pg/mg of tissue.
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ABSTRACT

Listeria monocytogenes (Lm) 1is a bacterial pathogen that causes listeriosis in
immunocompromised individuals, particularly pregnant women. Several virulence factors support
the intracellular lifecycle of Lm and facilitate cell-to-cell spread, allowing it to occupy multiple
niches within the host and cross protective barriers, including the placenta. One family of virulence
factors, internalins, contributes to Lm pathogenicity by inducing specific uptake and conferring
tissue tropism. Over 25 internalins have been identified thus far, but only a few have been
extensively studied. Internalins contain leucine-rich repeat (LRR) domains which enable protein-
protein interactions, allowing Lm to bind host proteins. Notably, other Listeria species express
internalins but cannot colonize human hosts, prompting questions regarding the evolution of
internalins within the genus Listeria. Internalin P (InlP) promotes placental colonization through
interaction with the host protein afadin. Though prior studies of InlP have begun to elucidate its
role in Lm pathogenesis, there remains a lack of information regarding homologs in other Listeria
species. Here, we have used a computational evolutionary approach to identify InlP homologs in
additional Listeria species. We found that L. ivanovii londoniensis (Liv) and L. seeligeri (Ls)
encode InlP homologs. We also found InlP-like homologs in L. innocua and the recently identified
species L. costaricensis. All newly identified homologs lack the full-length LRR6 and LRR7
domains found in Lm’s InlP. These findings inform on the evolution of one key Lm virulence
factor, InlP, and serve as a springboard for future evolutionary studies of Lm pathogenesis as well

as mechanistic studies of Listeria internalins.
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INTRODUCTION

Prenatal infection remains a major public health concern. Annually, nearly 13 million
infants are born prematurely worldwide, and an estimated 30% of these preterm births can be
attributed to prenatal infection, though the actual number may be higher due to the subclinical
nature of many prenatal infections [1]. To better detect and treat these infections to prevent adverse
pregnancy outcomes, we must better understand the pathogens that cause them. Listeria
monocytogenes is widely used in prenatal infection research due to its well-characterized lifecycle
and ease of use in laboratory experiments [2,3].

The Listeria genus comprises 17 species, including the human pathogens L. ivanovii (Liv)
and L. monocytogenes (Lm) [4]. These Gram-positive facultative intracellular bacterial pathogens
are the most typical causative agent of listeriosis in humans [4,5]. While relatively rare, listeriosis
can result in severe morbidity and mortality in immunocompromised individuals [5,6]. Pregnant
people are particularly at risk for listeriosis, as Lm can colonize the placenta and cause adverse
pregnancy outcomes such as preterm birth, neonatal meningitis, miscarriage, and stillbirth [5].
They are approximately ten times more likely to contract listeriosis compared to their
immunocompetent counterparts, comprising 17% of all annual cases of listeriosis [7,8]. Lm
employs several virulence factors that aid in its invasion of various host niches and the breach of
protective host barriers [5,6]. Previous studies have addressed the roles of various Lm virulence
factors, such as ActA, Internalin A (InlA), and Internalin B (InlB) in the context of pregnancy [9—
11]. Faralla et al. followed up with two studies focusing on Internalin P (InlP), a key virulence

factor for the invasion of the placenta [12,13].
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Typically, listeriosis begins with the consumption of contaminated food items. Once in the
digestive system, Lm uses several virulence factors, including the internalins, to colonize gut
epithelial cells and spread throughout the host [5,6,14]. Internalins contribute to this spread by
conferring tissue tropism; for example, InlA binds E-cadherin on gut epithelial cells while InlB
binds C-Met expressed by hepatocytes [14]. These interactions are enabled by Leucine-Rich
Repeat (LRR) domains found in all internalins [14,15]. LRR domains are found in an array of
functionally diverse proteins across the domains of life. LRRs are found in ribonuclease inhibitors
in humans and pigs, connectin in Drosophila, adenylate cyclase in Saccharomyces, transmembrane
kinase I in A. thaliana, and various virulence factors in pathogens such as Y. pestis and L.
monocytogenes [15,16]. Internalins may have as few as four (InlG) or as many as fourteen (InlA)
LRR domains [5,14]. Notably, internalins and other virulence factors are relatively well-conserved
across the genus, including species that are considered non-pathogenic to humans, such as L.
seeligeri and L. innocua [4,17,18]. While the details remain unclear, differences in pathogenicity
have been attributed to minor genetic variations and differences in the expression of virulence
factor genes [19]. The precise roles of the various internalin genes in Listeria and their evolutionary
relationships remain critical open questions in Listeria biology.

Internalin P (InlP) is an Lm virulence factor known to enhance placental colonization in
the pregnant host. This is likely accomplished by enabling Lm to transcytose through the basal
membrane underlying the syncytiotrophoblast, the protective outer layer of placental cells that
serves as a barrier between maternal and fetal blood [12]. Further characterization revealed that
InlP encompasses nine LRR domains and binds the human protein afadin, which is a nectin-like

protein found in cell-cell junctions and thought to play a significant role in cellular adhesion [13].
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Initial InlP studies identified a structural homolog of InlP, Lmo02027, in Lm, but
information regarding InlP homologs in other Listeria species has been incomplete [12]. In this
study, we used comparative genomics and protein sequence-structure-function analyses to identify
InlP homologs in the genomes of L. seeligeri (Ls), L. ivanovii londoniensis (Liv), L. innocua (Lin),
and L. costaricensis (Lc). The bioinformatic analysis presented here serves as a springboard for
future studies of Listeria evolution and pathogenesis pertaining to the internalin protein family,

including its ability to colonize the human placenta.

MATERIALS AND METHODS

Identification of InlP Homologs

To identify InlP;,, homologs across evolutionary lineages, we submitted the InlP;,, amino
acid sequence (accession: WP_014601135.1) to MolEvolvR (http://www jravilab.org/molevolvr)
[20]. The query returned hits for homologous proteins across bacterial phyla. While many species
carried homologous proteins (e.g., Nostoc spp. and Beggiatoa leptomitoformis), we chose to filter
out hits with low similarity and divergent domain architectures and genomic contexts for our
detailed study; we thus focused on the Listeria genus (including 45,530 L. monocytogenes, 740 L.
innocua, 169 L. seeligeri, 44 L. ivanovii, and 1 L. costaricensis genomes). Within this dataset, we
selected the hits with the highest percent similarity and unique domain architectures as
representative homologs for further analysis. Accession numbers provided by MolEvolvR were
used to query the NCBI RefSeq Protein Database for corresponding nucleotide sequences, locus

tags, and isolate source (where available) for homologous genes [21]. BioCyc [22]
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(https://biocyc.org) and NCBI RefSeq [21] protein databases were used to identify genomic

contexts (neighboring genes).

Calculation of Percent Identity and Percent Similarity

Percent identity and percent similarity values for predicted homologs were provided by
MolEvolvR [20] (Table S1; https://github.com/jravilab/inlp listeria). Nucleotide sequences for
inlP in L. monocytogenes, L. ivanovii londoniensis, L. seeligeri, and L. costaricensis were aligned
using Clustal Omega [23] (https://www.ebi.ac.uk/Tools/msa/clustalo/), and resulting alignments
were submitted in FASTA format to the Sequence Manipulation Suite [24] (SMS;
http://www.bioinformatics.org/sms2) to calculate percent nucleotide identity. The homolog
similarity and identity matrix was generated using MatGAT2.01 with the BLOSUM 62 matrix and

default options [25].

Multiple Sequence Alignment, Phylogenetic Trees, and Protein Models

Multiple sequence alignments for homologous amino acid and nucleotide sequences were
generated using Kalign [26] and visualized using JalView (Version 2.11.1.4) [27] with default
parameters. Multiple sequence alignments in Figures 1 and 2 were generated using the msaplot
function in the ggtree R package with default parameters [28]. Neighbor-joining trees were
constructed using the ape package in R [29]. Domain architectures were determined using
Interproscan with default parameters. Three-dimensional protein models were produced using
SWISS-MODEL with the L. monocytogenes Internalin P crystal structure (PDB: 5hl3) as a
template and visualized using ChimeraX [30-32]. All data, analyses, visualizations, and Table S1

for InlP Listeria homologs are available here: https://github.com/jravilab/inlp_listeria.
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RESULTS

Listeria ivanovii londoniensis and Listeria seeligeri encode Internalin P Homologs

A To begin investigating evolutionary conservation of the L. monocytogenes Internalin P
(InlP.x), we started with an extensive homology search and protein characterization of InlP-like
proteins in diverse lineages across the tree of life wusing MolEvolvR [20]
(http://jravilab.org/molevolvr). Most homologs were present only within the genus Listeria. To
further ensure that all homologs are being identified, we picked other representative InlP homologs
from L. ivanovii and L. seeligeri as new starting points for our homology search and
characterization (using MolEvolvR [20]; see Methods). We found several hits in our multi-start
search including proteins that contain transmembrane domains, resembling InIB rather than InlP
(Fig. 3.2). Other hits carried neither the signature LRR (Fig. 3.2) or Internalin N (Fig. 3.6)
domains characteristic of internalins. Therefore, we restricted our full set of homologs to only InlP-
like proteins resulting in 64 representative proteins with distinct domain architectures from each
Listeria species including L. monocytogenes, L. seeligeri, L. ivanovii, L. innocua, and L.
costaricensis (Fig. 3.2, 3.6; Table S1). Homologs from L. seeligeri (Ls) and L. ivanovii (Liv)
showed >65% amino acid similarity compared to InlPz,, while homologs from L. innocua (Lin)
and L. costaricensis (Lc) showed 52.6% and 53% similarity, respectively (Fig. 3.3). We found that
several homologs lacked predicted signal peptide domains suggesting they are not secreted like
InlP; this was corroborated by the presence of predicted transmembrane LPXTG motifs, which
indicate that these homologs are more likely to be membrane-anchored InlB-like proteins rather
than secreted InlP homologs (Fig. 3.2, 3.6). Investigation of the InlP-like proteins in Lc and Lin

showed that it is unlikely that they are functional InlP homologs (discussed below). Further
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investigation of domain architectures and genomic contexts of putative homologs ultimately
revealed one InlP homolog encoded within the L. ivanovii londoniensis genome and three InlP
paralogs encoded by L. seeligeri (discussed below). Here, we refer to these homologs as InlP;,,
InlPy;, InlPz,;, InlPzs2, and InlPzs3, respectively, to indicate species and gene order.

We determined the similarity of InlP homologs in Liv and Ls at the nucleotide and amino
acid levels towards functional characterization. The inlP gene in L. ivanovii londoniensis (inlPr;v),
as well as the three L. seeligeri paralogs (inlPLsi, inlPrs2, and inlPps;3), shared ~70% identity with
the inlPr» gene and ~52—65% identity at the amino acid level when compared to InlP.. (Fig. 3.7).
However, the newly identified homologs in L. ivanovii londoniensis and L. seeligeri shared much
higher percent amino acid similarity with InlPz, — InlPzs, InlP.y;, and InlPzs; showed ~70%
similarity to InlPz, (Fig. 3.3). Notably, the flanking L. seeligeri paralogs, InlPz,; and InlP;3, were
more similar to each other than to the third paralog or to InlP., (Fig. 3.3). To further investigate
these new Listeria InlP proteins, we next explored their genomic neighborhoods.

Because the Listeria genus maintains a high degree of synteny across species, we
investigated the genomic contexts of identified homologs compared to the InlP;,, gene, which is
flanked upstream by an amino acid permease gene and downstream by an NADPH dehydrogenase
gene (Fig. 3.4A). We hypothesized that functional homologs of InlP.,» would be flanked by these
same genes in other Listeria species. We, therefore, determined the genomic neighborhoods of
inlP homologs in L. ivanovii londoniensis, L. ivanovii ivanovii, L. seeligeri, L. costaricensis, and
L. innocua (see Methods). We found that the in/P genes in L. ivanovii londoniensis and L. seeligeri
were flanked upstream by an amino acid permease gene and downstream by an NADPH
dehydrogenase gene mirroring the L. monocytogenes genomic context, suggesting the identified

homologs are likely true homologs of the in/P gene (Fig. 3.4). Interestingly, we found that the
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gene encoding the InlP-like protein in Lc was flanked upstream by an amino acid permease and
downstream by a gene encoding a LapB repeat-containing protein, inconsistent with genomic
neighborhoods seen in other Listeria species (Fig. 3.4E). Also inconsistent with other genomic
neighborhoods, the InlP-like protein in Lin was flanked upstream by a DUF5110-containing
protein-encoding gene and downstream by the ssr#A4 gene (Fig. 3.4F). To quantify the similarity of
the flanking genes in L. ivanovii londoniensis, L. seeligeri, and L. monocytogenes, we calculated
their pairwise similarity. At the amino acid level, the products of these flanking genes had >95%
similarity to L. monocytogenes. Notably, while L. ivanovii londoniensis encoded an in/P homolog
in this region, L. ivanovii ivanovii did not (Fig. 3.4). Additionally, while L. ivanovii londoniensis
encoded only one copy of in/P (EL212 RS12905; inlPp), L. seeligeri encoded three copies
(LSE_RS12040, LSE RS12045, and LSE RS12050; inlPpsi, inlPrs2, and inlPrgs respectively)
(Fig. 3.4).

Internalin P Homologs in L. ivanovii and L. seeligeri lack the full-length LRR6 and LRR7 domains
found in L. monocytogenes InlP

To delineate the evolution of InlP within Listeria, we generated a multiple sequence
alignment (Fig. 3.5) and constructed a phylogenetic tree of the homologs (Fig. 3.1). While we
observed several amino acid substitutions throughout the length of the proteins, the most striking
difference between InlP., and its homologs was in the Leucine-Rich Repeat (LRR) regions — a
partial lack of LRR6 and complete lack of LRR7 — in the L. ivanovii and L. seeligeri homologs
(Fig. 3.1). Additionally, we noted a lack of conservation in a previously described calcium-binding
loop present in InlPz, (amino acid residues 132—135; Fig. 3.1) [10]. This observation was of

particular interest since this calcium-binding loop might play a role in protein signaling or
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stabilization of protein-protein interactions between InlP.,, and host afadin. To better visualize the
structural differences in these homologs, we generated models of InlPz;, InlPz;, InlPz,2, and InlP3
based on the previously resolved crystal structure of InlP.., (Fig. 3.1; see Methods). These models
illustrate the similarity in the overall structure of the five homologous proteins, and the lack of
LRR7 and full-length LRR6 are visible in Li and Ls homologs (Fig. 3.1; green/yellow regions).
Additionally, the calcium-binding loop region is discernible in all five homologous proteins but
appears structurally diverse in L. ivanovii and L. seeligeri homologs.

In summary, we have discovered novel Internalin P homologs in Listeria, traced their
evolution, and uncovered potential functional implications pertaining to heterogeneity in key InlP
domains. All InlP homolog data (along with characterizations in terms of domain architectures and

modeling) are available at_https://github.com/jravilab/inlp_listeria.

DISCUSSION

While previous studies have addressed many of the physical and mechanistic properties of
InlP, the conservation of the inl/P gene within or outside of the Listeria genus remains incompletely
characterized. Here, we have provided insight into Internalin P in other Listeria species aside from
L. monocytogenes that will drive future mechanistic studies of InlP as well as evolutionary studies
of Listeria pathogenesis pertaining to the internalins.

First, we analyzed the InlP amino acid sequence with MolEvolvR [20] to retrieve
homologous proteins across evolutionary lineages. MolEvolvR [20] is a powerful new
bioinformatic web application to characterize protein families using molecular evolution and
phylogeny (http://jravilab.org/molevolvr). The MolEvolvR [20] InlP search returned a list of

potential homologs including those found in Listeria species. In this article, we focus on homologs

65



in Listeria since these species carried the classic Internalin and LRR domains. Using MolEvolvR
[20], we identified InlP-like proteins in L. innocua, L. seeligeri, L. ivanovii, and L. costaricensis;
only homologs in L. seeligeri and L. ivanovii londoniensis expressed an amino acid percent
similarity value >65%. We found that the lower identity proteins are more likely to be Internalin
B homologs based on their sequence, domain architecture, and structure.

To determine if the newly identified proteins were true homologs of InlP;,, we explored
their domain architectures and genomic context. Consistent with the synteny observed in Listeria
genomes, we found that the in/P domain architectures and genomic neighborhoods were highly
conserved in L. ivanovii londoniensis and L. seeligeri, but not in L. ivanovii ivanovii, L. innocua,
or L. costaricensis. While it is possible that these species could encode in/P homologs elsewhere
in their genomes, it seems unlikely considering their domain architectures and lower conservation
in sequence compared to other homologs. It is more likely that the homologous proteins identified
in Lc and Lin are independent of InlP, but in the same class of small, secreted internalins that
encompasses InlP, InlC, and InlH, among others [14].

Notably, we found that L. ivanovii londoniensis encoded a functional homolog for in/P
while L. ivanovii ivanovii did not; L. ivanovii ivanovii encoded a pseudogene instead (Fig. 3.8).
Historically, L. ivanovii londoniensis and L. ivanovii ivanovii have been distinguished
biochemically [33]. Recently, Hupfeld et al., noted that the two subspecies could also be
distinguished based on bacteriophage susceptibility: L. ivanovii ivanovii strains are sensitive to
bacteriophages, while L. ivanovii londoniensis strains encode a type II-A CRISPR-Cas system
rendering them resistant to many phages [34]. Our finding that only L. ivanovii londoniensis, and
not L. ivanovii ivanovii, encodes the in/P gene provides another avenue for distinguishing between

these two subspecies and could be beneficial to public health laboratories seeking to differentiate
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between them among clinical and food isolates. Additionally, because the evolution of virulence
factors in Listeria remains mysterious, the specific presence of in/P in subspecies such as ivanovii
londoniensis and its absence in ivanovii ivanovii may provide clues as to how Listeria evolves the
ability to infect different cells and tissues.

Since L. ivanovii has been implicated in human and animal placental infection, it was not
entirely surprising to find that it encoded the gene for InlP, an internalin known to enhance
placental colonization. It was surprising, however, to find three copies of the in/P gene in L.
seeligeri since it has not been significantly indicated in human or animal pathogenesis [35]. Our
analyses suggested that InlPz,> was the most similar to InlPz, and InlPz;. It is possible that this
paralog (InlPy,) is the ancestral one, and InlPzs; and InlPz,; resulted from subsequent duplication
events. The presence of multiple paralogs within L. seeligeri suggests that InlP could have
alternative functions apart from enhancing placental colonization. Listeria species are frequently
found in environmental isolates, as they readily reside in soil. It is possible that InlP provides a
fitness advantage in this environment.

One of the main questions resulting from the discovery of InlP homologs centers on the
evolutionary timeline of the Listeria genus: which InlP came first? Our discovery that InlPz;,
InlPy;, InlPz,2, and InlPz43 do not contain the full-length LRR6 and LRR7 domains found in InlPz,,
begins to offer potential answers to this question. It is plausible that L. monocytogenes, L. seeligeri,
and L. ivanovii londoniensis shared a common ancestor that passed down the in/P gene, and a
subsequent insertion event in L. monocytogenes led to the full-length InlP containing LRR6 and
LRR7. Conversely, it is likely that L. monocytogenes carries the ancestral copy of InlP (InlPz.);
the full-length in/P gene could have undergone a deletion resulting in the loss of LRR6 and LRR7

in InlPz;, and InlPys, although it is less likely to observe several deletion events as against a single
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insertion event. Future studies on the evolution of the Listeria genus and the larger family of
internalin proteins will be required to answer this question more rigorously and determine their
possible links to pathogenicity.

An additional structural difference noted between newly identified InIP homologs resides
in the Ca?*-binding loop of LRR3. Previously, this loop has been hypothesized to play a role in
InlP signaling, activation, or stabilization in complex with its binding partner afadin [13].
Structural heterogeneity is visible in the Ca®" regions of InIP homolog models; InlP homologs in
Liv and Ls appear to have more open loops compared to InlP.,. The ability of these loops to bind
calcium, and their relative binding affinities will be an important avenue for future investigation,
especially as more details regarding the function and regulation of InlP;,, come to light.

Recent studies made several fundamental discoveries regarding the physical and
mechanistic properties of InlP., and its activity in the placenta, but many questions remain
unanswered [12,13]. The discovery of InlP homologs in L. ivanovii londoniensis and L. seeligeri,
two species that have not been substantially implicated in cases of placental infection, is
compelling. Future studies will investigate the activity of these homologs to determine if they bind
afadin and if they are able to enhance placental colonization of L. monocytogenes as well as
endogenous InlP. Further, structural differences between these homologs suggest potential binding
sites for the InlP-afadin interaction, which has not been resolved to date.

In summary, we report that L. ivanovii londoniensis and L. seeligeri encode homologs for
the L. monocytogenes virulence factor InlP. Identified homologs in all three species are housed
within similar genomic neighborhoods, flanked by the same housekeeping genes upstream and
downstream; further, L. seeligeri encodes three copies of the in/P gene in this region. All four

homologs are similar (>70%) to InIP in L. monocytogenes, the main structural difference resulting
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from the lack of full-length LRR6 and LRR7 regions in InlP;;, InlPz,;, InlPys2, and InlPz3. Our
findings will serve as a springboard for future evolutionary studies of internalins in the Listeria
genus and will bolster future in vitro and in vivo studies of InlP in the context of virulence and

pathogenicity.
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FIGURES AND TABLES

Figure 3.1 Phylogeny and structure models of InlP and representative homologs. A
phylogenetic tree was generated using the amino acid sequences of InlP homologs in L.
monocytogenes (blue), L. ivanovii londoniensis (Purple), and L. seeligeri (green). Three-
dimensional models were generated using SWISS-MODEL with the crystal structure for InlPz,
(PDB: 5hl13) as a template, then visualized using ChimeraX. Multiple sequence alignments were
generated using MolEvolvR and illustrate the complete LRR6 and LRR7 insertion present in
InlP;,, (inserted motif is highlighted in yellow in the 3D model in a backdrop of a blue protein
structure model; also indicated with the arrow). The legend shows the colors of the amino acid
residues indicated in the multiple sequence alignment. The height of the MSA (for each of the 5
sequences) has been increased to show the colors more distinctly, and to highlight the missing
motif indicated by the arrow.
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Figure 3.2 Phylogeny and domain architectures of putative Internalin P homologs. A multiple
sequence alignment and phylogenetic tree were generated using the amino acid sequences of
putative InlP homologs identified using MolEvolvR and five Listeria InlP starting points (See
Methods). The phylogeny of InlP-like proteins (with branch lengths marked using dN/dS ratio with
the ggtree package) has been overlaid with their domain architectures (generated using
MolEvolvR, showing only Pfam domain architectures). The two legends show the colors of the
amino acids indicated in the multiple sequence alignment (corresponding to the MSA, right panel)
and the Pfam domain annotations (corresponding to the domain architecture, left panel). The arrow
lengths and the overall colored MSA segments correspond to the relative lengths of each of the
InlP-like proteins.
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Figure 3.3 Percent similarity and identity of Internalin P homologs in representative Listeria
species. Percent similarity and percent identity were calculated for the amino acid sequences for
representative Internalin P homologs from five Listeria species, L. monocytogenes, L. ivanovii, L.
seeligeri, L. costaricensis, and L. innocua. Matrix showing similarity and identity values was
generated using MatGAT2.01 with the BLOSUM 62 matrix and default options selected.
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Figure 3.4 Genomic context of newly identified Internalin P gene homologs. Genes
homologous to the L. monocytogenes inlP (A) were identified in various other Listeria species.
Gene order was maintained in L. monocytogenes, L. seeligeri, and L. ivanovii londoniensis.
Notably, L. seeligeri encodes three copies of the in/P gene. All homologs categorized as “true”
homologs were flanked upstream by an amino acid permease gene (blue) and downstream by an
NADPH dehydrogenase gene (orange). L. ivanovii ivanovii contains a pseudogene (purple) and an
uncharacterized gene encoding a hypothetical protein (red) in this region. Putative homologous
genes in L. costaricensis and L. innocua did not mirror genomic neighborhoods seen in the other
Listeria species. All inlP homologs are represented in green. Genomic context was determined
using RefSeq genomic records and the BioCyc genome browsers for each species (see Methods).
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Figure 3.5 Multiple sequence alignment of Internalin P homologs. Amino acid sequences for
identified Internalin P homologs in L. monocytogenes, L. ivanovii londoniensis, and L. seeligeri
were aligned using Kalign and visualized using Jalview. Below the alignment is the consensus
sequence for the four homologs. The red box indicates the insertion present only in the InlPz,
homolog. The L. monocytogenes homolog is used as the reference InlP protein (for residue
numbering).
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Figure 3.6 Phobius and Gene3D domain architectures of identified Internalin P homologs.
Cellular localizations (Phobius) and domain architectures (Gene3D) were determined and
visualized using MolEvolvR. Figure legends correspond to different domain and localization

predictions.
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Figure 3.7 Percent nucleotide identity of inlp genes in L. monocytogenes, L. ivanovii
londoniensis, and L. seeligeri. Heatmap representing pairwise percent identities of the nucleotide
sequences of Internalin P homologs in L. monocytogenes, L. ivanovii londoniensis, and L. seeligeri.
Darker and lighter shades of blue represent higher and lower percent identities, respectively.
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Figure 3.8 Nucleotide sequence alignment of inlP genes in L. monocytogenes, L. ivanovii
subsp. ivanovii, L. ivanovii subsp. londoniensis, and L. seeligeri. Nucleotide sequences for inlP
sequences in L. monocytogenes, L. ivanovii subsp. londoniensis, and L. seeligeri were aligned with
the pseudogene region corresponding to in/P in L. ivanovii subsp. ivanovii using Clustal Omega
and visualized using Jalview. The L. monocytogenes inlP gene is used as the reference for
nucleotide numbering.
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CHAPTER 4

IDENTIFICATION OF NATURALLY OCCURRING INTERNALIN P VARIANTS ACROSS
LISTERIA MONOCYTOGENES ISOLATES
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ABSTRACT

The bacterial pathogen Listeria monocytogenes (Lm), causative agent of listeriosis, is one
of few pathogens able to breach protective host barriers, leading to colonization of the placenta in
the pregnant host. Placental listeriosis can lead to various adverse pregnancy outcomes including
stillbirth, spontaneous abortion, and miscarriage. Several Lm virulence factors, including various
internalins, have been identified as essential for placental colonization. Another internalin, InlP,
was also previously found to be important for colonization of the placenta, likely by conferring the
ability of Lm to transcytose protective barriers within the organ. Still, many uncertainties remain
regarding InlP and its role in Lm pathogenesis. In this study, we use a bioinformatics approach to
analyze publicly available assembled Lm whole genome sequences (WGS) and identify naturally
occurring InlP variants in the Lm population. Furthermore, we have paired WGS data with
available metadata to delineate links between InlP mutations and Lm serovars. To date, we have
uncovered two naturally occurring InlP variants of interest in the Lm population. The first results
from a start codon point mutation in the in/P gene, which is exclusive to the Lm 1/2b serovar. This
variant is computationally predicted to produce a truncated and potentially nonfunctional InlP
protein product. Additionally, we have identified Lm isolates harboring proline to serine
substitutions in an InlP calcium binding loop, which has been hypothesized previously to play a
InlP signaling and/or stabilization with its host binding partner. This mutation may result in altered
Ca?" binding affinities in InlP. These computational results are currently being validated
experimentally by testing their effects on Lm transcytosis and inl/P expression compared to wild-
type Lm 10403S, following their substitution for native InlP in this strain. Together, these results

provide two avenues for further investigation of InlP regulation and function. Furthermore, our
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identification of naturally occurring InlP variants suggests the potential for InlP-dependent

variation in placental colonization potential across Lm isolates.
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INTRODUCTION

Listeria monocytogenes (Lm) is a Gram-positive saprophytic bacterium, and an
opportunistic pathogen [1]. Lm can result in listeriosis in vulnerable populations and is one of few
pathogens that can colonize the placenta, making Lm a particular threat to pregnant women [2,3].
Exposure to Lm typically happens through consumption of contaminated food items. Once in the
gut, Lm utilizes a large repertoire of virulence factors to traffic to and colonize other organ systems
[1]. Of distinct importance are the internalins, a large protein family found within all Listeria
species [4]. The internalins encompass over twenty proteins in Lm alone, most of which remain
uncharacterized [4]. Among the best understood internalins are Internalin A (InlA) and Internalin
B (InIB) which are critical for invasion of the gut epithelium and hepatocytes, respectively. This
is accomplished through respective binding of E-Cadherin and C-Met on host cells, which interact
with the leucine rich repeat (LRR) regions of the internalins [5-7].

Previous studies have demonstrated variability in pathogenic tropism between different Lm
serovars [8,9]. Altogether, there are 14 recognized Lm serovars, but approximately 95% of all
human cases are attributed to only three of these: 1/2a, 1/2b, and 4b [10]. Furthermore, while
serovar 1/2 strains predominate food-contaminating isolates, serovar 4b strains are responsible for
>50% of all human infections [10]. Cases of placental listeriosis are strongly associated with
serovar 4b strains, which are found more frequently in pregnancy-associated cases than in cases
not associated with pregnancy [10,11]. This variability in tropism has been the topic of previous
studies and has been speculated to be due in part to differences in expression of key virulence
genes in Lm isolates [12]. Furthermore, previous studies have identified naturally occurring

variants of InlA and InIB which have been shown to confer phenotypic differences [13—15].
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Another internalin, Internalin P (InlP), has been identified as a key Lm virulence factor for
promotion of placental colonization [16,17]. Prior characterization of InlP revealed several key
features of this protein: nine LRR domains (LRR1-9), one calcium binding loop in LRR3, a signal
peptide, and a C-terminal IgG-like domain which is characteristic of internalins [17]. While the
AinlP strain of Lm showed moderately reduced placental colonization of the liver and spleen, there
was a nearly 4-log decrease in placental colonization compared to wild-type, suggesting that in/P
confers placental tropism [16]. It is hypothesized that this is accomplished through InIP’s binding
of afadin, a eukaryotic protein shown to be a binding partner of InlP, which enhances transcytosis
through placental layers through an unknown mechanism [17]. Despite this knowledge, much
remains to be elucidated regarding InlP and its structure, function, regulation, and binding
partner(s).

We hypothesized that naturally occurring variants of InlP also exist in the Lm population
and that variants could inform on open questions surrounding InlP. In this study, we have identified
95 Lm inlP sequences from GenBank and PATRIC databases containing Lm whole genome
sequences (WGS). We extracted the inlP sequences from each of these WGS and translated them
to InlP amino acid sequences in silico and explored these sequences for variants of interest. Pairing
these sequences with corresponding serovar and isolate source data allowed for investigation of
association between variants and serovar/source. We identified two variants of interest, including
a truncated variant strongly associated with serovar 1/2b and a P128S substitution in the InlP Ca?*
binding loop, present in approximately half of our representative isolates. We introduced these
mutations of interest into the Lm 10403S and Xen32 background laboratory strains to allow for

investigation of their phenotypic consequences. To the authors’ knowledge, this is the first study
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identifying naturally occurring variants of InlP. Together, our data begin to shed light on InlP, and

our study provides new tools for studying InlP function.

MATERIALS AND METHODS

L. monocytogenes Sequence Search

To begin investigating the possibility of internalin P variants occurring within diverse
isolates of Lm, we queried GenBank and PATRIC databases for assembled whole genome
sequences of Lm [18,19]. We then downloaded accession numbers and all associated metadata for
each of these sequences. We filtered our sequences, only keeping those with an associated serovar

and source, which resulted in 94 total isolates of interest (Table 4.1).

Extraction of inlP Sequences and Subsequent Translation

To extract the inlP gene sequence from each assembled Lm whole genome sequence, we
utilized BLAST [20]. Each sequence of interest was aligned with the Lm 10403S in/P sequence
(GenBank Accession: CP002002.1, locus tag Imrg_01778) and the resulting nucleotide sequences
were saved in a multi-FASTA file. Nucleotide sequences were translated to amino acid sequences

by the Expasy Translate Tool using the standard genetic code [21].
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Multiple Sequence Alignment and Identification of Variants of Interest

All InlP amino acid sequences were aligned using Kalign with default settings [22]. This
alignment was visualized using Jalview, which allowed for visualization of individual nucleotide
conservation [23]. Regions of low conservation were compared to previous literature discussing
InlP to determine which of these regions could help inform on the function and activity of InlP,

thus worth continuing with further characterization.

Phylogenetic Trees

Phylogenetic neighbor joining trees for all identified InlP variant amino acid sequences
were constructed using the Simple Phylogeny tool from EMBL-EBI using default settings
following multiple sequence alignment (see Multiple Sequence Alignment and Identification of

Variants of Interest) [24]. Trees were visualized and annotated using Interactive Tree of Life [25].

Open Reading Frame Prediction and Protein Modeling

For InlP sequences with predicted truncated amino acid sequences compared to the
reference, we completed open reading frame prediction using ORFfinder with the standard genetic
code [26]. Protein modeling for InlP variants of interest was conducted using SWISS-MODEL
with the previously resolved InlP crystal structure (PDB: 5hl3) as a template [27,28]. Protein

models were visualized using ChimeraX [29].
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InlP Variant Construction

For phenotypic studies of the identified InlP variants of interest, we introduced two variants
(InlP.2, harboring a start codon point mutation in the in/P gene and InlP.3, harboring a proline to
serine residue substitution in the Ca?*-binding loop of InIP’s LRR3) into the background of the Lm
10403S lab strain [30]. Additionally, we constructed an in-frame deletion of in/P in this
background strain to use as a control. To accomplish this, we used the pKSV7x plasmid and
designed all constructs in silico using SnapGene [31]. First, pKSV7x was PCR linearized by
inverse PCR with Q5 polymerase (NEB) (Primers: Table 4.2). The linearized PCR product was
run on a 1% agarose gel and purified using the Qiagen Qiaquick Gel Extraction Kit according to
manufacturer protocols. To introduce the appropriate mutations in in/P for construction of variants,
we used 10403S genomic DNA as a template and PCR amplified in/P fragments with primers
designed to introduce the correct mutations (Table 4.2). Primers were designed to allow for
amplification of ~500bp flanking the in/P gene to allow for downstream allelic exchange in Lm
104038, as well as ~15bp of homology with pKSV7x to allow for construction by Gibson
Assembly. Final constructs were assembled by Gibson Assembly using the NEB Gibson Assembly
Cloning Kit, transformed into E. coli DH5a, and transformations were plated on LB + 50 pg/mL
carbenicillin for selection. Resulting transformants were screened for the presence of in/P by
colony PCR, and putative hits were grown in liquid culture and miniprepped using the Qiagen
QIAprep Spin Miniprep Kit. Resulting constructs were screened by restriction digest and

confirmed by Sanger sequencing (GeneWiz).
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inlP Allelic Exchange

Correct constructs confirmed by Sanger sequencing were transformed into E. coli SM10,
an F+ strain that allows for transconjugation. Resulting transformants were grown in liquid culture,
miniprepped using the QIAprep Spin Miniprep Kit, and screened via restriction digest. Confirmed
transformants were saved as glycerol stocks for downstream transconjugation experiments. For
transconjugation of each construct, the E. coli SM10 strain containing our construct and Lm
10403S or Lm Xen32 (a bioluminescent Lm strain generated in the 10403S background) were
grown to mid-log phase. Equal volumes of SM10 and Lm were combined then filtered onto a 0.22
uM syringe filter. This filter was incubated on non-selective BHI agar overnight at 30°C. The
following day, the filter was scraped with a sterile inoculation loop which was then used to streak
for isolation on BHI agar with 200 pg/mL streptomycin (Strep) to select against E. coli (Lm 10403S
is streptomycin resistant) and 7.5 pg/mL chloramphenicol (Cm) to select for Lm containing our
construct of interest. Plates were incubated at 30°C until single colonies appeared (~48-72H). One
transconjugant colony was chosen to re-streak in duplicate on selective BHI with 200 pg/mL Strep
and 7.5 pg/mL Cm; one plate was incubated at 30°C (permissive for pKSV7x) while the other was
incubated at 42°C (non-permissive for pKSV7x to select for integrants). One putative integrant
colony was chosen and restreaked on selective BHI with 200 pg/mL Strep and 7.5 pg/mL Cm and
incubated at 42°C until single colonies appeared (~48H). This was repeated one final time to purify
our integrant. To cure mutant strains of the pKSV7x plasmid, a single colony was used to inoculate
BHI broth with 200 pg/mL streptomycin for selection of Lm. Liquid cultures were passed by
dilution 1:1000 in fresh medium twice per day for five days. Beginning with passage four, we

plated on selective BHI agar with 200 pg/mL Strep. Single colonies were patched in duplicate on
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selective BHI agar with 200 png/mL Strep and a second selective BHI plate with 200 pg/mL Strep
and 7.5 ug/mL Cm to screen for the expected Strep®?/CmS® phenotype of pKSV7x-cured integrants.
Clones expressing the Strep®?/Cm® phenotype were grown in liquid culture and desired mutations

were confirmed by Sanger sequencing of the appropriate in/P region (primers: Table 4.2)

(GeneWiz).

Growth Curves

For growth curves of newly generated Lm mutants, each mutant strain was grown overnight
in BHI broth supplemented with 200 pg/mL Strep for selection. The following morning, cultures
were back-diluted in selective BHI broth (200 pg/mL Strep) to a starting ODsgo of 0.01. Cultures
were plated in triplicate in a 96-well plate and ODsgo measurements were recorded using the
PerkinElmer VICTOR Nivo microplate reader every hour for twelve hours. Absorbance values for

sterile medium were subtracted from each experimental absorbance value.

Bacterial Strains and Growth Conditions

Lm 10403S and Xen32 strains were grown directly from glycerol stocks in BHI medium,
shaking at 37°C unless otherwise indicated. E. coli DH5a and SM10 strains were grown directly
from glycerol stocks in BHI medium, shaking at 37°C unless otherwise indicated. Where selection
was appropriate for variant construction and allelic exchange, antibiotic name and concentration

are indicated in those respective methods sections.
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RESULTS

Identification and classification of Listeria monocytogenes sequences of interest

To begin investigating the possibility of heterogeneity in the in/P gene across Lm isolates,
we queried GenBank and PATRIC databases for assembled whole genome sequences (WGS) of
Lm [18,19]. To identify any associations between variants and serovar or isolate source, we filtered
the resulting assembled sequences, only keeping those with serovar and source metadata available.
This resulted in 95 total sequences of interest. To extract the in/P sequence, we first obtained the
inlP sequence from Lm 10403S (GenBank accession CP002002.1) and used BLAST to align this
sequence with each WGS previously identified [18,20]. Resulting inl/P nucleotide sequences were
saved in a multi-FASTA file. Unsurprisingly, the majority of our sequences fell within serovars
1/2a and 4b (Fig. 4.1A). Less common serovars (1/2b, 1/2c, 3c, 4a, and 4d) were also represented
in our study (Fig. 4.1A). Isolate source metadata entered by those submitting sequences can range
drastically in specificity. Therefore, to simplify our analysis, we assigned each sequence to one of
five source categories based on the available source metadata: clinical (human), veterinary, food,
environmental, or laboratory. Overall, most of our samples were human clinical or food isolates

(Fig. 4.1B).

Identification of variants and InlP phylogeny

To begin identifying variants of InlP, we first translated the in/P nucleotide sequences to
amino acid sequences using Expasy (see Methods) [21]. Amino acid sequences were aligned using
Kalign and the resulting alignment was used to produce a neighbor joining tree of InlP sequences

(Fig. 4.2) [22,24]. This neighbor joining tree illustrated three distinct clades, which seemed to
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group by serovar (Fig. 4.2A). Coloring sequences by lineage revealed that these three clades were
distinctly Lm evolutionary lineages I, II, and III (Fig. 4.2B). Visualization of the multiple sequence
alignment in Jalview allowed us to identify regions of low conservation to determine how InIP
sequences differ from one another [23]. Because one or more LRR domains are hypothesized to
serve as binding sites for InlP and its binding partner(s), we were interested to also find an area of

low conservation in LRRS5 (Fig. 4.3A).

The InlP Ca?' binding loop harbors a P128S substitution in approximately half of all isolates

Further investigation of InlP variants revealed the noteworthy discovery that approximately half
of the representative isolates in this study harbor a proline to serine substitution at amino acid 128,
corresponding to a Ca?* binding loop in LRR3 (Fig. 4.3B). This is of particular interest due to this
region’s predicted role in InlP activity and/or protein-protein stabilization between InlP and its
binding partner(s). To further investigate this substitution’s effect on InlP’s calcium-binding
ability, we generated a model of InIP?!%S using SWISS-MODEL and found that this residue
substitution results in altered bond angle measurements in the Ca?* binding loop (Fig. 4.4) [27].
To create the possibility of validating computational predictions with wet lab experiments,
we generated mutants of Lm 10403S and Xen32 expressing the InIPP!2S, In growth curve

experiments, both mutants grew similarly to their wild type counterparts (Fig. 4.9).

Identification of a truncated InlP variant

We noted that 14 of the isolates in our analysis contained a point mutation in the in/P start
codon, which is predicted to result in a frameshift and truncated protein product (Fig. 4.5, Fig.

4.10, Table 4.1). This truncation results in a complete loss of the InlP signal peptide region and a
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partial loss of the N-terminal region (Fig. 4.5). Interestingly, this mutation was strongly associated
with the 1/2b serovar; out of 14 isolates harboring this mutation, 13 were indicated to be serovar

1/2b (Table 4.1).

DISCUSSION

Placental infection by Lm can be devastating for both mother and infant, often resulting in
stillbirth, miscarriage, developmental delay, and/or deadly neonatal meningitis. Pregnant mothers
are approximately 10 times more likely to contract listeriosis than non-pregnant people, and
roughly 17% of all cases of listeriosis can be attributed to pregnancy [3]. While still considered
relatively rare, there are concerns of increasing prevalence of listeriosis due to the expansion of
processed food production and the Lm ability to survive on food production equipment. The largest
listeriosis outbreak in history occurred recently (2018) in South Africa and was the result of large-
scale food contamination [32]. Devastatingly, approximately half of all cases in this outbreak were
pregnancy-associated.

Until the identification of InlP, no virulence factors conferring specific placental tropism
had been described in Lm. The discovery of InlP has opened the door for studies of placental
listeriosis that will further elucidate the mechanisms by which Lm colonizes this organ that is
largely restrictive to pathogens. Furthermore, future studies of InlP could offer insight to the
mechanisms used by other bacterial pathogens that invade the placenta.

This study describes naturally occurring variants of InlP and their associations (or lack
thereof) with Lm serovar and source type. We have identified several variants of interest that have
the potential to inform on key aspects of InlP regulation and function. Phylogenetic analysis of the

94 InlP amino acid sequences used in our study suggest distinct groupings by both Lm serovar and
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lineage. Alignment of these sequences allowed us to assess conservation of each amino acid
residues and identify regions of low conservation. We were particularly interested in poorly
conserved regions in the LRR domains, as these have been hypothesized to be the site(s) of InlP
interaction with its host binding partner, afadin. One variant of interest identified in this study is
InIP?!285 which harbors a proline to serine substitution in the LRR3 Ca** binding loop of InlP.
Because proline is known to be a key structural residue, we modeled this substitution using WT
InIP as a template, and found that this substitution alters the bond angles within the Ca?* binding
loop. This is a key finding due to the Ca?" binding loop’s hypothesized role in InlP activation
and/or stabilization. We have introduced this mutation into the Lm 10403S and Xen32 background
strains to allow for further investigation of this mutation’s phenotypic effects.

Another variant of interest was a truncated InlP resulting from a point mutation in the in/P
start codon and predicted frameshift. This truncation results in complete loss of the InlP signal
peptide and partial loss of its N-terminal domain. Interestingly, this variant was strongly associated
with the 1/2b serovar, suggesting one likely explanation for the previously observed differences in
Lm pathogenic tropisms. Because the mechanism by which InlP is secreted from Lm remains to be
identified, it is difficult to predict the phenotypic effect of this truncation. This mutation has been
introduced into the Lm 10403S and Xen32 background strains to allow for further study. We
believe it is noteworthy that the pKSV7x construct containing this mutation resulted in apparent
partial lysis of E. coli DH5a when grown at 37°C during the cloning process (Fig. 4.11). This
effect was avoided when growing the transformants at 30°C and was not observed when growing
pKSV7x harboring WT inlP in E. coli DH5a. Together, this suggests that introduction of this point

mutation results in a change to InlP that is toxic to E. coli.
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In addition to the InlP variants reported in this study, we recently reported the discovery of
InlP homologs encoded by other Listeria species apart from Lm. L. seeligeri, L. ivanovii
londoniensis, L. innocua, and L. costaricensis are not known to colonize the placenta but encode
InlP homologs [33]. Interestingly, these homologs lack the full-length LRR6 and LRR7 domains
[33]. Because the site of interaction between InlP and its binding partner, afadin, has not yet been
identified, it will be interesting to assess the afadin-binding ability of these homologs. Lack of
binding would suggest a potential role for LRR6 and/or LRR7 in the InlP-afadin interaction.

In summary, we have identified and described naturally occurring InlP variants in Lm. We
have analyzed these variants computationally for their effects on InlP structure, allowing us to
speculate on their potential phenotypic effects. We have introduced two of these variants of interest
into the Lm 10403S and Xen32 laboratory strains to allow for future their future experimental
analysis. This study offers new information regarding a key Lm virulence factor and has generated
new tools for its study in the laboratory. Future studies should address how InlP variants contribute

to differences in Lm pathogenic and tissue tropism, and how InlP mutations affect phenotype.
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FIGURES AND TABLES

Figure 4.1 Breakdown of study isolates by serovar and source. In this study, we extracted and
translated the InlP sequence from 94 publicly available Lm sequences with serovar and source
metadata available. The following display the breakdown of these isolates by serovar (A) and
source (B).

A.

m4b
u1/2b
m1/2a
m1/2c
m3c
m4a
m4d

m Clinical

MW Veterinary

m Food

M Environmental

m Laboratory
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Figure 4.2 Neighbor-joining trees of InlP sequences. InlP amino acid sequences were used to
generate a neighbor joining tree using Simple Phylogeny. The same tree is presented twice below,
annotated based on Lm serovar (A) and Lm lineage (B). Annotations were completed using

Interactive Tree of Life. Labels are GenBank accession numbers for the corresponding nucleotide
sequence.
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Figure 4.2 (Cont’d)
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Figure 4.3 Logo diagrams and models of variants of interest. Three variants of interest are
represented below as logo diagrams and corresponding protein models. One region of interest in
LRRS5 harbored three poorly conserved residues (A). Approximately half of the isolates in our
study harbored a proline to serine substitution at residue 128, corresponding to the InlP Ca**
binding loop (B). Logo diagrams were generated using WebLogo. The x-axis displays each residue
number, and the y-axis represents each residue’s relative occurrence in our samples. Protein model
images were generated using ChimeraX to visualize the InlP crystal structure (PDB: 5hl3), and
regions of low conservation are highlighted in rainbow coloring.

A.
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Figure 4.4 InlP?'285; A substitution in the InlP Ca?*-binding loop. After identifying the P128S
substitution in InlP, we generated a model of this variant using SWISS-MODEL [27]. The Ca?*
binding loop regions of the wild-type InlP (A) protein and InlP?!?%S (B) were visualized using
ChimeraX and measurements were taken of distances between residue 128 and each other residue
in the Ca**-binding loop [29]. Distances are expressed in angstroms.

A.
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Figure 4.5 A truncated InlP variant. In our analysis, we identified several isolates harboring an
InlP variant with a predicted 50 amino acid truncation on the C-terminus. A model of this variant
was generated with SWISS-MODEL and visualized using ChimeraX (A). The wild-type InlP
protein model is also presented with the truncated region highlighted in rainbow (B).
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Figure 4.6 Construct maps for generation of InlP variant mutant strains. The pKSV7x
plasmid was used to generate in-frame substitutions for each InlP variant of interest, as well as an
in-frame deletion of the in/P gene. Maps for the pKSV7x vector (A), the pKSV7x-InlP.3 construct
(B), the pKSV7x-InlP.2 construct (C), and the pKSV7x-InlP-Knockout construct (D) were
generated with SnapGene.

A. 5' LINKER
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Figure 4.6 (Cont’d)
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Figure 4.6 (Cont’d)
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Figure 4.6 (Cont’d)
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Figure 4.7 Sanger sequencing confirmation of mutations of interest. Upon completion of
transconjugation of our mutant constructs into Lm 10403S and Lm Xen32, purified genomic DNA
was sent to GeneWiz for Sanger sequencing confirmation that our in/P mutations of interest were
introduced. Partial sequences of the mutated regions for in/P.2 (A) and in/P.3 (B) in both 10403S
and Xen32 were aligned with the wild type in/P gene sequence from Lm 10403S to verify
appropriate mutations, outlined in red below.

A.
WT_inlp CATTGAGAAAAGTTTTAATETTTTTAAGCACAGCTTTATTATTAGCCATTCTGTCACTAT 60
10403S_inlp.2 ——CATTGAGANNGNTTAACETTTTTAAGCACAGCTTTATTATTAGCCATTCTGTCACTAT 58
Xen32_inlp.?2 —CATTGAGAANNGNTTAACETTTTTAAGCACAGCTTTATTATTAGCCATTCTGTCACTAT 59
* skokokdRkokokkskokkskokkskokokkokokskkokkokokokskkokskokokskokkkskokkkkkk
B.
10403S_inlp.3 ATTTTTTGCTGATTICACCTGGAAGATTAACTAGAAACTTGTCCCTTCCAAACTACCAAAA 60
xen32_inlp.3 ATTTTTTGCTGATTICACCTGGAAGATTAACTAGAAACTTGTCCCTTCCAAACTACCAAAA 60
WT_inlp ATTTTTTGCTGATCICACCTGGAAGATTAACTAGAAACTTGTCCCTTCCAAACTACCAAAA 60

skekokskskokskokokskokok g _prokskokskskokokskokkskokkkokkkkokkkokskokokskokkkkokkkokkkkokkokk sk kk >k
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Figure 4.8 Confirmation of successful in/P knockout in Lm 10403S and Xen32. To confirm
that the in/P gene was successfully deleted from our Lm 10403S (A) and Xen32 (B) background
strains, we amplified the entire in/P region in both wild type and putative knockout strains.

Full-Length inlP AinlP Full-Length inlP AinlP
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Figure 4.9 Growth curves for mutants generated in this study. Growth curves were carried out
for all mutants generated in this study as well as their wild-type counterparts for both 10403S (A)
and Xen32 (B) background strains to ensure that the introduced mutations did not confer a growth
defect. Error bars are standard deviation (n = 3).
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Figure 4.10 Open reading frame prediction for truncated InlP variants. To further investigate
the effect of the start codon point mutation harbored by 14 of our isolates, we submitted a
representative in/P gene sequence from one of these isolates (Accession: CP019622) (A) to the
NCBI open reading frame finder tool and compared the putative ORFs with those from the in/P
gene region in Lm 10403S (B).
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Figure 4.11 Lysis of E. coli DH5a transformed with pKSV7x-InlP.2. During transconjugation
experiments, we noted that while E. coli DH5a readily grew at 37°C with pKSV7x-InlP.3 as well
as pKSV7x-InlP-Knockout, there appeared to be partial lysis of this strain when transformed with
pKSV7x-InlP.2. This was observed when the strain was grown at 37°C, but was rescued by
growing the strain at 30°C.
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Table 4.1 Sequences used in this study
Note: Isolates harboring a truncated InlP variant are listed in red and bold text.

Strain Serovar GenBank Accession Source
LIS0087 4b CP044429 Environmental
81-0558 4b CP007525 Clinical
81-0592 4b CP007526 Clinical
10-0809 4b CP007167 Clinical
10-0810 1/2b CP007168 Clinical
1/2b 1/2b CP007169 Food
1/2a 1/2a CP007170 Food
10-0813 1/2a CP007171 Clinical
10-4754 1/2a CP007197 Clinical
1/2a 1/2a CP007198 Food
10-0933 1/2a CP007199 Clinical
1/2a 1/2a CP007200 Food
02-1103 4b CP007459 Clinical
02-1289 4b CP007460 Clinical
02-1792 4b CP007461 Food
02-6679 4b CP008821 Clinical
02-6680 4b CP007462 Food
95-0093 1/2a CP007019 Clinical
98-2035 1/2a CP007020 Clinical
99-6370 1/2a CP007021 Clinical
02-5993 1/2a CP007007 Clinical
04-5457 1/2a CP007008 Clinical
1/2a 1/2a CP007009 Food
08-7374 1/2a CP007010 Food
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Table 4.1 (Cont’d)
08-7669

10-0814

10-1046

10-1321

1/2¢

1/2¢

3c

WSLC 1020

Lm 3163

Lm 3136

Lm N1546
FSL-N1-304
FSL-N1-334
VIMVRO081
VIMHAO007
10-092876-0168
10-092876-1063 LM3
10-092876-0055 LM4
10-092876-0731 LM5
10-092876-1155 LM6
10-092876-1547 LM7
10-092876-1235 LMS8
10-092876-0145 LM9
10-092876-1763 LM10

1/2a
1/2a
1/2a
1/2a
1/2¢
1/2¢
3c

4a

1/2a
1/2a
1/2a
1/2a
1/2a
4b

4b

1/2b
4b

1/2a
1/2a
4b

4b

1/2a
1/2b
1/2a

10-092876-1016 LM11 1/2b

CP007011
CP008836
CP007017
CP007018
CP007194
CP007195
CP007196
CP013287
CP013722
CP013723
CP013724
CP090052
CP090054
CP018148
CP018149
CP019615
CP019616
CP019617
CP019618
CP019619
CP019620
CP019621
CP019622
CP019623
CP019624
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Clinical

Food

Clinical
Clinical

Food
Environmental
Environmental
Veterinary
Clinical
Clinical
Clinical
Environmental
Environmental
Veterinary
Clinical

Food

Food
Environmental
Environmental
Environmental
Environmental
Food

Food

Food

Food



Table 4.1 (Cont’d)
10-092876-0769 LM12
H34

MODI1 LS152
PNUSALO000144
FORC_049
AT3E
2018TES5305-1-4
52869

52859

52854

R2-502

C1-387

J2-064

J2-1091
N1-011A

J1817

J1926
PNUSAL000009
BfR-LI-00752
clinical isolate
clinical isolate
clinical isolate
clinical isolate
Lm60

L2074

4b

1/2b
1/2a
1/2a
1/2b
1/2¢
1/2a
1/2a
1/2b
4b

1/2b
1/2a
1/2b
1/2a
1/2b
4b

4b

1/2a
1/2b
4b

4b

1/2a
1/2a
1/2a
1/2a

CP019625
CP020774
CP020830
CP020831
CP016629
CP023752
CP029372
CP032669
CP032671
CP032672
CP006594
CP006591
CP006592
CP006596
CP006597
CP006599
CP006600
CP054042
CP054846
CP063382
CP063383
CP063381
CP064843
CP009258
CP007689
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Environmental
Clinical
Clinical
Clinical

Food

Food

Clinical
Veterinary
Veterinary
Veterinary
Food

Food
Veterinary
Veterinary
Environmental
Environmental
Food

Clinical

Food

Clinical
Clinical
Clinical
Clinical
Clinical

Clinical



Table 4.1 (Cont’d)

L1846
L2625
L2624
L2676
L2626
EGD-e
EGD-e

FSL J1-175
WSLC 1033
08-6569
08-6997
10-0815
J1-220
HPB913
10-1047
88-0478
81-0861
J1816
FDAARGOS 57
104038

1/2b
1/2a
1/2b
1/2a
1/2a
1/2a
1/2a
1/2b
4d

1/2a
1/2a
1/2a
4b

1/2a
1/2a
1/2a
4b

4b

12a
1/2a

CP007688
CP007687
CP007686
CP007685
CP007684
AL591824
CP023861
CP062129
CP013288
CP006858
CP006859
CP006860
CP006046
CP018685
CP006861
CP006862
CP006874
CP006047
CP030101
CP002002

Clinical
Clinical
Clinical
Clinical
Clinical
Laboratory
Veterinary
Environmental
Veterinary
Food

Clinical

Food

Clinical

Food

Clinical
Clinical

Food

Food
Environmental

Laboratory
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Table 4.2 Primers used in this study

Primer Set
Name

pKSV7x_Lin

InlP.2_Upst

InlP.2_ Dnst

InlP.3_Upst

InlP.3 Dnst

InlP_KO_Upst

InlP_KO_Dnst

InlP.2_Seq

InlP.3_Seq

Purpose

Linearization
of pKSV7x

Upstream
Fragment for
inlP.2
construction
(mutation in
red; Gibson
Assembly
overhangs
underlined)

Downstream
Fragment for
inlP.2

construction

Upstream
Fragment for
inlP.3
construction

Downstream
Fragment for
inlP.3
construction
(mutation in
red; Gibson
Assembly
overhangs
underlined)

Upstream
Fragment for
in-frame inlP
Deletion
(Gibson
Assembly
overhangs
underlined)

Downstream
Fragment for
in-frame inlP
Deletion
(Gibson
Assembly
overhangs
underlined)

Sequencing
of inlP.2
Mutant

Sequencing
of inlP.3
Mutant

Primer Sequence

F: 5’-GCTGCAGGAGGCAGTGGAG-3’
R: 5’>-GGATCCAGCGCCGCT-3’

F: 5°-GGGTCCAGCGGCGCTGGATCCTGCGACTGGTAATTTAGAAGC-3’
R: 5’-TGTGCTTAAAAACGTTAAAACTTTTCTCAA-3’

F: 5’- ATTGAGAAAAGTTTTAACGTTTTTAAGCACA-3’

R:5’-
GCTCGCTCCACTGCCTCCTGCAGCAATCGATATAAAATTTTAAGTGATATTATTAAAGCA-
3

F: 5°-GGGTCCAGCGGCGCTGGATCCTGCGACTGGTAATTTAGAAGC-3’
R: 5’-ATCTTCCAGGTGAATCAGCAAA-3’

F: 5>-TTTTGCTGATTCACCTGGAAGAT-3’

R:5’-
GCTCGCTCCACTGCCTCCTGCAGCAATCGATATAAAATTTTAAGTGATATTATTAAAGCA-
3

F: 5’-GGTCCAGCGGCGCTGGATCCCTGCGACTGGTAATTTAGAAGC-3’
R: 5’-GAAATTAATTAATAGTTACAGCTTAAAAACATTAAAACTTTTC-3’

F: 5’- AAGTTTTAATGTTTTTAAGCTGTAACTATTAATTAATTTCTACTAAAAAAGCTGGA-3’
R:5’-
GCTCCACTGCCTCCTGCAGCCGATATAAAATTTTAAGTGATATTATTAAAGCAGTGAAG-
3

F: 5’-GTTTTTTCGTGTTATTCTTTAGACC-3’
R: 5’-CAGAAGCAGCTTTTGCCTTC-3’

F: 5’-GGAATTTGGGGCTAAACTAACG-3’
R: 5’-CCAGTGAAATCAGGAATAGAACC-3’
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Adverse pregnancy outcomes resulting from placental infection remain a major public
health issue. Specifically, preterm birth is of concern due to its contribution to developmental
delays and abnormalities. In the United States, the preterm birth rate in 2019 was 10.2% [1]. It is
estimated that preterm birth and low birth weight contributed to approximately 17% of infant
deaths in the same year [1]. Placental infection is one of many factors that can induce preterm
birth, and several bacterial, viral, and parasitic pathogens are able to colonize this important organ
[2,3]. While Listeria monocytogenes (Lm) has long been recognized as a placental pathogen able
to induce preterm labor and other adverse pregnancy outcomes, the mechanisms driving these
outcomes remain unclear.

This dissertation addresses knowledge gaps in the field of placental listeriosis and
listeriosis-induced preterm labor. In chapter 2, I outlined our analysis on the placental
transcriptome and eicosanome following infection with Lm in a pregnant mouse model. Through
this study, we concluded that placental gene expression is altered due to infection and identified
gene expression signatures associated with placental listeriosis. Most interestingly, we identified
an enrichment in genes associated with the eicosanoid pathway. Due to this pathway’s known
critical functions in inflammation and temporal regulation of labor, we measured the
concentrations of various eicosanoids in infected and uninfected placentas. Infected placentas
showed significant increases in concentrations of leukotriene B4 (LTB4), lipoxin As (LXA4),
prostaglandin Az (PGA>), prostaglandin D> (PGDz), and eicosatrienoic acid. Previous studies have
established associations between placental pathology and increased LTB4, LXA4, and PGD2 [4-6].
To our knowledge, this is the first study identifying an association between increased PGA: levels
and placental infection or preterm labor. This was an intriguing finding, as PGA:> is a known

degradation product of the less-stable eicosanoid prostaglandin E> (PGE2). PGE: is a known
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temporal mediator of labor and has been used clinically under the name Dinoprostone to induce
labor at term. Increased concentrations of PGA; suggest increased production of PGE; upstream,
which could contribute to the preterm labor phenotype observed in our pregnant mouse model.

Further experimentation could provide more mechanistic detail for the dysregulation of
eicosanoids in placental listeriosis. Prior to the COVID-19 pandemic, we established experimental
goals to begin delineating these details. Completing these goals proved to be challenging due to
the stay-at-home order, and it was further complicated by supply chain disruptions and cell line
contamination issues upon return to the lab. Given the opportunity, I would have liked to have
completed the additional experimental objectives: 1) flow cytometry analysis of immune cell
populations within infected and uninfected placentas and 2) analysis of cytosolic phospholipase
Az (cPLAY) levels and activity in infected and uninfected placentas.

Completing flow cytometry analysis of cell populations in infected and control placentas
would allow for more comprehensive characterization of placental inflammation following
infection. Increased eicosanoid concentrations within infected placentas suggests an inflammatory
state of the organ, but the cell types responsible for this eicosanoid production remain unknown.
Nearly all cells in the body, including immune cells, produce eicosanoids [7]. It is possible that
the immune response to Lm within the placenta results in secretion of eicosanoids by immune cells,
particularly macrophages, neutrophils, and natural killer cells, thus driving a pro-inflammatory
state. It is also possible that resident placenta cells, like trophoblasts, contribute to eicosanoid
production in response to Lm invasion.

Another possible explanation for the increase in placental eicosanoid levels is an overall
increase in expression and/or activity of cPLA> within the organ following infection. This enzyme

is responsible for the initial liberation of free arachidonic acid from phospholipid bilayers, and
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thus, is key in driving the eicosanoid pathway [8]. A previous study by Noor et al. found that Lm
infection of peritoneal macrophages induces arachidonic acid release [9]. This effect is due to
induction of cPLA», and can be blocked using the specific cPLA> inhibitor, pyrrolidine [9]. This
effect was partially dependent upon the Lm virulence factor listeriolysin O [9]. Therefore, we
hypothesize that specific interactions between Lm and host cells could drive increased expression
or activity of cPLA> within the placenta. Our RNAseq analysis (chapter 2) did not indicate a
significant over- or underexpression of genes associated with cPLA; subtypes, but it is known that
cPLA; activity is heavily mediated by phosphorylation and calcium binding [8]. Prior to the
COVID-19 pandemic, we began optimizing a western blot protocol to assess cPLA> and phospho-
cPLA; levels in mouse placentas. Our preliminary data for this was largely inconclusive and
suggested that further optimization of our protocol will be required. Further investigation is needed
to determine if Lm drives cPLA; activity in the placenta as it does in peritoneal macrophages.

The COVID-19 pandemic offered unique challenges for wet lab experiments. The inability
to work in-person hindered my ability to carry out the aims set forth in my prelim proposal. Due
to this, we shifted focus away from the proposed experiments and toward bioinformatics-based
approaches to characterize an important Lm virulence factor for placental colonization, Internalin
P (InIP). Prior to our studies, only two published studies of InlP existed. In 2016, Faralla et al.
described a newly identified Lm virulence factor conferring placental tropism [10]. In 2018, they
followed with structural and functional characterization of InlP [11]. Still, many questions
remained regarding the regulation, function, and evolutionary conservation of InlP.

In chapter 3, I outline our study in which we identified InlP homologs in other Listeria
species apart from Lm. The study described in this chapter uses the novel web-app, MolEvolvR,

developed by the Ravi lab for studies of molecular evolution and phylogeny [12]. We used this
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novel approach to identify InlP homologs across the domains of life. Of particular interest were
InlP homologs and InlP-like homologs in other Listeria species: L. ivanovii londoniensis, L.
seeligeri, L. innocua, and L. costaricensis. We noted that L. seeligeri encoded three copies of InIP
homologs subsequently in its genome, and to our knowledge, is the only Listeria species to do so.
The newly identified InlP homologs lack the full-length leucine rich repeat 6 (LRR6) and 7 (LRR7)
domains present in Lm InlP. LRRs are known sites of protein-protein interactions, and the site of
interaction between InlP and its host binding partner(s) is hypothesized to lie within its nine LRR
regions [13,14]. The specific binding site for InlP and its only identified binding partner, afadin,
remains to be identified.

This study of InlP homologs serves as a springboard for future studies of InlP function and
evolution. More broadly, similar future studies may begin answering long-asked questions
regarding the evolution of the internalin family of proteins. While previous studies identified
afadin, a eukaryotic cell-cell junction protein that promotes cellular adhesion, they did not identify
the site of InlP-afadin interaction [11]. We have begun generating mutants of our Lm laboratory
strains with in-frame substitutions of identified InlP homologs from L. ivanovii londoniensis and
L. seeligeri in place of the endogenous InlP. Future experiments will determine if A) these mutants
are able to colonize the placenta as well as wild-type Lm and B) these homologs are able to bind
afadin and/or other eukaryotic binding partners.

Our study establishes MolEvolvR as a useful tool for identifying internalin homologs
within Listeria and across the domains of life. While we focused on InlP homologs in other Listeria
species, our MolEvolvR search returned homologs across the domains of life. Of particular interest
were numerous homologous hits in cyanobacteria. Future studies will analyze the conserved

domains between InlP and identified homologs. Additionally, this analysis will be expanded to
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include other internalins from Listeria to answer questions about their evolution — did the
internalins originate elsewhere? What are the major structural differences between the internalins?
Have duplication events contributed to the expansion of the internalin family within Listeria?

While there are certainly compelling questions remaining to be answered regarding the
internalin family, there are additional questions surrounding their core LRR domains. LRRs are
conserved across the domains of life, and are found in numerous organisms including humans,
Drosophila, Saccharomyces, Yersinia, and of course, Listeria [13,14]. The LRR motif is
characterized by variable 20-30 amino acid stretches that are rich in leucine [15]. LRRs are known
to aid in forming protein-protein interactions [13,14]. There have been few published studies
focusing on the evolution of the LRR motif, and information regarding its evolutionary lineage is
lacking.

In chapter 4, I continued discussion of InlP; specifically, I focused on naturally occurring
InlP variants across Lm isolates. This study used computational approaches followed by
experimental validation. By analyzing 95 publicly available whole genome sequences (WGS) of
Lm, we were able to identify two InlP variants of interest. The first, denoted as InlP.2, results a
point mutation in the in/P start codon. The computationally predicted InlP.2 protein product is
truncated due to a frameshift, resulting in loss of the InlP signal peptide. Interestingly, analysis of
available metadata indicated a significant association of this variant with the Lm serovar 1/2b. The
second variant of interest, denoted InlP.3, was present in approximately half of the isolates we
analyzed and is defined by a proline to serine substitution within the InlP calcium binding loop.

Our discovery of these two variants leads to questions regarding their effect on virulence.
Previous studies have identified variants of the better characterized internalins, InlA and InlB, and

have established that these variants can contribute to Lm virulence [16—18]. Future experiments

132



will address the function and structure of InlP.2 and InIP.3. Because the InlP.2 variant is predicted
to be truncated and lacking the InlP signal peptide, we predict that it will exhibit a defect in
secretion to the extracellular space. The secretion pathway utilized by InlP remains unidentified,
and its identification would allow for more specific mechanistic predictions of InlP.2 defects. To
begin addressing this question, we attempted mass spectrometry analysis of the Lm secretome in
hopes of quantifying InlIP concentrations under various growth conditions. While we were able to
detect other secreted internalins in our preparations, we did not detect InlP (data not shown). It is
possible that InlP is produced below the limit of detection or that this protein is not produced in
vitro at all.

The InlP.3 variant is of interest due to its association with the InIP calcium binding loop.
This motif has been predicted to play a role in InlP protein-protein interactions and/or activation
[11]. Proline offers structural rigidity to proteins, which impacts interactions with ligands (like
Ca®") and other proteins [19]. Additionally, changes in hydrophobicity and charge must be
considered when making predictions about the effects of this substitution. While many of these
considerations are beyond the scope of our laboratory, future collaborations with structural
biochemists will provide insights to the functional consequences of this substitution. Additionally,
future studies should include isothermal titration calorimetry on the purified wild-type InlP and
InlP.2 protein products to assess calcium binding ability.

Faralla ef al. hypothesized that InlP contributes to placental colonization by enhancing Lm
ability to transcytose through the layers of the placenta [11]. They utilized in vitro transcytosis
assays to assess the transcytosis ability of wild-type Lm and a AinlP mutant of Lm in epithelial

monolayers. We have begun optimizing this assay in the Hardy laboratory to allow for future
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assessment of the mutants we have generated. Continued optimization is required to determine the
appropriate multiplicity of infection and infection duration for this assay.

One final, but major, question regarding InlP surrounds its regulation. The master virulence
regulator in Lm, PrfA, controls transcription of several virulence factors, including partial
regulation of InlA, InIB, and InlC [20-22]. The promoter for InlP remains unidentified, adding to
difficulty in characterizing its regulation. Computational promoter prediction suggests that InlP
does not lie within an operon, and the top predicted promoters are not predicted to be PrfA-
dependent (data not shown). Future experiments should focus on addressing InlP regulation and
assess its expression in the Aprf4 and prf4* strains of Lm. Additionally, electrophoresis mobility
shift assays could address PrfA binding at the in/P promoter more directly.

This dissertation has addressed several knowledge gaps in the field of placental infection
by Lm. To our knowledge, our study outlined in chapter 2 is the first study associating increased
placental eicosanoid concentrations with Lm infection. Additionally, it is the first study assessing
the gene expression signatures of infected placentas in a mouse model. Our large RNAseq data set
offers a starting point for other investigators in the field to continue addressing placental responses
to listeriosis. Our studies of InlP are impactful due to the lack of available information regarding
InlP. Prior to our study identifying InIP homologs, only two other published studies of InIP existed.
We hope to add to this pool of knowledge once again following further characterization of InlP.2
and InlP.3. Finally, we have generated and validated tools for the study of InlP and other internalins

(mutant strains; MolEvolvR) which will be pivotal in their continued investigation.
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