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MEecHANISMS OF PATHOGENICITY AND THE HosT RESPONSE

ABSTRACT

Enterohemorrhagic Ercherichia coli (EHEC) 1s a human foodborne pathogen that infects the
colon, leading to hemorrhagic colitis and the potentially fatal hemolytic uremic syndrome. This
dissertation aims to address the host-pathogen relationship between EHEC and the colonic mucosa
in vive. We used functional genomics to examine both requirements for EHEC pathogemaity and the
enteric transcriptional response to infection in infant rabbits, a physiologically relevant anmimal model
that closely recapitulates human EHEC mntestinal disease.

We used transposon-insertion sequencing screens to define EHEC genes required for both
growth #n vifre and colonic colonization. A transposon mutant hibrary of over 100,000 umque EHEC
mutants was analyzed to identify mutants whose frequency was reduced in different conditions.
Underrepresented mutants provided knowledge of the pathogen’s essential gene set; moreover,
passage of the transposon hibrary through the infant rabbit colon yelded insight into the EHEC loa
required for optimal intestinal colonization (Chapter 2). We identified many new colonization-
promoting genes, including the widely conserved inner membrane protein CvpA (Chapter 2).
Functional charactenization of CvpA revealed that it 1s a member of the EHEC bile resistance
repertoire and 1s linked genetically to the o~ extracytoplasmic stress response (Chapter 3).

We also assessed how EHEC's potent toxin, Shiga toxin (5tx), modifies the histopathologic and
transcriptional response to infection in the colon We found that Stx is required for severe,
hemorrhage and extensive apoptosis in the colon. Cellular-compartment-specific transcriptomics

revealed that Stx dramatically remodels the host transcnptome dunng infection, particularly in



epithelial cells. Genes related to coagulation and immmne signaling pathways were differentially
expressed in the presence of 5tx, revealing the importance of this wirulence factor in shaping the
host response to infection (Chapter 4.)

Collectively, these findings deepen understanding of the biology at the EHEC-intestinal
mnterface. As no treatment exists for EHEC infection aside from rehydration therapy, these data will

be useful to inform future work on development of new therapeutics.
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INTRODUCTION



DIARRHEAL DISEASES ARE A SIGNIFICANT GLOBAL PUBLIC HEALTH BURDEN

Globally, diarrheal disease is among the leading causes of human mortality. In 2019, 1.5 million deaths were
attributable to diarrheal illness! (Figure 1.1A). Diarrheal disease is especially dangerous early in life,
accounting for 10% of all deaths in children under the age of five (Figure 1.1B)!2 Even in non-fatal cases in
children, bouts of diarrhea greatly diminish quality of life, exacerbating malnutrition, impairing immunity, and
leading to delays in cognitive development®. Diarrheal diseases are mainly caused by gastrointestinal (GI)
infections with viral and bacterial pathogens, which are typically acquired by ingestion of contaminated food

of water.

Diarrheal disease
mm Other infection
NCD

All Ages Under &
Total=56M Total=5M

Figure 1.1: The global burden of diarrheal disease.

A) Of 56 million (M) deaths across all age groups in 2019, 3% were attributed to
diarrheal diseases (green), 11% to other infections (dark blue), and 86% to non-
communicable diseases (NCD, light blue). B) Of the 5 million deaths in children
under the age of five years old in 2019, 10% of deaths were attributable to diarrheal

disease, 33% other infections, and 57% NCDs. Data from Global Burden of Disease
Study 2019 Results.

The World Health Organization (WHO) considers diarrhea to be ‘preventable and treatable’
Implementation of preventative WASH” (water safety, sanitation, and hygiene) techniques and oral
rehydration therapy (ORT) have contributed to the decline in worldwide mortality from diarrheal diseases for
children and adults under the age of 70 over the last four decades*. Despite progress, this preventable disease

remains a major killer of young children, and for adults who are 70 and older the proportion of deaths



attributable to diarrheal diseases is actually on the rises. The WHO seeks to eliminate childhood deaths from
diarrhea through a combination of preventative and treatment strategies including WASH, ORT, vitamin A
supplementation, and development of affordable and efficacious therapentics including vacciness.
Introduction of a vaccine against the diarrheal pathogen rotavirus, for example, reduced mortality in children
around the world™®. There are no licensed vaccines for other diarrheal pathogens aside from Tibrio choleras®

The subject of this dissertation is the diarrheal pathogen enterohemorrhagic Escherichia coli (EHEC).
EHEC has gained widespread attention as a public health risk since its emergence 40 years ago as the
causative agent of a severe form of diarrheal illness. Consumption of food contaminated with EHEC,
typically ground beef or leafy greens, often leads to a self-limiting hemorrhagic colitis, but can progress to
severe complications causing renal or nervous system damage in 5-10% of patients. Hemolytic uremic
syndrome (HUS) is a potentially lethal complication of EHEC infection, characterized by anemia,
thrombocytopenia, and acute kidney injury. HUS is one of the leading causes of acute kidney injury in
children!®. Young and aged populations are at higher risk of adverse outcomes; children are particulary
susceptible to severe complications!!, and individuals over the age of 60 are the most likely to die from
EHEC infection!!. Supportive rehydration therapy is the primary treatment for EHEC infection. Antibiotics
are associated with a higher frequency of complications and therefore contraindicated'>'3, and there is
currently no vaccine or therapentic available!*. Tightening of food safety regulations after EHEC outbreaks in
the 1990s limited the spread of foodborne disease in the following decades, but 30 years later this pathogen
remains a threat to public health's. Global analyses estimate EHEC causes up to 2.8 million cases annually,
with the highest incidence in the WHO-defined Regions of the Americas, Bastern Mediterranean Region, and
South-East Asia Region®.

A deep understanding of the pathogen-host interaction can greatly accelerate rational design of beneficial
therapeutic interventions for EHEC. Historically, this type of analysis has been difficult, as in vive studies of
EHEC have been hampered due to lack of a suitable animal model. Mice, the typical laboratory model system
of choice, do not exhibit diarrhea or colonic pathology after oral inoculation with EHEC!":t8. In contrast,

mfant rabbits have proven to be a physiclogically relevant model of EHEC infection; infected animals



develop diarthea and intestinal pathology that closely resembles that observed in human EHEC disease!®23.
With this model in hand, and with the advent of high-throughput sequencing and high-resclution
comprehensive functional genomic approaches, we were poised to amass a wealth of knowledge about the
host-pathogen interactions that occur dunng EHEC infection. We first conducted an in wivo bacterial
transposon-insertion mutagenesis screen and identified the set of genes required for EHEC to grow in vitro
and colonize the colon?. These colonization promoting-genes included those studied previously, such as
components of the Type 3 secretion system, and many new ones (Chapter 2). We further investigated the
function of one of these genes, a4, and discovered that it 15 part of the EHEC bile resistance repertoire and
encodes a widely conserved inner membrane protein linked to the oF-extracytoplasmic stress response™
(Chapter 3). We also used cellular compartment-specific transcriptomics to charactenize the host response to
EHEC and its potent exotozin, Shiga toxin (5t=), and discovered that over 500 host genes are transcribed
specifically in response to 5tx26. Many of these genes encode proteins that mediate coagulation and immune

signaling pathways, lughlighting the ability of 5tz to powerfully remodel the host response to mfection

(Chapter 4).

ESCHERICHIA COLI AS A COMMENSAL AND A PATHOGEN

The bactenal species Escherichia coli 1s a Gram-negative, facultative anaerobe and a member of the class
Gammaprotecbacteria of the family Enterobacteniaceae. The species was first isolated from the stool of
mnfants in 1885 by the German scientist Dr. Theodor von Escherich?. As a fast-growing, metabolically
flexible bacteria, E. a/f quickly rose to prominence after its discovery to become one of the most widely used
model organisms. Studies using E. ¢/ led to some of the most fundamental discovenes of modern biclogical
science, such as the semi-conservative natuge of DINA replication?®.

Today, E. wl 1s recognized as a member of the human GI microbiota, the consortmm of commensal
microbes which live symbiotically in the GI tract. E. @/ finds its niche in the colon, where microbial density
reaches a staggenng 10 cells®®*. Enterobactenia with the ability to consume oxygen, like E. wf, colonize the

mfant human colon within days of birth3!-35. The consumption of oxygen mn the infant colon by these pioneer



species creates a suitable environment for the stoctly anaerobic members of the consortium such as
Bacteroideter sp. that eventually dominate, In adults, E. /i has vanable abundance in individuals, but 13
generally thought to compose less than 0.1% of the total microbiota®”. Although it 13 not a major member of
the microbiota, E. wff prowides important functions for the host. E. wkf produces essential vitamins for host
usage such as Kz, and as a member of the microbiota, provides at least two mechanisms of defense aganst
mnvading pathogens. The first 1s through colonization resistance, a phenomenon where pathogens are unable
to access the intestinal niche due to prior occupancy by commensals®*. The other 1s immunological training,
where the presence of diverse commensal microbes in the intestine early in life guades the development of an
appropoately responsive immune system*—43,

Not all E. w/k strains are commensals; several have evolved vimlence attributes. These pathogenic strains
are historically categorized into “pathotypes’ based on possession of certain wirulence factors and a
stereotypical set of symptoms observed dunng infection. There are 7 major diarrheagenic pathotypes of E.
eoli: Shiga toxzin-producing (STEC), enteropathogenic (EPEC), enterotozigenic (ETEC), enteroaggregative
(EAEC), enteromvasive (EIEC, which includes Shigellz sp.), diffusely adherent (DAEBC), and adherent-invasive
E. wif (AIEC)**. Theze are also several non-diarrheagenic pathotypes of E. i that colonize organs other
than the intestine, collectively referred to as ExPEC, or estra-intestinal E. ali. ExPEC pathotypes include
strains which cause unnary tract infections (UPEC), sepsis (SEPEC), and neonatal meningtis (NMEC) %,
Some 1solates of pathogenic E. sl do not fit neatly into these categonies, necessitating the descoptor ‘hybnd’
or ‘atypical’ to describe strains with a mux of wirulence attnibutes from different pathotypes, such as Shiga
tozin-producing enteroaggregative E. coli 45, or atypical EPECA2.

Identification of hybnd and atypical 1solates led to attempts to classify E. colf strains by genomic similarity
instead of phenotype or possession of virulence factors. To date, there are over 100,000 publicly available
sequenced E. wli genomes, and compansons have revealed a remarkable genetic diversity across E. colf
isolates®’. The species as a whole has a large pan-genome of about 20,000 genes, with each individnal genome
containing about 5,000 genes. Less than 2,000 of these genes are conserved across all 1solates, constituting the

core genome®' 7. The additional 3,000 accessory genes nmque to each isolate are typically acquired



horizontally, either from integration of phage elements, acquisition of plasmids, or other recombination
events*57_ This genetic plasticity explains the diversification of phenotypically distinct strains and the
adeptness of E. coli in carving out new niches®-69_ Creating phylogeny from these E. coli genomes has led to 2
‘phylogroup’ classification system, where as many as 14 distinct phylogroups are recognizeds!. Interestingly,
many phylogroups contain both commensal and pathogenic strains, arguing for acquisition of virlence
several independent times.

STEC is considered the most dangerous and notorious type of pathogenic E. roli. Enterohemorrhagic E.
coli (BHEC), the focus of this dissertation, is characterized as a subset of STEC that produce and release one
or more Shiga toxins (Stx) and contain the Locus of Enterocyte Effacement (LEE), a gene locus enabling
intimate attachment to the colonic epithelium. There are seven major serotypes EHEC, which are classified
by their unique O (LPS) and H (flagella) antigen structuces!. Serotype O157-H7 is the most prominent
worldwide, but non-0157 serotypes are gaining in prevalences?. The strain EDL933, the prototypical EHEC
O157:HT strain, was isolated from contaminated ground beef from the first recognized outbreak in 19823,

and is used i all experiments presented in Chapters 2-4.

EMERGENCE OF A PATHOGEN: EVOLUTION oF EHEC

EHEC was first identified in 1982 as the causative agent of hamburger disease’ after a mysterions outhreak
linked to ground beef served at McDonald’s sickened Americans in Oregon and Michigan®%. The pathogen
gained widespread recognition and notoriety after an outbreak linked to contaminated beef patties served at
the fast-food restaurant Jack in the Box sickened more than 700 Americans across several states in 19937,
The majority of the victims were children, several of whom required extensive kidney dialysis. In four
children, the infection was fatal™.

The sudden appearance of this new virulent serotype of E. cli was initially surprising. Retrospective
analyses revealed that illness similar to that caused by EHEC (HUS preceded by 2 prodromal diarrhea phase)
had occasionally been observed in human patients and animals before the 1980s™7%, but overall the incidence
was extremely low. Within years it had progressed from a ‘rare serotype’s” to a widespread human pathogen.

6



Changes in food processing systems in the late 20% century are likely to blame for the emergence of
EHEC. In the 1970s, the massive industrialization of beef and poultry production, often with non-hygienic
conditions, led to increased incidence of several bacterial foodborne pathogens, including Salmonella, and the
emergence of new pathogens like Campylobacter and EHEC which have natural reservoirs in food animals™.
Cattle represent a significant reservoir of EHEC®. EHEC colonizes the GI tract of up to 70% of these
miminants asymptomatically®!, and cattle can shed up to 10¢ CFU of EHEC per gram of feces®2. ‘Super-
shedder’ animals are likely a significant source of contamination of beef carcasses and leafy greens®® The
rise of foodborne illness during this time, and the 1993 EHEC outbreak in particular, prompted several key
changes to food safety systems around the world, including increased scrutiny of animal product inspections
and more robust food recall systems!3#555_These changes reduced the incidence of EHEC infection in the
United States during the early 2000s by 46%15, but outhreaks continue to sicken Americans every year®.
EHEC O157:H7 diverged from an ancestral strain as recently as 400 years ago®. The ancestral strain is
E. w0l 055:H7, which is Stx-negative and canses non-bloody diarrhea. Evolution likely occurred in a step-wise
fashion that included acquisition of novel virulence attributes through horizontal gene transfer (HGT)%=-52
For example, Shiga toxin was acquired by EHEC through chromosomal integration of bacteriophage
genomes that contained the Stx genes. These phage likely originally acquired this DNA Stx genes in Shigella
dysenteriae?®56_This propensity for HGT makes E. cali notable as an extremely versatile species and a
seemingly limitless ability to adapt to new niches. More recently, in 2011, 2 new Shiga-toxin producing E. ci
strain emerged (O104:H4) and sickened thousands of people in Germany in an outhreak linked to
contaminated sprouts?-19t_This hybrid EAEC/STEC isolate illustrates the power of HGT to produce new
variants of E. coli pathogens and underscores the importance of therapentic strategies to combat mobile

wvimilence factors like Six that can transfer between strains.

ENTRY INTO THE HOST: INITIAL INNATE BARRIERS

Contiguous with the external environment, the human GI tract 1s constantly exposed to foreign material and

microbes. A multitude of barners exist to prevent microbes from colonizing the human GI tract and causing
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disease. The initial barriers a microbe faces are part of the innate immune system, and these physical,
chemical, and biological “firewalls” are typically extremely successful in preventing microbial mnfiltration.
Pathogens such as EHEC, though, are highly evolved to evade and overcome these host barniers.

Upon consumption of contaminated food, EHEC enters the acidic stomach (pH 1.5-3.5), which 1s an
mmportant barrier for pathogen elimination!™!%_ Enteric pathogens typically mnduce an acid tolerance
response (ATR) upon exposure to acidic conditions that can be protective up to pH 3.01%. This response
mclides removing or sequestering acidifying hydrogen ions from the cell cytosol to maintain internal pH
homeostasis!®!%_ Invading enteric bacteria that rely on ATRs, such as ibnis cholerae, cannot survive
prolonged exposure to gastric juces. Only a large infectious dose (=108 cells) permits passage of a few cells by
chance to the intestine to establish disease. In companson, EHEC has additional mechanisms that enable
extreme acid resistance (XAR), permutting prolonged survival in pH < 2.5 XAR systems include antiporters
which pair decarbozylation of amine acids with export of cytoplasmic hydrogen 1ons!®-108. X AR mechanisms
are likely to contnbute to the estremely low infections dose of EHEC and other sinularly acid-resistant
organisms like Shigella, which can cause disease after consumption of as little as 10-100 cells™104109,110,
Mutations 1n XAR genes likely lead to lower infectivaty!!!.

After passage through the stomach, EHEC enters the small intestine (SI}. The intestinal environment
poses significant challenges to EHEC, including substantial fluctuations in temperature, osmolarity, oxygen
concentration, and nutnent availability!*2113. Mechanical shear force from penstalsis and host-denved
antimicrobial peptides (AMPs), kill microbes that move through the central cavity of the intestine, the
limen!12113 Bnteric pathogens must also survive exposure to bile, an aqueous secretion of the liver that
contains bile salts, potent antimicrobial compounds. Bile salts cause a wide range of deleterious effects in
bactenial cells, including damage to the cell envelope and DNA, widespread protein musfolding, and redox
stress'1#113, Mechamisms for resisting these msults mclude efflux pumps to remove bile salts from the bactersal
cytosol, chaperones to ameliorate protein folding stress, and global stress response pathways!!*!13 Chapters 2

and 3 detail the identification and characterization of a novel member of the EHEC bile resistance repertoire,



CvpA22S. We discovered that CvpA 1s inked genetically to the oF-extracytoplasmic stress response, and that

activation of this response 1s required for optimal bile resistance™.

THE COLONIC NICHE

EHEC preferred niche is the colon. Functionally, the colon absorbs flud from waste, houses the abundant
GI microbiota, and maintains a robust mucosal immune system poised to defend agamnst the constant barrage
of foreign matenial. Anatomically, the colon is composed of four layers of tissue sucrounding the lumen
(Figure 1.2A). The three ontermost layers (serosa, musculans, and submucosa) contain connective tissue that
provides structure, muscles that contract to prowvide penstalsis motion, a nerve plezus that innervates the
tissue, and vessels of both the circulatory and lymphatic system. The innermost layer is the mucosa, which has
three major components: the epithelium, lamina propoa, and a muscle layer called the musculans mucosae.
As EHEC passes through the colonic lumen it interfaces with the microbiota and colonic mucosa.

In the lumen, EHEC faces competition with the teeming microbiota for autrients and physical spacel?6.
MNutntionally, the colon is almost devoid of free glucose, as simple dietary monosaccharides are absorbed
almost entirely i the 5I'827. Low glucose concentration in the colon trggers changes in EHEC gene
expression, activating the expression of virulence and colonization genes!!6.118 The main source of
carbohydrates in the colon are complex polysacchandes like starch and fiber that pass through the SI
undigested and are fermented in the colon by commensal bactenia'®'2%. Commensals like Bacferaides
thetaiotaomicron express a suite of metabolic enzymes which digest polysacchandes mto simpler sugars which
can be taken up by EHEC for its own metabolism and as a signal to activate vimilence gene expression ™21~
124 Commensals also produce short-chain fatty acids (SCFAs), which EHEC can also detect to regulate

gene expression. For example, butyrate can induce genes required for colomization and motility in
EHEC!%128 5CFAs can also be protective to the host during EHEC infection; acetate is thought to Lmuit

damage in the colon by fortifying the intestinal barrier!®.
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Figure 1.2: Human colon anatomy.

A) The gastrointestinal tract is a tube contiguous with the external environment. Consumed EHEC cells first
encounter the stomach, then travel through the small intestine (S1) and find their niche in the colon. Inset
on left displays a cross section of the four tissue layers of the colon that surround the inner lumen. Image
adapted from BioRender. B) Cellular components of the colonic mucosa. The green layer above epithelium
represents the colonic mucus layer. PLC: Paneth-like cell. ILC: Innate-lymphoid cell.
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Directly adjacent to the colonic lumen is the mucus layer. Specialized epithelial cells called goblet cells
secrete gel-forming mucins to establish this barrier. The mucus barrier is comprised of a looser outer layer
containing commensals and an adherent steile inner layert28125. B, thetaistasmicron can cleave intestinal mucin
glycoproteins, liberating the sugar fucose into the intestinal lumen EHEC senses fucose with a two-
component system, FusKR, to activate genes required for colnonization'®13!. EHEC also secretes a protease,
StcE, which degrades mucus and permits access to the underlying epithelinm?32

The epithelium (Figure 1.2B) is a single layer of epithelial cells and constitutes a critical part of the host
innate defense system, representing the first cellular barrier between the external world and the internal sterile
environment!3 Epithelial cells are joined tightly together to create an impermeable barrier to microbes. This
barrier is formed by three main types of transmembrane junctional protein complexes which provide
extracellular linkages between cells3 These complexes also interact with intracelllar cytoskeletal proteins,
which modulate cell structure and dictate cellular permeability!3135. Tight junctions are formed by
interactions between transmembrane proteins of the occludin and clandin families. Adherens junctions are
formed by CaZ*-dependent bonds between cadherin proteins!® Desmosomes also mediate Ca?*-dependent
inter-cellular linkages'> Inflammatory stimuli regulate the tightness of junction barriers and expression of
junction proteins to facilitate barrier maintenance'.

Structurally, the colonic epithelial sheet is flat, lacking the villus protrusions characteristic of the SI. This
sheet contains invaginations called the Crypts of Lieberkithn (crypts), where phusipotent stem cells reside!¥™
142 These stem cells proliferate into a limited set of epithelial progeny cells, which migrate from the crypt
towards the epithelial surface!#. It is estimated that the lifetime of mature colonic epithelial cells is very short,
approximately 5-7 days!*%_The rapid cell turnover of the colon maintains barrier integrity, as dead or
damaged cells are quickly sloughed and replaced. The most abundant cell type (~80% of epithelial cells) is the
enterocyte*2. Enterocytes are simple columnar epithelial cells that provide an absorptive function to the
colon. Their apical suface is covered with protrusions of the cell membrane called microvilli which increase

surface area.



The colon also contains several specialized epithelial secretory cell types. The most abundant of these are
mucin-secreting goblet cells. Other secretory cells release molecules which damage microbes, stimulate the
immune system, and modify the behavior of other cells in the colon. Deep-crypt secretory cells (REG4+ cells
similar to Paneth cells in the SI*42147) release antimicrobial peptides (AMPs) that damage bacterial
membranes!*s. They also release cytokines that regulate stem cell signaling in response to stimuli such as
barrier breach, and help maintain the proliferative stem cell niche!#2447. Enteroendocrine cells produce and
release peptide hormones into the bloodstream that regulate appetite, insulin release, motility, and intestinal
inflammation!®1*_ Tuft cells secrete cytokines and are important for regulation of immune responses against
helminths150.:5_ Transcriptomic analyses at single cell resolution have revealed that intestinal epithelial cells
types can also further subspecialize, and have helped characterize their role during infection =15,

Beneath the epithelial layer is the lamina propria (LP). The LP is a matrix of loose connective tissue
which contains cells of both mesenchymal and hematoposietic lineages that support and respond to epithelial
stimuli. Mesenchymal stromal cells form a matrix of support beneath the epithelium, and likely have
additional roles in bridging immune signaling between the epithelial cells and the LP immune cells56-i5 Even
in a non-diseased state, a variety of immune cells can be found in the LP. These inchide innate immune
tissue-resident ‘sentinel cells’ such as tissue-resident macrophages and denditic cells (DCs), which survey the
tissue for damage and pathogens!s-16!. Neutrophils are not abundant in non-inflamed tissue, but increase in
mumber rapidly during infection. Lymphocytic cells are mumerous in the LP, and inchide CD4+ T cells,
CD8+ T cells, and plasma cells!®-1!_Plasma cells are also present and actively secreting large amounts of IgA
antibody, which aids in mucosal defense!s2. Innate lymphoid cells (ILCs) are also present, and help bridge
signaling between the innate and adaptive immune responses'®141$3, Macroscopically, structures of
Iymphoid follicles analogous to SI Peyer’s patches are found throughout the colon!. Specialized epithelial
cells called Microfold (M) cells reside in these regions, and sample antigens from the colonic lumen which are

presented to the underdymg mature naive lymphocytes!®164,
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ThHE Tyre 3 SECRETION SYSTEM FACILITATES SECURE EPITHELIAL ATTACHMENT

After passage through the mucus layer, EHEC attaches to epithelial cells. Initial attachment is mediated by
EHEC adhesin proteins including long polar fimbriae (LPF) and Cudli fibers'®. LPF and Cusli bind tightly to
extracellular matrix proteins, inchiding fibronectin, laminin and collagen?®-1% When in close prozimity to
epithelial cells, EHEC can engage its type three secretion system (T355) to mediate secure attachment. This
intimate attachment is characterized by attaching and effacing (A/E) lesions, where EHEC binds tightly to
the epithelial cell surface on actin pedestals (Figure 1.3A), remodeling host cell actin and destroying the
absorptive microvilli!#®170_ The T35S is a molecular syringe which allows EHEC to translocate effector
proteins directly into the host cell cytosol (Figure 1.3D)'"%1™2. To form A/E lesions, EHEC injects proteins
Tir and EspFu into the host epithelial cell cytosol via the T355. Tir inserts into the host cell membrane, and
cytosolic EspFu mediates interaction between Tir and host N-WASP, stimulating the actin-nucleating
complex Arp2/3 and promoting polymerization of host cell actin beneath EHEC!*176. EHEC displays on its
sucface the adhesin Intimin, which interacts with Tir on the host cell membrane. This interaction creates a
strong bond to keep EHEC at the epithelial cell sucface (Figure 1.3B)!7%_ Tir and Intimin are required for
EHEC to colonize the colon; mutations in these genes renders the resulting strain unable to reach the same
burden in infected animals or cause severe disease!84171,185160186, 17718221

The T35S structural genes are encoded within a pathogenicity island named the Locus of Enterocyte
Effacement (LEE) (Figure 1.3C)15”. Of EHEC’s 49 effector proteins, 6 are encoded within the LEE (#r, egpF,
epG, espH, espZ, and map) and 43 are encoded elsewhere in the genome and are termed non-LEE encoded
effectors (Nle). The contributions of Tir and the EspFu to colonization have been studied in some detail, but
the contrbution of other effector proteins to EHEC colomization has received less attention. We completed a
screen of >100,000 EHEC mutants to identify proteins required for colonization, and a thorough analysis of

the contribution of all effector proteins is discussed in detail in Chapter 224,
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Figure 1.3: EHEC attachment to the colonic epithelium is mediated by the T358.

A) EHEC formation of attaching and effacing lesions on colonic enterocytes. B) Protein-protein interactions creating
the pedestal. C) Genes in the Locus of Enterocyte Effacement. D) Structure of the type three secretion system
crossing the bactenal inner membrane (IM), peptidoglycan (PG), outer membrane (OM) and penetrating the host cell
membrane (HM) to deliver effector proteins into the host cytoplasm.
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Gene expression in the LEE is activated by the transcoptional regulator protein Ler. An extensive
network of signals converge on regulation of Ler activity!®. A vanety of bactenial- and host-dermved
compounds including autcinducers, bile salts and hormones can act as signals for activation and repression of
the T35518192. Microbiota-produced metabolites like fucose can induce ler gene expression, activating the
T355'%*. Host hormones can also serve as activation cues. Epinephrine and norepinephrine, recognized by
the EHEC adrenergic two-component system QseBC, activate the T3551%31%6. QseBC can also activate the
T35S through detection of the EHEC secreted autoinducer AI-3, a marker of high bactenial density!¥-1%.
Other host hormones, like serotonin and endocannabinoids, can nhibit T3551%2®_ Targeting these molecules

could prowvide alternative strategies to distupt EHEC colonization capacity #n wivg®01,

SHIGA TOXIN IS A RIBOTOXIC PROTEIN RELEASED INTO THE COLONIC LUMEN

Durning colomic colomzation, EHEC releases the exotoxin Shiga tozmn (5t=), which is responsible for the most
severe manifestations of EHEC disease. 5t= 13 ezquisitely potent, with an intravenous median lethal dose of 2
ng/ke, it 13 one of the most lethal tozins known to humankind, second only to botulinum neurotozin202,

Shiga toxin (St=) was first recognized as a dangerous toxin 100 years before EHEC was discovered. In
1898, the Japanese microbiclogist Dr. Kiyoshi Shiga identified the etiological agent of epidenuc dysentery,
Shigella dysenteriae™ ™ Shiga and others showed ezpenimentally that 5. dyrenferiae produced a tozic factor®5-208,
but lack of punification techniques made separation of its effects from bactenal endotozin difficult®™. New
biochemucal techniques in the early 1950s allowed punfication of Stz from bactenal cells without significant
contammating LP5? allowing for the first time studies of 5tx's toxmic effects. Administration of 5tz to
ammals and cultured cells provided ewidence that Stz exposure led to neurotozicity i the central nervous
system2™210, severe intestinal disease?!112 and epithelial cell damage?13. Later, administration of strams of
Shigella dysenteriae with intact or dismupted Stz genes to human volunteers and non-human pomates provided
evidence that Stz was important for severe intestinal disease (dysentery) and mflammation4-217,

It was discovered in 1977 that some strains of pathogenic E. colf produced a potent tozin that had a
strong cytotozic effect on Vero kidney epithelial cells8. “Verotoxin® was recognized to be Shiga toxin after
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the EHEC outbreak in 1982, when molecular biologists confirmed that Verotoxin produced by EHEC
O157:H7 was nearly identical to Shiga toxin produced by . dyenteriae®22. Tt is now appreciated that the
Shiga toxins produced by EHEC and 5. dysenteriae are members of a large family of Shiga toxin proteins?.
There are two major groups of Shiga toxin proteins which are antigenically distinct, Stx1 and Stx2. Stx2 is
more potent and associated with severe disease*?25 EHEC isolates can harbor several distinct variants of
Shiga toxins from either group®$, and Shiga toxin produced by EHEC is directly linked to the ability of this
pathogen to cause extraintestinal disease like HUS#277225

Genes encoding Stx in the EHEC genome are found on a lambdoid prophage, pointing to its horizonal
acquisition, potentially from 5. dysenteriad>96_The Stx genes are controlled by a phage promoter, and
prophage induction is required for expression®2%_ Typically, phage genes and Stx are quiescent, but in
response to stress stimuli like DNA damage, phage promoters are activated and stx genes transcribed. Lysis of
the bactesial cell by phage ultimately releases the toxin@52%_ Tt is not immediately clear what benefit this
provides to EHEC. This behavior could be a type of ‘bacterial altruism,” where the sacrifice of some
percentage of the population provides a benefit, such as nutrients, to the remaining intact cells®!. Stx
increases frequency and severity of diarrhea in infant rabbits inoculated with EHEC?!, which may facilitate
pathogen transmission and thus be evolutionarily beneficial

Shiga toxins are AB; subunit toxins. The A subunit is composed of two domains linked by a disulfide
bond; the catalytic A1 domain, and the A2 domain are tethered noncovalently to the pentameric B subunit®.
The B subunit binds to the host cell sucface glycolipid globotriaosylceramide (Gb3)23-243_ After binding, Stx is
transported to the endoplasmic reticulum (ER) by retrograde transport (Figure 1.4)24245_In the ER, the A
and B subunits dissociate, are unfolded by chaperones, and the A1-A2 disulfide bond is cleaved®?%_The Al
subunit mimics an unfolded protein and is perceived as a substrate for ER-associated protein degradation
(ERAD)>s. Al is translocated to the cytosol for degradation by ERAD machinery, but instead subverts
protease interaction and refolds?2%_In the cytosol, the Al subunit acts as an RNA N-glycosidase, catalyzing

the removal of a specific adenine residue from the 285 fRINA, inactivating protein synthesis?#724,
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Figure 1.4: Retrograde transport of Shiga toxin.

Shiga toxin B subunit (blue triangle) binds o host surface molecule Gb3, triggering its endocytosis. Shiga toxin travels
by retrograde transport through the Golgi apparatus to the endoplasmic reticulum (ER). In the ER, the Shiga toxin B
subunit is separated from the toxic A subunit {red circle). The A subunit exists the ER into the host cytoplasm, where
it depurinates a specific adenine residue in the 285 ribosomal RMNA, inactivating the ribosome. Created with
BioRender.
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Depurination of the 28s rRNA triggers the ‘ribotoxic stress response’#-22 Structural changes to the
ribosomal peptidyltransferase domain rapidly trigger a protein kinase cascade, activating mitogen-activated
protein kinases (MAPK) and stress-activated protein kinases (SAPK/JNK). These kinases activate
transcription factors like FOS, JUN, NFKB, ATF2 and p38, which mediate changes in gene expression.
mRNA stabilization may also contribute to this phenomenon of robust gene expression of certain transcripts
known as ‘super-induction?253_ In vitro, super-induced genes in intoxicated epithelial and immune cells
typically include inflammatory cytokines*®29254-253_Protein biosynthesis in intosicated cultured cells begins
to decline as rapidly as 30 minutes post depusination of the ribosomal tRNA in highly sensitive cells, and
several hours in less sensitive cell types?%. How the opposing effects of increased transcriptional and
decreased translational activity manifest at the protein-level depends on the cell type and is not completely
understood?®. Apoptosis, indicated by blebbing nuclei and DNA degradation, begins at least 6 hours post
intoxication?s* with loss of membrane integrity and viability after 48 hours2s5

Of note, although Stx has been associated with pathology in the colon?'#3254%6267 it is unclear
mechanistically how Stx interacts with colonic epithelial cells becanse the presence of the Gb3 receptor in the
colon has been disputed?®-2™_ It has been suggested that Stx could intoxicate epithelial cells through
interacting with other receptors, like Gb4*°%!_ Another possibility is that Stx does not intoxicate epithelial
cells at all, but rather transverses through the epithelial layer by other mechanisms, such as interaction with
antigen-sampling Microfold cells, to interact with endothelial and immune cells in the underying tissue?2-27.
Chapter 4 discusses in detail the effect of Shiga toxin on the pathology and transcriptome of epithelial and

mmmune cells in the colon in a physiologically relevant animal model2s.

SPECIFIC MUCOSAL IMMUNE RESPONSE TO EHEC AND STX

EHEC and 5tz mteract closely with epithelial and immune cells in the colon, and these cell types work
together to respond to and ultmately clear the infection. Epithehial cells are the first to interact with invading
pathogens and have an important task to ‘sound the alarm’ to the immune system that a threat is present.
Epithelial cells do this by recognizing compounds and stmuctures produced by microbes, known as microbe
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associated molecular patterns (MAMPs), such as LPS, peptidoglycan (PG) and flagellin. MAMPs are
recognized by cell surface receptors known as pattern-recognition receptors (PRRs) which upon binding,
trigger transcriptional changes such as expression of cytokines!3. Toll-like-receptors (TLRs) are one major
class of PRRs: TLR4 and TLRS5 are key for recognizing EHEC-derived MAMPs LPS and flagellin™. In
response to EHEC infection, epithelial cells secrete proinflammatory cytokines and chemokines such as
CXCL8, TNFa, IL-6, CCL2 and CCL5252256,257262263.276280-257_ These cytokines markedly remodel immuae cell
behavior!622s,

EHEC also causes significant tissue destruction, leading to breaches in the epithelial barrier. Colonoscopy
and histologic evaluation of EHEC-infected human patient biopsies reveal gross hemorrhage, edema,
inflammation and focal necrosis®$2®-21_Epithelial tissue destmction leads to release of damage-associated
molecular patterns (DAMPs), molecules which signal to the immune system that cellular integrity has been
compromised®2. These molecules, such as mitochondrial DNA and cytosolic proteins, are typically
sequestered inside cells, but can activate immune cells when released after cellular damage®? EHEC can also
directly interact with immune cells in the LP after tissue damage. Underlying immune cells can directly
recognize EHEC MAMPs through processes similar to those in epithelial cells, leading to the release of
additional inflammatory cytokines, such as CXCL1, IL1u/p, and G-CSF!60255258259261,53-2% Importantly,
chemokine production draws migrating leukocytes from the blood to the site of infection. The first to arrive
are phagocytic neutrophils and later monocytes, which rapidly differentiate into macrophages. Massive
neutrophil infiltration is a hallmark of EHEC infection and has been observed in many clinical
specimens6625%-391_Nentrophils and monocytes may serve as cellular ‘carriers’ to transport Stx from the colon
to the blood and distal sites?$%%-%3_Elevated white blood cell count predicts a poor prognosis and higher
likelihood of progression to HUS04305. Dendritic cells, activated in the infected tissue after exposure to
MAMPs or DAMPs, travel to colonic patches of gut-associated lymphoid tissue. Here, they present antigen
to mature naive lymphocytes, leading to the activation of an adaptive immune response. Activated B cells

differentiate into plasma cells and produce antibodies against specific bacterial antigens. EHEC infection
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triggers antibody generation against the O-antigen of lipopolysaccharide, T355 effector proteins, and more
unusually, St¥9-308,

EHEC proteins can modulate the host immune response in epithelial and immune cells. Several T355
effectors function to suppress cellular immune pathways!™2 Commeon effector mechamisms include the
mhibition of phagocytosis or apoptosis'™, as well as the suppression of NFKB signaling, which 15 necessary
to alter gene expression in response to pathogen detection?™. The existence of an immune response to Stx in
the colon has been controversial, with claims that flagella and LPS are the main stmulatory factors™?. Moze
recently, it has become clear that Stx can shape the immune response to infection, although the extent of that
remodeling in the prodromal phase of disease in the GI tract is poory charactenized?®®. The interaction
between 5tx and the colonic mucosa 1s discussed in detail in Chapter 4, where we show that Stz powerfully

shapes the host transeniptional response to infection?.

PaTHOPHYSIOLOGY OF HEMOLYTIC UREMIC SYNDROME

After passage through the colonic mucosa, Stx enters the bloodstream. Initially, Stx is detected in patient
blood bound to blood cells, including leukocytes?™3, red blood cells*93!! and platelets?233. An increase in
the concentration of nnbound Stx in blood over the course of infection is associated with progression to
HUS** Stx-laden blood enters the kidney via the afferent arteriole, where it passes through one of many
glomeruli, the microvasculature capillary units of the kidney (Figure 1.5). The endothelial cells of the
glomerulus are adjacent to podocyte cells of the Bowman’s capsule, which collects filtrate from the blood.
This filtrate transits through vessels made of tubule cells and eventually becomes urine. Three cell types in
this region, the endothelial cells of the microvasculature, the absorptive podocytes, and tubule cells, all
express high levels of Gb3, making them exquisitely sensitive to Stx35-315_ Glomerular endothelial cells are
considered the primary target of Stx?31632_LPS and cytokines in blood during infection can promote even
higher expression of Gb3 on endothelial cells, sensitizing them further to Stx24321-323

Intoxication of endothelial cells results in cell death and detachment from the glomerular basement
membrane®%37 Destruction of the endothelial barrier allows Stx to move into the Bowman’s capsular space,

20



facilitating interaction with podocytes and tubule cells and generating more inflammation, recmiting immune
cells**”. Exposure to cytokines and Stx damage converts the endothelial layer from a normal
‘thromboresistant’ phenotype to one that actives platelets, leading to increased fibrin deposition and thrombi
formation®".2_Growing thrombi sequester platelets and occlude capillaries, impeding blood flow and leading
to fragmentation of red blood cells from shear stress®*. This leads to the clinical manifestation of
thrombocytopenia and anemia. Eventually, this immunopathology can lead to acute kidney failure3:6325
Comparatively less is known about the coagulation processes in the GI mmcosa; this is discussed in detail in

Chapter 4, where we show that 5tz can induce ezpression of coagulation genes in colonic eprthehal cells.

Figure 1.5; Shiga toxin at the glomerulus.

Shiga toxin {red circle-blue triangle) kills endothelial cells of the glomeruli microvasculature and triggers thrombus
formation. Shiga toxin can also travel into the Bowman's space, damaging podocytes and proximal tubule cells.

TuaErarevuTICS FOR EHEC iINFECTION AND HUS

Despite decades of work, there are no available therapeutic options to treat or prevent HUS after EHEC
infection®*7". The current standard-of-care is to treat patients with IV fluids to prevent dehydration and
reduce severty of lndney mpury™®®. Although available, antibiotics are not typically used to treat EHEC

mfection, as they increase the nsk for progression to HUS1213,
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Several therapeutic options have proven to be meffective in prechnical animal models or human trials.
Gb3 analogs were developed that could bind to the St= B subunit and effectively neutralize the toxin in
vitro®28327. Phase II trials showed no effect in HUS patients®®. Other strategies aimed to block retrograde
transport of St= A subumit into cells after binding, but these drugs had no or hmited effect in preclinical
models?¥33

Toxzin-neutralizing therapies have been successful for diseases caused by other toxins, like diphthena and
tetanus®. Administration of anti-5t= antibodies showed promuse in preclinical animal studies and were
deemed safe after Phase I and Phase II clinical trals®523%3¢ One major challenge of antibody-neuntralization
therapy is that there are antigenically distinct subtypes of 5tx; an antibody or antibody cocktail would need to
neutralize multiple tozin subtypes in order to be widely useful®s. Additionally, a polysaccharide conjugate
vaccine was tested in adults and cluldren and elicited an anti-LPS response®¥™3%, but has not been developed
further. Improvements could be made to include the Stz B subunit or antigenic T355 effector
proteins?¥7 0341

It 1s difficult to progress past Phase II clinical trials for therapeutics treating HUS. Because of the
sporadic nature of EHEC outbreaks and relatively rare progression to HUS, Hall e 2/ descobe the “statistics
and finances for a clinical tnial [as] almost insurmonntable™ 2. Targeting cellular processes downstream of Stx
mtoxzication that are shared with other disease mechanisms may be more fruitful for designing a successful
large-scale tnal These processes include the unfolded protein response, apoptosis, the nbotoxic stress
response, and tozin-induced mnflammatory processes®™. For example, anti-cytokine therapies and kinase
mhibitors could block secretion of inflammatory cytolines which dove pathology in the colon and kidney32.
More work 1s necessary to determine how inflimmatory responses in the colon contrbute to the progression

of HUS; this is discussed i Chapter 4.
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TRANSPOSON-INSERTION SEQUENCING SCREENS UNVEIL
REQUIREMENTS FOR EHEC GROWTH AND INTESTINAL

COLONIZATION



OVERVIEW

Enterohemorrhagic Ercherichia coli O157-H7 (EHEC) 1s an important food-borne pathogen that
colonizes the colon. Transposon-insertion sequencing (T1S) was used to identify genes required for
EHEC and E. coli K-12 growth in vitre and for EHEC growth in vve in the infant rabbit colon. There
was a restrctive bottleneck for EHEC colomzation of the rabbit colon, which complicated
identification of EHEC genes facilitating growth #» sive. Two analysis methods were used
compensate for the effects of the infection bottleneck These analyses confirmed that the EHEC
LEE-encoded type 3 secretion apparatus is required for growth in ive and revealed that only a few
effectors are critical for ir vive fitness. Over 200 mutants not previously assoaiated with EHEC
growth i vive also appeared attenuated i# wive, and a subset of these putative # vive fitness factors
were validated. Some were found to contnbute to efficient type-three secretion while others
promote EHEC resistance to host-denived stresses. We identified a4 as required for EHEC, 1Vibrio
cholerae and 1ibrio parabaemolticur resistance to the bile salt deoxycholate, lughlishting the important
role of thuis previously uncharactenized protein in pathogen survival. Collectively, our findings

provide a comprehensive framework for understanding EHEC growth in the intestine.

Parts of this work were first published as: Ware AR, Hubbard TP, Munera D, Blondel CJ, Abel zur Wiesch
P, Abel S, Wang X, Davis BM, Waldor MK 2019. Transposon-insertion sequencing screens unveil

requirements for EHEC growth and intestinal colonization. Plos Pathogens. 15(8):e1007652

Asthor contributions: ARW contrbuted equally to this work with TPH, DM, and C]JB. The work was
conceptualized by ARW, TPH, DM, CJB, and MKW. The investigation and data analysis were
petformed by ARW, TPH, DM, CJB, PAzW, SA, XW with supervision from MKW. The figures
were made by ARW and TPH. The writing was completed by ARW, TPH, BM and MKW
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INTRODUCTION

Enterohemorrhagic Eschenchia coli (EHEC) 1s an important food-borne pathogen that causes
gastrointestinal (GI) infections worldwide. EHEC is a non-invasive pathogen that colonizes the
human colon and gives rise to sporadic infections as well as large outbreaks™ " The clinical
consequences of EHEC infection range from mild diarrhea to hemorrhagic colitis and include the
potentially lethal hemolytic uremic syndrome (HUS)**%.

The prototypical EHEC O157:H7 strain, EDL933, caused the first recognized EHEC outbreak
m 19829 EDIL.933 has a 5.5 Mb chromosome and a 90 kb virulence plasmud®**. The E. olf species
pan-genome is large (>16,000 genes), and any given isolate contains a diverse, mosaic genome with
approximately 1,500-2,000 conserved ‘core’ genes™****"*¥** and an additional 3,000—4,000
‘accessory’ genes. The pathotype E. eli O157-H7 specifically contains one or more prophages
encoding Shiga toxns and the Locus of Enterocyte Effacement (LEE) pathogenicity island®. These
two honzontally acquired elements are cotical EHEC wimulence determinants. Shiga toxins
contribute to diarrhea and the development of HUS*#*** The LEE encodes a type III secretion
system (T3SS) and several secreted effectors. EHEC’s T3SS mediates attachment of the pathogen to
colonic enterocytes, effacement of the brush border microwlh, and the formation of actin-rich
pedestal-like structures underneath attached bacteria'®. Once translocated into the host cell, T35S
effectors, which are encoded both inside and outside the LEE, tarpet diverse signaling pathways and
cellular processes'™'®. A functional LEE T3SS is required for EHEC intestinal colonization in
animal models as well as in humans®! ™ 7H8GELSERS

In addition to the virulence factors that prompt the key symptoms of infection, EHEC also
relies on bactenal factors that enable pathogen survival in and adaptation to the host environment.
Duning colonization of the human GI tract, EHEC encounters multiple host barners to infection,
including but not hmited to stomach acid, bile, and other host- and microbiota-denved compounds
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with antimicrobial properties'®. EHEC is known to detect intestinal cues derived from the host and
the nucrobiota to activate expression of virulence genes and to modulate gene expression both
temporally and spatially®**%*73%3! However, a comprehensive, genome-wide analysis of bacterial
factors that contnbute to EHEC survival within the host has not been reported.

The development of transposon-insertion sequencing (T1S, also known as TnSeq, InSeq,
TraDIS, or HITS)®* facilitated high-throughput and genome-scale analyses of the genetic
requirements for bacterial growth in different conditions, including in animal models of nfection®*
33 In this approach, the relative abundance of transposon-insertion mutants within transposon-
mnsertion libranes prowvides insight into loa’s contributions to bactenal fitness in different
environments****®". Potential insertion sites for which corresponding insertion mutants are not
recovered frequently correspond to regions of the genome that are required for bactenal growth
(often termed ‘essential genes’), although the absence of a particular insertion mutant does not
always reflect a catical role for the targeted locus in mantaining bactenial growth***. Comparative
analyses of the abundance of mmutants in an initial (input) ibrary and after growth in a selective
environment (e.g., an ammal host) can be used to gauge loci’s contributions to fitness in the selective
condition.

Here, transposon libraries were created in EHEC EDIL.933 and the laboratory-adapted E. colf K-
12 and used to characterize their respective in vi#re growth requirements. The EHEC library was also
passaged through an infant rabbit model to identify genes required for intestinal colomization Our
data indicate that dunng infection of the GI tract, EHEC populations undergo a severe infection
bottleneck that complicates identification of genes with true i s fitness defects. We used two
complementary analytic approaches to mitigate the noise introduced by restnctive bottlenecks to
identify over 200 genes required for efficient colomzation of the rabbit colon. As expected, these

mncluded the LEE-encoded T3SS and #r, a LEE-encoded effector necessary for intestinal
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colonization®*. In addition, 2 non-LEE effectors and many additional new genes that encode
components of the bacterum’s metabolic pathways and stress response systems were found to
enable bactenal colonization of the colon. Isogemic mutants for 17 loa were constructed, validated
in the infant rabbit model and tested 7# #7#r0 under stress conditions that model host-denved
challenges encountered within the GI tract. a4 was found to be specifically requuired for resistance
to the bile salt deoxycholate and therefore appears to be a previously unappreciated member of the

bile-resistance repertoire of diverse enteric pathogens.

[DENTIFICATION OF GENES REQUIRED FOR EHEC GROWTH IN VITRO

The mariner-based Himarl transposon, which inserts specifically at the TA dinucleotide®™ was used
to generate a transposon-insertion library in EDI.933. The library was characterized via high-
throughput sequencing of genomic DNA flanking sites of transposon-insertion. To map the reads,
we used the most recent EDL933 genome sequence™ and annotation (NCBI, February 2017). Since
this genome, unlike the initial EHEC genome®, has not been linked to functional information (e.g.,
the EHEC KEGG database™), we generated a correspondence table in which the new gene
annotations (RS locus tags) are linked to the oniginal annotations (Z numbers) (Table S1). This
correspondence table enabled us to utilize hustorically valuable resources as well as the updated
genomic sequence. 137,805 distinct insertion mutants were identified, which corresponds to 52.5%
of potential insertion mutants with an average of ~21 reads per genotype (Figure 2.1A). Sensitrvity
analysis revealed that nearly all mutants were represented within randomly selected read pools
containing ~2 million reads. Increasing sequencing depth to ~3 mullion reads had a neghgible effect
on library complexity, suggesting that a sequenang depth of ~3 million reads is sufficient to identify

virtually all genotypes withun this EHEC hibrary (Figure 2.1A).
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Figure 2.1: Sequencing saturation of TIS libraries.

Reads were randomly sampled from each library and the percentage of TA sites disrupted in each randomly
selected pool were plotted for the EDLS33 library (A), MG1655 library (B), the inoculum library used fo infect

infant rabbits (C), and the libraries recovered from 7 rabbit colons (D-J).
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EHEC's 6,032 annotated genes were binned according to the percentage of disrupted TA sites
within each gene (Figure 2. 2A). As expected for a high-density Himar] transposon-insertion library,
which contains insertions at a majonty of TA sites, this distribution was bimodal, with a minor peak
compnsed of genes disrupted in few potential insertion sites (Figure 2.2A  left), and a major peak
comprised of genes that are disrupted in most or all potential insertion sites (Figure 2 2A right)™".
Based on the center of the major right-side peak, we estimate that ~70% of non-essential insertion
sites have been disrupted in this EHEC library, a degree of complexity that enabled hugh-resolution
analysis of transposon-insertion frequency.

Further analysis of insertion site distnbution was performed using a hidden Markov model-
based analysis pipeline (EL-ARTIST™*) that classifies loci with a low frequency of transposon-
insertion across the entire coding sequence as “underrepresented’ (often referred to as ‘essential’
genes) or across a portion of the coding sequence as ‘regional’ (Figure 2.2B). All other loci are
classified as ‘neutral’. Of EHEC’s 6,032 genes, 895 were underrepresented (red), 407 regional
(purple), and 4,730 neutral (blue) (Figure 2.2AB, Table S2). Neutral genes are likely dispensable for
growth in LB, whereas non-neutral genes (regional and underrepresented genes combined) likely
have important functions for growth in this media or are otherwise refractory to transposon-
nsertion®*%.

We identified Z Numbers (Table S1) and the inked Clusters of Orthologous Groups
(COG)™ ™ and KEGG pathways associated with the 1302 genes classified as non-neutral
(underrepresented and regional) (Tables S2 and S3). Each COG category was plotted against its
‘COG Ennchment Index’, which is calculated as the percentage of non-neutral genes in each COG

category divided by the percent of the whole genome with that COG*™. A subset of COGs,
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Figure 2.2: Analysis of essential genes in EHEC EDL933 and comparison to K-12 MG1655.

(A) Distribution of percentage TA site disruption for all genes in EHEC EDLS33. Genes are classified by EL-ARTIST
as either underrepresented (red), regional (purple), or neutral (blue). (B) Transposon-insertion profiles of
representative underrepresented, regional, and neuiral genes. (C) Distribution of percentage TA site disruption for all
genes in K-12 MG1655. Genes are classified by EL-ARTIST as underrepresented (red), regional (purple), or neutral
(blue) using the same parameters as for the EDLS33 library. (D) Genes classified as non-neutral in the ELD933 TIS
library were compared to the MG1655 TIS library and categorized as either lacking a homolog (green), having the
same classification in both libraries (red), or being non-neutral in EDLS33 and neutral in MG1655 (blue). (E) GC
content (%) of EDL933 genes with and without homologs in K-12 MG 1655, classified by TIS classification (neutral or
non-neutral). Neutral and non-neutral genes within each gene type (divergent or homolog) are compared using a
Mann-Whitney U test with a Bonferroni commection. Ratios of neutral to non-neutral genes for each gene type are
compared using a Fisher's Exact Test; (**) indicates a p-value of <0.01 and (***) indicate a p-value of <0.001. (F) Top
10 KEGG pathways associated with genes that are non-neutral in EDLS33 and neutral in MG1655.
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particularly translation, lipid and coenzyme metabolism, and cell wall biogenesis were associated with
non-neutral genes at a frequency significantly higher than expected based on their genomic
representation (Figure 2 3A). Collectively, the COG and a similar KEGG analysis (Table S3)
revealed that EHEC genes with non-neutral transposon-insertion profiles are associated with

pathways and processes often linked to essential penes in other organisms™”.

EVALUATING THE ABUNDANCE OF NON-NEUTRAL GENES IN EDLg33

Non-neutral genes comprse ~22% of EHEC’s annotated genes, a proportion of the genome that is
substantially larper than the 8% and 9% observed in analogous TIS-based characterizations of IVibrio
parabaemolyticus and Vibrio cholera®**"®. 'To evaluate whether the abundance of non-neutral loci was
specific to EHEC or was charactenstic of additional E. cofi strains, a high-density transposon-
mnsertion library was constructed in E. wff K-12 MG1655°7. EL-ARTIST analysis of the K-12 hibrary
was implemented with the same parameters as those for the EHEC library and classified 24% of
genes as underrepresented (786 underrepresented, 300 regional and 3397 neutral; Figure 2 2C, Table
We compared gene classifications between homologous loci (Table S2) and found a substantial

concordance between the sets of genes with non-neutral insertion profiles: 83% (629/760) of the
non-neutral EHEC genes with homologs in K-12 were likewise classified as non-neutral in K-12
(Figure 2.2D). Thus, analyses of non-neutral loci suggest either that most ancestral

loci make similar contributions to the survival and/or proliferation of EHEC and K-12inI.B or

that they are similarly resistant to transposon-insertion.
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value =0.001, and triple asterisks (***) indicate p-value =0.0001. (B) GC content (%) of EDL933 genes classified as
either neutral (blue) or non-neutral (regional + undemepresented; red) by TIS. Distributions are compared using a
Mann-Whitney U test; triple asterisks (***) indicate p-value of =0.0001. (C) GC content (%) of EDLS933 genes classified
as having a homolog in MG1655 (homolog) or not (divergent). Distributions are compared using a Mann-Whitney U
test; triple asterisks (***) indicate p-value of <0.0001. (D) TA insertions across kdsC in EDLS33 (lefi) and MG1655

(right).
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Previous analyses revealed that nmucleoid binding proteins such as HNS, which binds to DNA
with low GC content, can hinder Himarl insertion®*. Consistent with this observation, EHEC
genes classified as non-neutral have a lower average GC content than genes classified as neutral
(Figure 2.3B). Interestingly, the dispanty in GC content between neutral and non-neutral loci 1s
particularly marked for EHEC genes that do not have a homolog in K-12 (divergent; Fipure 22E).
These analyses suggest that there is an association between GC content and transposon-insertion
frequency in EHEC, as in other organisms, and that the prevalence of underrepresented loci among
divergent loci may in part stem from the lower average GC content of these loai (Figure 2.3C).
Additional studies are necessary to determune if the association between low GC content and
reduced transposon-insertion is due to the binding of HNS or other nucleoid-associated proteins, or

yet umdentified fitness-independent transposon-insertion biases.

COMPARISON OF TIS AND DELETION-BASED GENE CLASSIFICATION

The sets of genes classified as underrepresented or regional in EHEC and K-12 transposon libraries
were compared to the 300 genes classified as essential in the K-12 strain BW25113 based on their
absence from a comprehensive library of single gene knockouts™ >*. 98% of these genes (294/300)
were also classified as underrepresented or regional in EDI933 (Table S2) and MG1655 (Table S4).
The few loci previously classified as essential but not found to be underrepresented or regional in
our analysis include several small genes, whose low number of TA sites hampers confident
classification. One gene in this list, £4rC, was found to have insertions across the gene in both
EDL933 and MG1655 (Figure 2.3D). £dsC knockouts have also been reported previously™,
confirming that this locus is not required for K-12 growth despite the absence of an associated
mutant within the Keio collection. Thus, underrepresented and regional loci encompass, but are not
limited to, loci previously classified as essential
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Several factors likely account for the frequent classification of ‘non-essential’ loci as
underrepresented or regional First, loci can be classified as underrepresented even when wable
mutants are clearly present within the insertion library (Figure 2.2A); insertions simply need to be
consistently less abundant across a segment of the gene than insertions at other (neutral) sites. Loc
may also be classified as underrepresented due to fitness-independent mnsertion biases, as discussed
above®***_ Additional evidence that loci categorized as non-neutral by transposon-insertion studies
are not necessarily essential for growth was provided by a recent study of essential genes in K-12°%
However, the more expansive non-neutral classification can provide mnsight into loci that enable

optimal growth, in addition to those that are required.

TIS-BaseED coMrariSON OF EHEC AND E. COLI IN VITRO GROWTH REQUIREMENTS

We further explored the 131 underrepresented EHEC loci (Table S5) that were classified as neutral
(able to sustain nsertions) in K-12. Most of these genes are linked to KEGG pathways for
metabolism, particularly metabolism of galactose, glycerophospholipid, and biosynthesis of
secondary metabolites (Table S5, Figure 2 2F). While this divergence could reflect the laboratory
adaptation of the K-12 1solate, gene acquisition duning EHEC evolution may have heightened the
pathogen’s reliance on metabolic processes that are not catical for prowth of K-12. Such ancestral
genes may be useful targets for antimicrobial agents, as they mught antagonize EHEC growth
without disruption of closely related commensal Enterobacteriaceae populations. TIS studies in
additional E. coff 1solates are required to determine the relative contnbutions of the core and

accessory E. wl/f penome to the list of essential penes.
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IpENTIFICATION OF EHEC GENES REQUIRED FOR GROWTH IN VIVO

To identify mutants deficient in their capacity to colonize the mammalian intestine, the EHEC
transposon library was orogastrically inoculated into infant rabbits, an established model host for
mnfection studies™***** EHEC strain EDI.933 causes diarrhea and similar pathology in infant
rabbits as that previously described for EHEC strain 905 . Transposon-insertion mutants were
recovered from the colon 2 days post-infection, and the sites and abundance of transposon-insertion
mutations were determined via sequencing. The relative abundance of individual transposon-
mnsertion mutants in the library inoculum was compared to samples independently recovered from
the colons of 7 ammals to identify insertion mutants that were consistently less abundant in hibranes
recovered from the colon. Under ideal conditions, this signature is indicative of negative selection of
the mutant during infection, reflecting that the dismupted locus 1s necessary for optimal growth
within the intestine.

Sequencing and sensitivity analyses of the 7 passaged libranies revealed that they contained
substantially fewer unique insertion mutants than the library inoculum (23—38% total mutants
recovered, ~30,000 of 120,000) (Figure 2.1D-J). These data are suggestive of population
constrictions that could have arisen from 2 distinct but not mutually exclusive causes: 1) negative
selection, leading to depletion of mutants deficient at iw vize survival or intestinal colonization;
and/or 2) nfection bottlenecks, population constrictions that lead to stochastic reductions in the
average number of insertions per gene independent of genotype or selective pressures. We binned
genes according to the percentage of TA sites disrupted within their sequences and plotted the
mumber of genes corresponding to each bin for both the inoculum (Figure 2.4A-top) and a
representative rabbit-passaged sample (Figure 2 4A-bottom). The passaged sample exhibited a
marked leftoward shift relative to the inoculum, a signature indicative of population constriction due
to an infection bottleneck™™*.
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Figure 2.4: ldentification of EHEC genes required for intestinal colonization

(A) Distribution of percentage TA site disruption for all genes in EDLS33 in the library used to inoculate infant rabbits
(top) and in a representative library recovered from a rabbit colon two days after infection (bottom). (B) Distribution
shown in (A) overlaid with the classifications from Con-ARTIST. Genes with insufficient data are removed from the
bottom panel. (C) Distribution of Con-ARTIST gene classifications (insufficient data (ID, black), queried (blue),
conditionally depleted (CD, red)) in each library recovered from seven infant rabbit colons two days post infection as
compared to the inoculum. The last column, C, represents the consensus classification for all genes. (D) Distribution
of PC1 scores across all EHEC genes. Red hins fall within the lowest 10% of PC1 scores (CD). Blue bins represent
genes classified as queried (Q). (E) Conditionally depleted genes by Clusters of Orthologous Groups (COG)
classification. A two-tailed Fisher's exact test with a Bonferroni correction was used to test the null hypothesis that
enrichment is independent of TIS classification. (***), p-value =0.0001. (F) Top 10 KEGG pathways of EHEC genes
classified as conditionally depleted by both Con-ARTIST and CompTIS (Group 1).



As infection bottlenecks can confound identification of genes with true fitness defects in vive, we
analyzed the TIS data using two complementary pipelines that mitigate the effects of bottlenecks:
Con-ARTIST** and CompTIS**. Both Con-ARTIST and CompTIS use iterative simulation-based
normalization to compensate for expenmental bottlenecks and facilitate discimination between
stochastic reductions in genotype abundance and reductions attnibutable to genuine selection
(mutants for which there was a fitness cost in the host environment); however, they use distinct
methodologies to measure phenotypic consistency across ammal replicates in order to categorize
genes as either conditionally depleted (CD), quened (Q)), or nsufficient data (ID) as compared to the
moculum library (Figure 2.5).

Con-ARTIST utilizes relatively stringent standards to identify robust candidate genes that
facilitate EHEC intestinal growth in each rabbit. Such ‘conditionally depleted’ (CD) genes must
contain sufficient transposon-insertions for Con-ARTIST analysis (at least 5 TA sites disrupted by
transposon-insertion within the inoculum and output datasets) and meet a standard of a 4-fold
reduction in read abundance (fold-change) that is consistent across TA sites in a gene, where
consistency i1s measured using a Mann Whitney U (MWU) statistical test (Figure 2.5). Quened genes
contain sufficient insertions for analysis but fail to meet the fold-change or p-value threshold. In
contrast, genes classified as insufficient data (ID) have fewer than 5 TA sites disrupted by
transposon-insertion. The output of gene categorization using these thresholds is displayed for a
single rabbit in Figure 2 4B (additional amimals in Figure 2.6) and summanzed for all animals
in Fipure 24C. An additional cnterion that genes be classified as CD in 5 or more of the 7 animals
analyzed was imposed to create a consensus list of CD genes (Figure 2.4C). In contrast to the >2000
genes classified as conditionally depleted in one or more animals, only 246 genes were classified as

conditionally depleted across 5 or more animals (Table S6).
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Figure 2.5: Schematic of analytic scheme to identify conditionally depleted genes.

The TIS data was analyzed with Con-ARTIST and CompTIS. The first step is comection for bottleneck effects to
facilitate identification of attenuated mutants. To do this, simulation-based normalization is performed on the inoculum
dataset to model the stochastic loss observed in the colon datasets. Next, relative abundance of mutants in the
normalized inoculum and colon dataset were compared to determine a mean fold-change across each gene. Next,
genes with mean fold-change values that are consistent with a signature of attenuation in vivo were identified. With
Con-ARTIST, genes are first categorized based on their phenotype in each animal replicate, and then a consensus
is determined for the phenotype across all replicates. To achieve this, in each animal, genes are first filtered by the
number of informative sites—the number of unique TA sites between the input and output that have transposon-
insertions. Genes with less than 5 informative sites are classified as insufficient data (1D, black). Genes with sufficient
data (= 5 TA sites disrupted) are classified based on a dual standard of attenuation (mean log= fold change = -2) and
consistency (Mann Whitney U p-value =0.01) as either queried (Q, blue) or conditionally depleted (CD, red). To
choose genes with consistent phenotypes across the replicates, genes were classified as CD if they were classified
as CD in 5 or more replicates. CompTIS synthesizes data across all animal replicates to identify genes important for
colonization. Genes are first filtered to remove those without fold-change information across all replicates (1D, black).
Gene-level PCA is performed on genes with sufficient data, and genes are classified as Q or CD based on their gIiPC1
score. Genes with a score in the bottom 10% of the glPC1 score distribution are attenuated (CD).

38



1 Rabbit 1 — Clueiad (3730) 15210"

o D (456)

BE B

1.0m10

&0m10"

I~
=

% of Variance Explained
PCA Coaffecient

=
&

T 31 4 B & 7

1io0- Rabhit 2 mm Cuariad (3837) gl Principal Components Rabbits
L = CO(512)

Cumried (3330)
CD (7a1)

Number of Genes

Genes with Lowest 10% glPC1 Score

Rabit 7 =  Quernied (144E)
100 Y —_—

B~
FrRABEFEROBERR 58 ] L 2 - ] ] KL
Percent TA Site Disrupted (binned) Log2 Fold Change

Figure 2.6: Con-ARTIST and CompTIS classification of genes important for colonization.

(A-G) Distribution of percentage TA site disruption in libraries recovered from 7 rabbit colons. These distributions
are overlaid with Con-ARTIST classification (queried, blue; CD (conditionally depleted), red). (H) Variance
explained by each gene-level (gl) principal component for gIPCA performed across the 7 rabbit screens. (1) Gene-
level principal component 1 (gIPC1) coefficients for each rabbit dataset. (J) Heatmap of the log:z fold change for
each gene with a glPC1 score that falls within the bottom 10% of the distribution. Each column represents genes
from a separate rabbit replicate. Genes are ordered by glPC1 score, lowest at the top of the heatmap and highest
at the bottom.



CompTIS was also used to compare the seven libraries recovered from rabbit colons. CompTIS
relies on PCA, a dimensional reduction approach used to describe the sources of vanation in
multivariate datasets, and can be used here as an alternative measure of phenotypic consistency
between animals. This is particularly beneficial in this case, where the severe bottleneck limits the
availability of individual transposon mutant replicates required for Con-ARTIST's MWU p-value
thresholds. In the CompTIS analysis, each gene’s fold change from the seven colon libraries was
subjected to gene level PCA (gIPCA)*. Genes for which fold change information is not reported in
all seven animal replicates are classified as ID. gIPC1 describes most of the vanation in the ammals
(Figure 2.6H) and represents a weighted average of the fold change values for each gene across the 7
animals (Table S6). The signs and magnitudes of glPC1 were all similar (Figure 2 61), indicating that
each rabbit contributes approxzimately equally to gIPC1, as expected for biological replicates. The
distribution of glPC1 scores is continuous (Figure 2.4D)) and describes each gene’s contnbution to
EHEC intestinal colonization. Most genes have a glPC1 score close to zero, suggesting that they do
not contribute to colonization. However, the non-symmetnical distribution includes a marked left tail
encompassing the lowest 10% of scores, which were classed as CD (Figure 24D, 2.6]). The list of
541 CD genes includes nearly all (85%) of the genes classified as CD by the more conservative Con-
ARTIST analysis outlined above (Figure 2.5).

These analyses yield four groups of genes (Figure 2.5). Group 1 includes the 209 genes
categorized as CD by both ConARTIST and CompTIS and represents the highest confidence
candidate genes required for colomization. Group 2 includes 332 genes identified as CD by
CompTIS but classified as Q or ID by Con-ARTIST; it includes /er (gIPC1 = -2290), a cntical
activator of the LEE T3S5*, which is classified as queried by Con-ARTIST due to the relative
paucity of unique insertion mutants. The lack of /er mutants is likely due to the small size of the gene

sites) and to oc transposon insertion® . b} 1t 5 5
few TA si d to HNS bindi cluding transposon insertion®. Group 3 includes the 37 gene
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identified as CD by ConARTIST but not by CompTIS, due to the absence of fold-change
nformation for all seven replicate rabbats. Lastly, Group 4 includes the 5454 genes always identified
as quened or insufficient data. Due to the severe bottleneck, we do not conclude that these penes
are mof attenuated relative to the wild type strain #n pive; it 15 likely that the list of CD loci called by
either method 1s incomplete. Below, we pomanly focused on Group 1 genes for further analysis, as
they represent the most robust candidates for factors promoting EHEC intestinal colonization

Using our Z correspondence table (Table S1), 89% (186,/209) of Group 1 genes were assigned
to a COG functional category. CD genes were frequently associated with amino acid and nucleotide
metabolism, signal transduction, and cell wall/envelope biogenesis, but only amino acid metabolism
reached statistical significance after correction for multiple hypothesis testing (Figure 2 4E). These
genes are also associated with KEGG metabolic pathways (particularly amino acid metabolism),
several two-component systems, including greC, which has previously been implicated in EHEC
virulence gene regulation, and lipopolysaccharide biosynthesis*™* (Table S7, Figure 2 4F). 30 of the
209 CD genes are EHEC specific, whereas the remaining 179 have homologs in K-12 (Table S6),
highhghting the importance of conserved metabolic pathways in the pathogen’s capacity to
successfully colonize its colonic mche. Similar metabolic pathways were also found to be important
for 1. cholerae prowth in the infant rabbit small intestine®** raising the possibility of targeting

metabolic pathways such as those for amino acid biosynthesis with antibiotics®™ .

ANALYSES OF THE REQUIREMENT FOR T355 AND EFFECTORS IN COLONIZATION

To assess the accuracy of our gene classifications using Con-ARTIST and CompTIS, we ezamined
classifications within the LEE pathogenicity island, which encodes the EHEC T3SS and plays a
critical role in intestinal colonization™'™*****'® The LEE is comprised of 40 genes, including genes
encoding the structural components of the T3SS, some of the pathogen’s effectors, their
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chaperones, and Intimin, the adhesin that binds to the translocated Tir protein. In nfant rabbits,
previous studies using single deletion mutants revealed that #r, ege, and esclN, the T35S ATPase, were
all required for colonization™”. We observed a marked reduction in the abundance of insertions
across nearly the entire LEE in the samples from the rabbit colons relative to the simulation-
normalized input reads, indicating this locus 1s requured for colomzation (Figure 2.7A). However, the
LEE has low GC content and is regulated through HNS binding®’ which when coupled with the
infection bottleneck are expected to hamper assessment of gene contnbutions to intestinal fitness.

12/40 LEE-encoded genes were categorized as Group 1 (CD by both ConARTIST and
CompTIS), including 3 genes previously found to be required for colonization (#r, eze and escIN) and
8 additional genes critical for T3SS activity, including translocon T3SS components (espB, espD,
and esp.4) and structural components (eseD, ese(, escl”, escl, and eseC) (Figure 2. 8AB, Table S6)'*%*
*¢_Additionally, 15 genes were categorized as Group 2, including many encoding chaperones cotical
for T3SS assembly or T3SS structural components.

We also assessed the contribution of EHEC T35S effectors on colonization. EHEC has 49
effectors: 6 genes encoded within the LEE (epF, eppG, espH, egpZ, and map) and 43 non-LEE
encoded effectors (Nle). Nearly all effectors (5/6 LEE-encoded effectors and 41,/43 Nle genes)
were cateporized into Group 4 (not CD). Consistent with these results, previous studies have shown
that the LEE-encoded effectors egpG and map are dispensable for robust colonization, and that
AespH and AespF only had modest colonization defects™. The only effectors found to be important
for colonization by either Con-ARTIST or CompTIS were #r (as expected) and 2 Nle
genes: nled and egpM7. NleA was previously reported to be important for colonic colonization by a
related enteric pathogen, Citrobacter rodentinns” ', and 1s thought to suppress inflammasome activity™;
EspM]1 is thought to modulate host actin cytoskeletal dynamics®***. Interestingly, mutants

mn #/eA and espM7 were also scored as attenuated in a TraDIS-based study of EDL933 growth in
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Figure 2.7: Con-ARTIST and CompTIS-based classification of LEE genes and T38S effectors.

(A) Artemis plots of reads in the LEE pathogenicity island in the control-simulated inoculum library (fop) and a
representative library recovered from the rabbit colon (middle). The genes in the LEE are displayed at the bottom.
The key indicates which classification group each gene belongs: maroon genes belong to Group 1, which are
classified as conditionally depleted (CD) by both Con-ARTIST and CompTIS; red genes belong to Group 2, which
are classified as CD by CompTIS alone; orange genes belong to Group 3, which are classified as CD by Con-
ARTIST alone; and gray genes belong to Group 4, which are not CD. (B) Schematic showing classification of the
LEE genes and Nle effectors.
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calves, where abundance of mutants in feces was analyzed*”; however, this study used a much
smaller miniTn5 library (covenng 855 genes) and relied on a different analytic approach that used a
less stringent definition of attenuation (solely based on 2-fold reduction in transposon mutant
abundance in output vs input), making companson to our study difficult Additional studies are
warranted to confirm and further explore how these 2 Nle effectors play prvotal roles promoting

intestinal colomization.

VALIDATION OF COLONIZATION DEFECTS IN NON-LEE ENCODED GENES

We performed further studies of 17 conditionally depleted genes/operons that had not previously
been demonstrated to promote EHEC intestinal colonization. All genes were part of Group 1,
except hupB, which was identified as CD only by CompTIS (Table S6). Mutants with in-frame
deletions of either single loa (gzaR, apA, emvC, bird, hupB, metA, axyR, pre, sspA, sufl, #0/C, and
R509610) or operons classified as conditionally depleted (anAB, cbPX, enmvZompR, phoPQ, fatABC)
were penerated. Then, each mutant strain was barcoded with unique sequence tags integrated into a
neutral locus to enable multiplexed analysis. The barcoded mutants, along with the barcoded WT
EHEC, were co-inoculated into infant rabbits to compare the colonization. The relative frequencies
of WT and mutant EHEC recovered from infected animals was enumerated by barcode sequencing,
and these frequencies were used to calculate competitive indices (CI) for each mutant (1.e., relative
abundance of mutant/WT). 14 of the 17 mutants tested had CI values significantly lower than 1,
validating the colonization defects inferred from the TIS data (Figure 2.8). The ## vifro growth of the
barcoded mutants was indistinguishable from that of the WT strain (Figure 2.9), suggesting that the
in vive attenuation is not explained by a generalized growth deficiency. In agprepate, these
observations support our expenmental and analytical approaches and promide confirmation that
many of the genes classified as CD in vivo contnibute to intestinal colonization.
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Figure 2.8: Validation of colonization defects in selected
mutants.
Competitive indices of indicated mutants vs wild type EHEC.
Barcoded mutants were co-inoculated with barcoded wild-type
EHEC into infant rabbits and recovered two days later from the
colons of infected rabbits. Relative abundance of each mutant was
determined by sequencing the barcodes. (**) p-value < 0.01 and
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Figure 2.9: In vitro growth and morphology of mutants.

(A) 17 mutant strains plus the wild-type were grown in LB and turbidity measured by opfical
density. The average of three readings with the standard deviation is plotted. (B) Cell-shape
defects of Asufl, AenvC, AfatABC, and Aprc mutants in high osmolality media. Morphology
in LB (top) or LB supplemented with 0.3M NaCl (bottom) is shown.
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MANY CONDITIONALLY DEPLETED LOCI EXHIBIT REDUCED T}SS EFFECTOR

TRANSLOCATION AND/OR INCREASED SENSITIVITY TO EXTRACELLULAR STRESSORS

The many new genes implicated in EHEC colonization by the TIS data could contribute to the
pathogen’s survival and growth #n tive by a large vanety of mechanisms. Given the pivotal role of
EHEC's T35S in intestinal colonization, as well as previous observations that factors outside the
LEE can regulate T35S gene expression and/ or activity™ ', we assessed whether T3SS function was
impaired in the 11 mutants with CIs <0.3 (Figure 2.10A). Translocation of EspF (an effector
protein) fused to a TEM-1 beta-lactamase reporter into Hela cells was used as an indicator of T3SS
functionality™. An AesN mutant, which lacks the ATPase required for T3SS function, was used as a
negative control.

Deletions in three protease-encoded genes, dpPX bfe<, and pre, were associated with reduced
EspF translocation (Figure 2.10A). Both ClpXP and HtrA have been implicated in T35S
expression,/activity in previous reports™ . The ClpXP protease controls LEE gene expression
indirectly by degrading L EE-repulating proteins RpoS and GrR*’". The pernplasmic protease HtrA
(also known as DegP) has been implicated in post-translational regulation of T3SS as part of the
Cpz-envelope stress response™™*®_ Interestingly, pr, which also encodes a penplasmic protease™”,
also appears required for robust EspF translocation. Prc has been implicated in the maintenance of
cell envelope integrity under low and high salt conditions n E. colf K-12**. Consistent with this
observation, in high osmolarity media a Aprr EHEC mutant exhibited cell shape defects (Figure
29B). Deficiencies in the cell envelope associated with absence of Prc may impair T35S assembly
and/or function, perhaps also by triggering the Cpx-envelope stress response. Together, these
observations suggest that 7# vive these three proteases modulate T3SS expression/function, thereby

promoting EHEC imntestinal colomzation.

46
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ABCTAB 1500 0.06
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Figure 2.10: Effector translocation and survival in response to various gastro-intestinal stressors by
mutants defective in colonization.

(A) Normalized effector translocation of mutants compared to WT. AescN, a mutant that abrogates T355 activity,
was used as a control. Mutants were tested for their ability to franslocate EspF-TEM1 into Hela cells, as
measured by a shift in emission spectra from 520 to 450 nm. Fluorescence was nomalized to WT levels.
Geometric means and geometric standard deviations are plotted. (B) MIC for NaCl (osmotfic stress) and crude
bile for the indicated mutanis. Bold text highlights values differing from the wild-type. (C) Normalized acid
resistance. Mutants were tested for their ability to survive low acid shock. Survival is shown as a percentage of
the acid resistance of the WT. Geometric mean and geometric standard deviation

We also investigated the capacity of each of the 11 mutant strains to survive challenge with three
stressors—low pH, bile, and high salt (osmotic challenge)}—that the pathogen may encounter in the
gastrointestinal tract. Relative to the WT strain, all but one (s4) of the mutant strains exhibited
reduced survival following one or more of these challenges (Figure 2. 10BC), suggesting that
exposure to these host environmental factors may contnbute to the i sive attenuation of these
mutants. Many of the EHEC mutants exhibited sensitivities to external stressors that are consistent
with previously described phenotypes in other organisms and experimental systems. For example,

the EHEC AarAB locus, which was associated with bile sensitivity in EHEC (Figure 2.10B), 1s
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known to contribute to a multidmg efflux system that can extrude bile salts, antibiotics, and
detergents*. Qur observation that mutants lacking the oxzidative stress response gene ax)R are
sensitive to bile and to acid pH is also concordant with previous reports inking both stimuli to
oxidative stress'***%*! Furthermore, the heightened sensitivity to bile, acid, and elevated osmolarity
of EHEC lacking the two-component regulatory system EnvZ/OmpR is consistent with previous
reports that EnvZ/OmpR is a crtical determinant of membrane permeability, due to its repulation
of outer membrane ponns OmpF and OmpC. Mutations that activate thus signaling system (in
contrast to the deletions tested here) have been found to promote E. coli mability in sive and to
enhance resistance to bile salts*.

The EHEC A#tABC mutant exhibited a marked colonization defect and a modest increase in
bile sensitivity. The twin-arginine translocation (Tat) protein secretion system, which transports
folded protein substrates across the cytoplasmic membrane**** has been implicated in the
pathogemcity of a vanety of Gram-negative pathogens, including entenic pathogens such
as Salmonella enterica serovar Typhumurum™* ™, Yersinia prendotubercalosis™®*°| Campylobacter jejuni*™,
and Vibrio cholerae™ . Attenmation of Tat mutants can reflect the combined absence of a varety of
secreted factors. For example, the virulence defect of 5. enferica Typhimurium 7af mutants are likely
due to cell envelope defects caused by the inability to secrete the penplasmic cell division proteins
AmiA, AmiC and Sufl**®. Notably, single knock-outs of any of these genes does not
cause 5. enferica attenmation™®, but altogether their absence renders the cell-envelope defective and
more sensitive to cell-envelope stressors, such as bile acids*’.

In EHEC, the Tat system has been implicated in Stx1 export*®, but because Stx1 was not a hit
n our screen and is not thought to modulate intestinal colonization in infant rabbits™, it 1s not likely
to explain the marked colonization defect of the EHEC AztABC mutant. The suite of EHEC Tat

substrates has not been experimentally defined, although putative Tat substrates can be identified by
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a charactenistic signal sequence™*** A few substrates, including Sufl, OsmY, OppA, MglB, and H7
flagellin, have been detected experimentally*®. s4fl, interestingly, was also a validated hit in our
screen, and is the only CD gene that has a predicted Tat-secretion signal However, the Asyf mutant
did not display enhanced bile sensitivity, suggesting that attenuation of this mutant, and perhaps of
the AfatABC mutant as well, reflects deficiencies in other processes. Sufl is a periplasmic cell
division protein that localizes to the divisome and may be important for maintaining divisome
assembly dunng stress conditions™**. E_ rolf #af mutants have septation defects™, presumably from
loss of Sufl at the dimsome. Interestingly, emyC, another validated CD gene, encodes a septal murein
hydrolase** that is required for cell division, and the AemC mutant also displayed increased bile
sensitivity. Consistent with this hypothesis, in high osmolarity media, the Asgfl, AemeC, and
MtatABC mutants exlubited septation or cell shape defects (Fipure 2.10B). Collectively, these data
suggest that an impaired capacity for cell division may reduce EHEC's fitness for intraintestinal
growth, and that at times this may reflect increased susceptibility to clearance by host factors such as

bile.

CvrA pPROMOTES EHEC RESISTANCE TO DEOXYCHOLATE

We further characterized EHEC Aap.4 because other TIS-based studies of the requirements for
colonization by diverse entenic pathogens (17brio cholerae, 1ibrio parabasmolyticns and Salmonella
enterica serovar 1yphimurium) also classified a4 as important for colonization, but did not explore
the reasons for mutant attenuation™*"***’_ mp.4 has been linked to colicin V export in E. colf K-12**
as well as curli production and biofilm formation in UPEC**. The EHEC Aa4 mutant did not
exhibit an obwous defect in biofilm formation or curh production (Figure 2.11AB), suggesting

that a4 may have a distinct and previously unappreciated role in pathogemicity.
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Figure 2.11: Characterization of AcvpA.

(A) Biofilm production in WT and AcvpA using crystal violet staining and absorption. Levels were normalized to
a percent of the WT value; three samples were analyzed and the geometric means and geometric standard
deviation are plotted. The differences between the two groups were not significant (n.s.) by Mann-Whitney U. (B)
WT and Acwvpd struck to single colonies on an agar plate made with YESCA media supplemented with Congo
Red to detect curli fibers. (C) 1:1 competitive infection between Acvpd and AlacZ. (D) WT and AcvpA struck to
single colonies on an agar plate containing minimal media with no exogenous purines. (E) Dilution series of Vibrio
cholerae CGT06 WT and cvpd:tn plated on LB and LE 1% deoxycholate (DOC). (F) Dilution series of Vibrio
parahaemaolyticus WT and Acvpd plated on LB and LB 1% deoxycholate (DOC).
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Trutially, we confirmed that the Aapd mutant extubits an intestinal colomzation defect in 1:1
competition vs the wild type strain (~20-fold defect, Figure 2.12C). To further characterize the
sensitivity of the EHEC Aap4 mutant to bile (Figure 2.12B), we exposed the mutant to the two
major bile salts found in the gastromtestinal tract, cholate (CHO) and deoxycholate (DOC)"***
(Figure 2.12AC). In contrast to WT EHEC, which displayed equvalent sensitivity to the two bile
salts in MIC assays (MIC = 2.5% for both), the Aap4 mutant was much more sensitive to DOC
than to CHO (MIC = 0.08% versus 1.25%). The Aap4 mutant’s sensitivity to deoxycholate was
present both in hiquid cultures and dunng growth on solid media (Figure 2.12ABC). apd lies
upstream of the purine biosynthesis locus parF, and some Aap.4 mutant phenotypes have been
attributed to reduced expression of purF due to polar effects™**, but the growth of our
A4 mutant was not impaired in the absence of exogenous punnes (Figure 2.11D), suggesting
the ap4 deletion does not adversely modify parF expression. Moreover, the DOC sensitivity
phenotype of Aap.4 was restored by plasomd-based expression of apd, confirming that this
phenotype is linked to the absence of apd (Figure 2.12A).

Bile sensitivity has been associated with defects in the bactenal envelope or with reduced efflux
capacity'”®. We assessed the growth of the AwfA mutant in the presence of a variety of agents that
perturb the cell envelope to assess the range of the defects associated with the absence of a4 The
MICs of WT and Aap.4 EHEC were compared to those of an Aarr4B mutant, whose lack of a
broad-spectrum efflux system provided a positive control for these assays. Notably, the
A4 mutant did not exhibit enhanced sensitivity to any of the compounds tested other than bile
salts. In marked contrast, the Aarr4B mutant displayed increased sensitivity to all agents assayed
(Figure 2.12C). These observations suggest that the sensitivity of the a4 mutant to DOC is not

likely attributable to a general cell envelope defect in thus strain. ibrie cholerae and 1Vibrio

il



1 *  — WIarspoc
e = —
—=— WT1%DOC

Sacwpd 0% DX
= Bowmpd TRIOCC

0.014

Optical Dentisy (0D ...}
f

g

Figure 2.12: CvpA promotes EHEC resistance to deoxycholate.

(A) Dilution series of WT, AcvpA mutant, and Acvpd mutant with arabinose-inducible cvpA complementation
plasmid plated on LB, LB 1% cholate (CHO) or LB 1% deoxycholate (DOC). (B) Optical density of WT and
Acvpd grown in LB and two concentrations of DOC, added at the indicated arrow. The average of three readings
is plotted with ermors bars indicating standard deviation. (C) MIC of antimicrobial compounds for WT and
Acvpd and AacrdB mutants. Units are mg/mL unless specified otherwise. Bolded values are those different than
the wild-type. (D) Schematic of predicted CvpA topology.
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parabaemolyticns Acyp mutants also exhibited sensittmity to DOC (Figure 2.12EF), implying a similar
role in bile resistance in these distantly related enteric pathogens.

A varniety of bioinformatic algonthms (PSLPred, HHPred, Phobms, Phyre2) suggest that CvpA
is an inner membrane protein with 4-5 transmembrane elements similar to small solute transporter
proteins (Figure 2.12D). Phyre2 and HHPred reveal CvpA’s partial similarity to inner membrane
transporters in the Major Facilitator Superfammily of transporters (MFS) and the small-conductance
mechanosensitive channels family (MscC). The PEAM database groups CvpA (PF02674) in the
LysE transporter superfamily (CL0292), a set of proteins known to enable solute export. In
conjunction with findings presented above, these predictions raise the possibility that CvpA 1s
mmportant for the export of a limited set of substrates that includes DOC. Additional studies to
confirm this hypothesis and to establish how CvpA enables export are warranted, particularly

because this protein is widespread amongst enteric pathogens.

CONCLUSIONS

Here, we created a lughly saturated transposon hibrary in EHEC EDIL933 to identfy the genes
required for i vifro and in vive growth of this important food-borne pathogen using TIS. This
approach has transformed our capacity to rapidly and comprehensively assess the contnbution an
organism’s genes to growth in different environments™’**'** However, technical and biologic issues
can confound interpretation of genome-scale transposon-insertion profiles. For example, we found
that EHEC genes with low GC content or those without homologs in K-12 were less likely to
contain transposon-insertions, which may reflect processes other than reduced biological fitness. For
example, the presence of nucleoid binding proteins could impair transposon-insertion into these
loci. Unexpectedly, more than 100 of the genes conserved between EHEC and K-12 appear to
promote the prowth of the pathogen but not that of K-12, suggesting that strain-specific processes
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may have enabled divergence of the metabolic roles of ancestral E. w/ genes in these backgrounds.

More comprehensive comparnisons between additional E. cef isolates are needed to confirm this

hypothesis.

MATERIALS AND METHODS

Ethics statement

All arumal expeniments were conducted 1n accordance with the recommendations in the Gude for
the Care and Use of Laboratory Animals of the National Institutes of Health and the Ammal
Weltare Act of the Umnited States Department of Agniculture using protocols reviewed and approved
by Brigham and Women’s Hospital Commuttee on Amimals (Institutional Amimal Care and Use
Committee protocol number 2016N000334 and Animal Welfare Assurance of Compliance number

A4752-01)

Bactenal strains_plasnuds and growth conditions

Strains, plasmids and primers used in this study are listed in Tables S8 and S9. Strains were cultured
in LB medmm or on LB agar plates at 37°C unless speafied otherwise. Antibiotics and supplements
were used at the following concentrations: 20 pg/mL chloramphenicol (Cm), 50 pg/ml kanamyein
(Km), 10 pg/mL gentamicin (Gm), 50 pg/mL carbenicillin (Cb), and 0.3 mM diaminopimelic acid
(DAP).

A gentammain-resistant mutant of E. el O157-H7 EDL933 (Alacl-:aacCT) and a chloramphemicol-
resistant mutant of E. ol K-12 MG1655 (Alacl-:caf) were used in this study for all expeniments, and
all mutations were constructed in these strain backprounds except where specified otherwise. The
AacT-aacC1 and Alacl-cat mutations were constructed by standard allelic exchange techniques™
using a dervative of the suicide vector pCVD442 harboring a gentamicin resistance cassette
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amplified from strain TP997 (Addgene strain #13055)** or a chloramphenicol resistance cassette
from plasmid pKID3 (Addgene plasmid #45604)"™ flanked by the 5" and 3° DNA regions of

the o gene. Isogenic mutants of EDI933 Alacl-aacC7 were also constructed by standard allelic
exchange using dervatives of smade vector pDM4 harboring DNA regions flanking the gene(s)
tarpeted for deletion. E. colf MFDApir** was used as the donor strain to deliver allelic exchange
vectors into recipient strains by conjugation. Sequencing was used to confirm mutations.

A AapA strain was also constructed using standard allelic exchange in a streptomycin- resistant
mutant of 1. parabaemolyticss RIMD 2210633. A apd:tn mutant was used from a Vibrio

cholerae CG706 arrayed transposon library™.

E tic cell line and conditions
Hel a cells were obtained from The Harvard Digestive Diseases Center (HDDC) Core Facilities at
Boston Children’s Hospital and were cultured in Dulbecco’s modified Eagle’s medmm (DMEM)

supplemented with 10% fetal bovine serum (FBS). Cells were grown at 37°C with 5% CO: and

routinely passaged at 70 to 80% confluence; medium was replenished every 2 to 3 days.

Transposon-insertion library construction

To create transposon-insertion mutant libraries in EHEC EDI.933 Alacl:aacC1, conjugation was
petformed to transfer the transposon-containing suicide vector pSC189*" from a donor strain

(E. eoli MFDpix) into the EDI.933 recipient. Briefly, 100 pL of overmight cultures of donor and
recipient were pelleted, washed with LB, and combined 1n 20 pl. of LB. These conjugation mixtures
were spotted onto a 0.45 pm HA filter (Milipore) on an LB agar plate and incubated at 37°C for 1
h. The filters were washed in 8 mL of LB and immediately spread across three 2452245

mm (Corming) LB-agar plates contaiming Gm and Kn. Plates were incubated at 37°C for 16 h and
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then individually scraped to collect colonies. Colonies were resuspended in LB and stored in 20%
glycerol (v/v) at -80°C as three separate library stocks. The three libraries were pooled to perform
essential genes analysis, and one library aliquot was used to as an inoculum for infant rabbit infection
studies.

To create TIS mutant libraries in E. cof K-12 MG1655 Alacl-cat, conjugation was performed as
above. 200 ul of overnight culture of the donor strain (E. s MEDApir carrying pSC189) and the
recipient strain (MG1655 Alacl-cat) were pelleted, washed, combined and spotted on 0.45 pm HA
filters at 37°C for 5.5 hours. Cells were collected from the filter, washed, plated on selective media
(LB Km, Cm), and mncubated overmght at 30°C. Colomies were resuspended in LB and frozen in

20% glycerol (v/v). An aliquot was thawed and gDNA isolated for analysis.

Infant rabbit infection with EHEC transposon-insertion library

Mixed gender litters of 2-day-old New Zealand White infant rabbits were co-housed with a lactating
mother (Charles River). To prepare the EHEC transposon-insertion library for infection of infant
rabbits, 1 ml from one library aliquot was thawed and added to 20 mL of LB. After growing the
culture for 3 h at 37°C with shaking, the ODgo was measured and 30 units of culture at ODsw0o = 1
(about 8 mL) were pelleted and resuspended in 10 ml. PBS. Dilutions of the mnoculum were plated
on LB agar plates with Gm and Km for precise dose determination. An aliquot of the inoculum was
saved for subsequent gDINA extraction and sequencing (input). Each infant rabbit was infected
orogastrically with 500 pl of the inoculum (1x10° CFU) using a size 4 French catheter. Following
moculation, the infant rabbits were monitored at least 2x/day for signs of illness and euthanized 2
days postinfection. The entire mtestinal tract was removed from euthanatized rabbits, and sections
of the mid-colon were removed and homogenized in 1 mL of stenile PBS using a nunibeadbeater-16

(BioSpec Products, Inc.). 200 pL of tissue homogenate from the colon were plated on LB agar
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containing Gm and Km to recover wiable transposon-insertion mutants. Plates were grown for 16 h
at 37°C. The next day, colonies were scraped and resuspended in PBS. A 5 mL aliquot of cells was

used for genomic DINA extraction and subsequent sequencing (Rabbits 1-7).

Charactenzation of transposon-insertion libraries

Transposon-insertion libraries were characterized as described previously”***. Boefly, for each
library, gDNA was isolated using the Wizard Genomic DNA extraction kit (Promega). gDNA was
then fragmented to 400—600 bp by somcation (Covans E220) and end repaired (Quck Blunting Kit,
NEB). Transposon junctions were amplified from gDNA by PCR. PCR products were gel purnfied
to isolate 200-500bp fragments. To estimate input and ensure equal multiplexing in downstream
sequencing, purified PCR products were subjected to qPCR using primers against the Illumina P5
and P7 hybnidization sequence. Equumeolar DINA fragments for each library were combined and
sequenced with a MiSeq. Reads for all TIS libraries have been deposited in the SRA database
(Accession Number: PRJNA548905).

Reads were first tnmmed of transposon and adaptor sequences using CLC Genomics
Workbench (QIAGEN) and then mapped to Escherichia coli O157-HT strain EDI933 (NCBI
Accession Numbers: chromosome, NZ_CP008957.1; pO157 plasnud, NZ_CP008958.1) using
Bowtie without allowing mismatches. Reads were discarded if they did not align to any TA sites, and
reads that mapped to multiple TA sites were randomly distributed between the multiple sites. After
mapping, sensitivity analysis was performed on each library to ensure adequate sequencing depth by
sub-sampling reads and assessing how many umique transposon mutants were detected. Next, the
data was normalized for chromosomal replication biases and differences in sequencing depth using a

LOESS correction of 100,000-bp and 10,000-bp windows for the chromosome and plasmid,
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respectively. The number of reads at each TA site was tallied and binned by gene and the percentage
of disrupted TA sites was calculated. Genes were binned by percentage of TA sites disrupted.

For essential gene analysis, EL-ARTIST was used as descrbed previously”™. Protein-coding genes,
RNA-coding genes, and pseudogenes were included in this analysis. Briefly, EI-ARTIST classifies
genes into one of three categornies (underrepresented, regional, or neutral), based on their
transposon-insertion profile. Classifications are obtained using a hidden Markov model (HMM)
analysis following shiding window (SW) training (p <0.05, 10 TA sites). Insertion-profiles for
example genes were visualized with Arternis.

For identification of mutants conditionally depleted in the rabbit colon as compared to the input
moculum, Con-ARTIST was used as described previously**. First, the input library was normalized
to simulate the seventy of the bottleneck as observed in the libraries recovered from rabbit colons
using multinomial distnbution-based random sampling (n = 100). Next, a modified version of the
Mann-Whitney U (MWU) function was applied to compare these 100 simulated control data sets to
the libranes recovered from the rabbit colon. All genes were analyzed, but classification as
‘conditionally depleted’ (CD) was restricted to genes that had sufficient data (25 informative TA
sites), met our standard of attenuation (mean log: fold change = -2), met our standard of phenotypic
consistency (MWU p-value of =0.01), and had a consensus classification in 5 or more of the 7
animals analyzed. Genes with =5 informative TA sites that fail to exceed both standards of
attenuation and consistency are classified as ‘quenied’ (QQ, blue), whereas genes with less than 5
mformative TA sites are classified as ‘insufficient data’ (ID).

Gene-level PCA (g]lPCA) was performed using CompTIS, a principal component analysis-based
TIS pipeline, as described in**. Brefly, log: fold change values were denved by comparing read
abundance in each sample to 100 control-simmulated datasets as in Con-ARTIST. These fold change

values were weighted to minimize noise due to vanability’™. Next, genes that did not have a fold
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change reported for all 7 animals were discarded. The fold change values were then z-score
normalized. Weighted PCA was performed in Matlab (Mathworks) with the PCA algorithm (pca).

Genes were categonized into 4 groups based on their classifications in Con-ARTIST and CompTIS.

GC content

The GC content of classified genes was compared using a Mann-Whitney U statistical test and a
Bonferroni correction for multiple hypothesis correction when more than one comparison was
made. A p-value <0.05 was considered significant for one comparison, p<0.025 for two. A Fisher’s
exact two-tailed t-test was used to compare ratios of classifications between groups, where a p-value

of <0.01 was considered significant.

In wivo competitive infection: pooled mutants versus wild-type

Barcodes were introduced into Alacl-aarCTand isogenic mutant stramns as described previously” **.
Buefly, a 991bp fragment of gnX (R502015) that included 51bp of the intergenic region

between gnX and /acd (R502020) was amplified using primers that contained a 30 bp stretch of
random sequence and cloned into Sacl and Xbal digested pGP704. The resulting pSoA176 mix was
transformed into E. o MEDApir. Individual colonies carrying unique tag sequences were isolated
and used as donors to deliver pSoA176 barcoded denrvatives to EDL933 Adacl-garCTand each
1sogenic mutant strain. Three barcodes were independently integrated into EDI.933 Alacl-aarCT, and
three barcodes into each isogenic mutant via homologous recombination in the intergemnic region
between gnX and /acd, which tolerates transposon-insertion i vifre and i wive, indicating this locus
1s neutral for the fitness of the bactena Correct insertion of barcodes was confirmed by PCR and
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To prepare the culture of mixed EHEC-barcoded strains for the multi-coinfection experiment,
100 pl of overnight cultures of the barcoded strains were mixed in a flask and 1 mL of this nux was
added to 20 mL LB. After growing the culture for 3 h at 37°C with shaking, the ODy; was
measured and 30 units of culture at ODsw = 1 (about 8 mL) were pelleted and resuspended in 10
mL PBS. Dilutions of the inoculum were plated on LB agar plates with Gm and Cb for precise CFU
determunation. 10 mfant rabbits were inoculated and monitored as descnbed above, and colon
samples collected. Tissue homogenate was plated, and CFU were collected the following day. gDNA
was extracted and prepared for sequencing as described previously™.

The quantification of sequence tags was done as descrbed previously*. In brief, sequence tags
were amplified from the inoculum culture and libraries recovered from rabbit colons. The relative in
vive fitness of each mmtant was assessed by calculating the competitive index (CI) as follows: We
compare two strains (Adaaa:C7 and 1sogenic mutant) in a population with
frequencies £, and f,.... respectively where x is one of 17 mutant strains with a deletion in gene x. For
simplicity, we assume here that both expand exponentially from a time point t to a sampling time

point t,, their relative fitness (offspring/generation) is proportional to the competitive index CI-

fmut,t‘..ﬂ'
In (ﬂ) = In (CI). Here, fizoand fuu.o are the frequencies of the strains in the

fwt.s

moculum, measured in triplicates, and fi..and fu...describe the frequencies at the sampling time

point in the animal host. Because the WT strain was tagged with 3 individual tags and the inoculum

was measured in trplicate, we have 3x3=9 measurements of the ratio fwes . The same is true
wt.0

for all mutant strains, such that we have 9 measurements of the ratio Jmuz x5 . In total we
mut.x,0

therefore have 3z3z3z3= 81CI measurements for each mutant per animal To determine intra-host

vanance in these 81 measurements, a 95% confidence interval of the CI in single animal hosts was
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determined by bootstrapping. For combining the Cls measured across all 10 ammal hosts, we
performed a random-effects meta-analysis using the metafor package [121] in the statistical software
package R (version 3.0.2). The pooled rate proportions and 95% confidence intervals were
calculated using the estimates and the vanance of Cls in each animal determined by bootstrapping

and corrected for multiple testing using the Benjanuni-Hochberg procedure.

In witro growth

Each bacterial strain was grown at 37°C overnight. The next day, cultures were diluted 1:1000 into
100 uLL of LB in 96-well growth curve plates in triplicate. Plates were left shaking at 37°C for 1024
hours. Absorbance readings at 600nm were normalized to a blank and the average of each trplicate

was taken as the optical density.

T3SS translocation assays

T3SS functionality was assessed by translocation of the known EHEC T3SS effector protein EspF
mto Hela cells as described previously™. Brefly, the plasmid encoding the effector protein EspF
fused to TEM-1 beta-lactamase was transformed into each of the bactenal strains to be tested.
Overnight cultures of each bacterial strain were diluted 1/50 in DMEM supplemented with HEPES
(25mM), 10% FBS and L-glutamine (2mM) and incubated statically at 37°C with 5% CO2 for two
hours. This media is known to induce T3SS expression™. Hela cells were seeded at a density of
2x10* cells in 96-well clear bottom black plates and infected for 30 minutes at an MOI of 100. After
30 minutes of infection IPTG was added at a final concentration of 1mM to induce the plasnuid-
encoded T3SS effector. After an additional hour of incubation, monolayers were washed in HBSS
solution and loaded with fluorescent substrate CCF2/AM solution (Invitrogen) as recommended by

the manufacturer. After 90 muinutes, fluorescence was quantified in a plate fluorescence reader with
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excitation at 410nm and enussion was detected at 450nm. Translocation was expressed as the
emission ratio at 450/520nm to normalize beta-lactamase activity to cell loading and the number of

cells presented at each well, and then normalized to WT levels of translocation.

Bi curli production, and purnine assa

Biofilm and curli production assays were performed as described previously™. For biofilm assays,
bactenal cultures were grown in yeast extract-Casamino Aads (YESCA) medium until they reached
an ODex ~ 0.5 and 1/1000 dilution of this culture was used to seed 96-well PVC plates. The
cultures were grown at 30°C for 48 hours and biofilm production was quantitatively measured using
crystal violet staining and absorbance reading at 595nm. Relative biofilm production was normalized
to the average of three WT samples. A two-tailed Mann Whitney U test was used to determine if
biofilm production was significantly different. A p-value < 0.05 was considered to be significant. To
test curli production, bactenal cultures were grown in YESCA medium until they reached an

ODsos ~ 0.5 and then were struck to single colonies onto YESCA agar plates supplemented with
Congo Red. Red colonies indicate curli production. To test if our Aap.4 deletion had polar effects

on parF, the mutant and WT were struck onto minimal media lacking exogenous purines.

Acid shock assays

An adaptation of the acid shock method descrbed previously*™ was performed. Briefly, bacterial
cultures were grown until mid-exponential phase (ODsw ~ 0.6), then diluted 20-fold in LB pH 5.5
and incubated for 1 hour before prepanng senal dilutions and plating each culture to determine the
relative percentage of survival in comparison to the wild-type EDL933 strain The pH of the LB
broth was adjusted using stenilized 1mM HCI and buffered with 10% MES. Values are expressed as

percent survival normalized to WT.
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MIC assays

MIC assays were performed using an adaptation of a standard methodology with exponential-phase
cultures™. Briefly, the different compounds to be tested (see Figure 2. 6B and 2. 7C) were prepared in
serial 2-fold dilutions in 50 ul of LB in broth in a 96-well plate format. To each well was added 50 ul
of a culture prepared by diluting an overmight culture 1,000-fold into fresh LB broth, growing it for

1 h at 37°C, and again diluting it 1,000-fold into fresh medium. The plates were then incubated

without shaking for 24 h at 37°C.

Bile salts survival assays

Bile salt sensitivity assays were adapted from previous reports*. For plate sensitivity assays, each
bactenal strain was grown at 37°C until they reached mud-exponential phase of growth (ODy of
0.5) and the culture was senally diluted and spot-titered onto LB agar plates supplemented with
either 1% DOC or 1% CHO. Spots were air dried and plates incubated at 37°C for 24 h. For
sensitivity assays done in hiqud culture, each bactenal strain was grown at 37°C until it reached mud-
exponential phase of growth (ODjy of 0.5) and then cultures were split and supplemented with

either DOC, CHO or bufter (PBS) and bacterial growth was assessed by absorbance at 600nm.

Growth in high-salt media

Bactenal strains were grown in either LB or LB supplemented with 0.3M NaCl until mud-

exponential phase and analyzed by phase microscopy at 100x magnification.

1-1 competitive infection of Aap4 and wild-type

To test the AapA in vive fitness defect, we competed AapA against a AlarZ mutant in the infant

rabbits. To prepare the cultures for infection, 100 pl of overnight cultures of each strain were
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moculated into 100 mL of LB Gm for. After 3 hours of growth at 37°C with shaking, the ODy, was
measured and 30 units of culture at ODgx = 1 were pelleted and resuspend in 10 mL PBS. Then, 5
mL of the AlgeZ culture was combined with 5 mL Aapd to make a 1:1 mixture. Dilutions of the
moculum were plated on LB agar plates containing Gm and X-Gal (60 mg/mL) for precise CFU
determination and determiming the input ratio of AdaeZ (white) to Aagp4 (blue). 4 infant rabbits were
moculated and inoculated and monitored as descrbed above, and colon samples collected. Tissue
homogenate was plated on LB agar plates contamning Gm and X-Gal (60 mg/mL) and CFU were
counted the following day. A competitive index was calculated by dividing the burden of

Aapd donded by the AlarZ burden, adjusted for the input ratio.

Ao complementation assays

cpA was inserted into the expression vector pMMB207** (ATCC #37809) downstream of the
IPTG-inducible promoter using isothermal assembly. The resulting plasmid, pMMB207-a4.4, as
well as an empty vector control, were transformed into Asp 4. To rescue the Arp4 DOC sensitivity
phenotype, we used these strains in a bile salt sensitrvity assay as descabed above. We found that
expression from this plasoud was very leaky at basal (non-induced) conditions and could rescue

the a4 DOC sensitivity even without addition of IPTG.

Computational is

To enable comprehensive functional /pathway analyses in EHEC we carried out BLAST-based
comparisons between the old EHEC genome sequence and annotation system® (NCBI Accession
Numbers AE005174 and AF074613) and the new sequence and annotation system™*®
(INZ_CP008957.1 and NZ_CP008958.1). This comparison links the new annotations (RS locus tags)

to the onginal “Z numbers’ and their associated function and pathway annotation.
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To make the correspondence table (Table S1) between the old EHEC annotation system (Z
Numbers) and the new system (RS Numbers), local nucleotide BLAST with output format 6 was
used. First, a reference nucleotide database was generated from the newest EHEC sequence and
annotation (NZ_CP008957.1 and NZ_CP008958.1). The EHEC genome sequence containing Z
mumber annotations (AE005174 and AF074613) was used as the query. Of the 6032 EDL933 genes,
5508 have 85% or greater nucleotide identity to a Z Numbered locus. 4796 of these genes match
only one Z Numbered locus and 712 genes match multiple Z Numbers. These cases are frequently
due to repetitive penomic sequences (such as cryptic phage genes, transposons, or insertion
elements) or situations cases where two loa have been merged into one locus. Due to gaps and
ambiguity present in the onginal EDI.933 sequence, we did not filter on alisnment length in order to
find the best matches. In cases where there was one matching locus, the alignment was always =290%
of the length of the gene For genes with multiple matches, the length of the alignment vaned.
There are 524 genes with no corresponding Z Number, presumably loci that are newly recognized
genes, and also 71 Z Numbers not assigned to an RS Number, which are loci now recognized as
intergenic regions or not present in the final assembly.

To find the K-12 homolog for EHEC genes (Table S2), local BLAST was also used. A reference
muclectide and amino acid database was generated from MG1655 K-12 (NC_000913.3), and the
newest EHEC genome sequence was used as the query. For pseudogenes and genes coding for
RMNA, =90% muclectide identity across =90% of the gene length was considered a homolog. For
protein coding genes, =90% amino acid identity across =90% of the amino acid sequence was
considered a homolog.

To find KEGG pathways and COG assignments for genes of interest, the Z correspondence
table was used to look up the Z number of each gene. The Z number and corresponding functional

information was searched on the EHEC KEGG database.
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To determine if COGs were enriched in certain groups of genes (such as conditionally depleted
genes), a COG ennichment index was calculated®™. The COG Enrichment Index is the percentage of
the genes of a certain category (essential genes or CD genes) assigned to a specific COG divided by
the percentage of genes in that COG in the entire genome. A two-tailed Fisher's exact test was used
to determune if this ratio was independent of grouping. A Bonferroni correction was applied for
multiple hypothesis testing. A p-value of <0.002 was considered to be significant.

Sequencing saturation of TIS libraries was determined by randomly sampling 100,000 reads from
each library and identifying the number of unique mutants in that pool. Libraries are sequenced to
saturation when no new mutants are identified as additional reads are added. 2—4 million reads are

sufficient to capture the depth of libranies used here.
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GENETIC ANALYSES LINK THE CONSERVED INNER

MEMBRANE PROTEIN CVPA TO THE Cl'E

EXTRACYTOPLASMIC STRESS RESPONSE



OVERVIEW

The function of a4, a bactenial gene predicted to encode an inner membrane protein, is larpely
unknown. Early studies in E. o/ linked a4 to Colicin V secretion and recent work revealed that it
1s requured for robust intestinal colomzation by diverse enteric pathogens. In enterohemorrhagic E.
eoli (EHEC), a4 1s requured for resistance to the bile salt deoxycholate (DOC). Here, we carnied
out genome-scale transposon-insertion mutagenesis and spontaneous suppressor analysis to uncover
apA’s genetic interactions and identify common pathways that rescue the sensitivity of a Aayp4
EHEC mutant to DOC. Collectively, these screens led to the hypothesis that the Asfid mutant is
impaired in its capacity to activate the o"-mediated stress response. This idea was supported by
showing that mutations that activate o=, erther indirectly or through its direct overexpression, can
restore the Aap4 mutant’s resistance to DOC. Analysis of the distnbution of CvpA homologs
revealed that this inner membrane protein is conserved across bactenal phyla, in both enteric and
non-enteric bacteria that are not exposed to bile. Together, our findings suggest that CvpA may
function in triggering activation of the 6~ stress response pathway in response to DOC as well as

additional stimuli.

This work is being developed for publication as: Warr AR, Giorgio RT, Waldor MK Genetic analyses link

the conserved inner membrane protein CvpA to the o~ extracytoplasmic stress response.

Asthor contributions: The work was conceptualized by ARW and MEKW. The investigation and data

analysis were performed by ARW and RTG wath supervision from MKW. The ficures were made by

ARW. The writing was completed by ARW with editing from MEW.
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INTRODUCTION

Entenc pathogens encounter a broad range of host-denived stressors dunng their transit through the
gastrointestinal (GI) tract. These pathogens enter the GI tract through consumption of
contaminated food or water, and the diverse challenges they face in the host environment include
substantial fluctuations in osmolanty, oxygen concentration, pH, and nutnent availability, as well as
mechanical shear force from penstalsis and the bactencidal activities of antimicrobial peptides and
bile salts. Pathogens must also compete with the microbiota and face the threat of immune cells and
effectors"*'**. To survive and successfully colonize the host, enteric pathogens must rapidly sense
and respond to these stressors.

Bile in particular poses complex threat to enteric pathogens. Bile is an aqueous solution of bile
salts, bilirubin, fats, and inorganic salts produced by the liver and secreted into the intestine, where it
plays a critical role i digestion of fats***. Bile salts are potent antimicrobial compounds that can
damage diverse components of the bactenal cell Bile salts are thought to enter the bactenal cell by
both passive diffusion and through outer membrane proteins (OMPs) such as porns™**'>. Enteric
pathogens employ a varety of strategies to combat the perturbations caused by bile salts, including
utilizing efflux pumps to remove bile salts from the cell cytosol, and expressing chaperones and
proteases to ameliorate protein folding stress'® ™.

To coordinate responses to bile, bacteria utilize a host of global stress-response programs. For
example, bile-induced DINA damage activates the expression of the SOS regulon, a large suite of
genes that assist in repairing and responding to DNA damage*™™*_ Bile also toggers the activation
of alternate sipma factors, which enable RINA polymerase (RINAP) to selectively transcnbe sets of
genes in response to environmental conditions. Dunng normal growth conditions, RNAP associates
with the housekeeping sigma subunit, RpoD (o). The cellular stresses provoked by bile promote
utilization of the alternative stress response sigma factor Rpo$S (o), which governs expression of a
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large number (>500) of stress-response genes™ . RpoE (o7, a sigma factor which mediates the
response to ‘extracytoplasmic’ stress, such as nusfolded proteins in the penplasmic space or
disruptions in LPS biosynthesis, may also be important for resistance to the membrane-damaging
effects of bile**** ¢~ function intersects with a variety of other cell envelope stress response
pathrways in gram-negative bactena such as the two-component systems CpxRA and BaeSR;
together, these pathways create a complex repulatory network mediating bactenal envelope
homeostasis®™***.

The gene a4 was identified in screens for genes required for intestinal colonization in several
enteric pathogens, including 17brio cholerae, 17 parabaemolyticus, and Salmonella Typhimurmam®**"5*
but the mechanism(s) that account for the colonization defects have not been charactenzed. We
recently found that the protein CvpA is required for the foodborne intestinal pathogen
enterohemorrhagic Ercherichia coli O157-H7 (EHEC) to optimally colonize the colon of infant
rabbits; moreover, EHEC a4 deletion mutants were hughly sensitive to bile, and in particular the
bile salt deoxycholate (DOC)*. EHEC causes hemorrhagic colitis and in some cases the severe
complication hemolytic uremic syndrome, a condition in which damage to blood vessels of the
kidney mucrovasculature leads to renal faiture. Previous studies have led to the idea that EHEC uses
bile as a cue to induce expression of nimlence penes, flagella, and genes promoting survival ir vive,
mcluding the AcrAB efflux pump which enables removal of bile salts from the cell interior***¢,
but the role of CvpA in contributing to bile resistance in EHEC 1s unknown.

cypA was onginally described as a gene required for the production of Colicin V (ColV), a small
peptide antibiotic produced by some strains of pathogenic E. co/**. Although the ColV secretion
system was characterized*”, the specific role for CvpA in this mechanism was not identified. Here,
we provide evidence that CvpA likely provides EHEC resistance to DOC by modulating the o~

stress response pathway. We also show that CvpA 1s widely conserved across diverse bactenal phyla
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and hypothesize that it may function to coordinate stress responses to perturbations in ion

homeostasis.

CvrA rocarizes To THE EHEC CELL PERIPHERY

CvpA bears structural sinilanty to the inner membrane mechanosensitive 1on channels Msc5 and
MscL (HHPred, Phyre2)®, and whole-proteome localization analysis in E. colf assigned CvpA to the
inner membrane™. Furthermore, several protein modeling alporithms (PSLPred, HHPred, Phobius,
Phyre2, OCTOPUS)* predict that CvpA is a 4-pass inner membrane protein with periplasmic C-
terminus (Figure 3.1A). To experimentally verify these assignments, we generated two plasmuds that
inducibly express sfGFP-CvpA fusions, with sfGFP on either the N- or C-terminus, enabling
wisualization of the localization of CvpA in EHEC. Only the sfGFP fusion to the N-terminus of
CvpA yielded a construct that complemented the growth defect of an EHEC strain lacking the apd
gene (AapA) on plates containing DOC, implying this construct contains a functional CvpA protein
(Figure 3.1B). Induction of this fusion protein revealed a clear signal that outlined the EHEC cell
membrane in a similar pattern as the membrane stain FM4-64 (Figure 3.1CD). These data support
the predicted localization of CvpA, and suggest that the availability of its periplasmuc C-termunus

may be necessary for function.

EHEC cvrA MUTANTS DO NOT SECRETE FUNCTIONAL COLYV AND ARE SENSITIVE TO THE
BILE saLT DOC

A previous report suggested that E. adf CvpA 1s requuired for the export of the peptide antibiotic
Colicin V (ColIV)**. We sought to reproduce this observation in EHEC. The entire ColV-

production and immumty operon and endogenous promoters denved from the naturally occurnng
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Figure 3.1; CvpA localizes to the EHEC cell periphery.

a) Schematic of the predicted CvpA topology, with location of N-terminal sfGFP fusion shown. Adapted from (22).
Red residues are nearly 100% conserved across bactenal phyla. b) Dilution series of WT, AcvpA mutant, and Acvpd
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ColV plasmid, pColV-K30, was inserted into the cloning vector pBR322, yielding pBR322-ColV.
Although both WT (EDL933) and Asp4 EHEC were transformable with pBR322-ColV, only the
WT strain grew robustly in LB broth while carrying pBR322-ColV. In contrast, the Aap.4
mutantelongated and lysed (Figure 3.2A). The abilities of these strains to secrete functional ColV
was evaluated by testing whether they create a zone of growth inhibition on a sensitive indicator
strain. The WT strain carrying pBR322-ColV killed the indicator strain, creating a distinct zone of
clearing (Figure 3. 2B), whereas the Aap.4 strain failed to establish such a zone (Figure 3.2B). These
data are consistent with previous reports*™ and suggest that Aap.4 mutants are unable to secrete

functional ColV and may be sensitive to self-intoxication.

Acvpd

Figure 3.2: AcvpA EHEC is sensitive to Colicin V production and does not appear to secrete it.
a) Micrograph of overnight culture of indicated strains expressing ColV from plasmid pBR322-ColV. Scale bar is 10

uM. Orange box denotes inset. b) 5 ul jab of ovemight culture of indicated strain in soft agar maifrix containing 100
pL of indicator (sensitive EHEC) strain. Amow indicates position of jab. Line represents 20 mm.
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Our previous work revealed that CvpA 1s required for EHEC to robustly colonize the infant
rabbit colon, and that Aap4d mutants are sensitive to the bile salt DOC but not to the bile salt
cholate (CHO)*. Bile salts like DOC are thought to cause a wide range of deleterious effects in
bactena, including damage to the cell envelope and DINA, and widespread protein nusfolding and
redox stress'**'. The exact mechanisms through which bile salts mediate these diverse deleterious
effects are not completely understood'*****. We attempted to determine which aspect of DOC
toxicity was most damaging to Aap.4 mutants by testing a variety of agents that cause individual
aspects of bile stress, including the membrane-damaging detergent SDS, DNA damaging antibiotics,
cell wall perturbing antibiotics, protein synthesis perturbing antibiotics, and the redox-stress
mducing compounds diamide and hydrogen peroxide™ (Table 3.1). However, the Aap.4 mutant was
not more sensitive than the WT strain to any of these agents. These observations arpue against the
idea that the sensitivity of the Asp4 mutant to DOC results from a general cell envelope defect, and
mnstead suggest that DOC toxicity (and potentially the toxicity of ColV accumulation) reflects a more
specific defect in cells lacking a4 Below we moved forward with DOC as a tool to probe the

function of CvpA.

Table 3.1: MIC for various compounds in WT and AcvpA EHEC

Type of stress Compound (unit) WT MIC AcvpA MIC
Several DOC (%) 25 0.08
Disulfide bond formation Diamide (mM) 0.625 0.625
Reactive oxygen species Hz0z (mM) 32 3.2
Cell wall damage Ampicillin (ug/mL) 78 78
Cell wall damage Piperacillin (g/mL) 0.31 0.31
Detergent SDS (%) 5 5
Detergent Polymyxin B (pg/mL) 117 117
DNA damage Nalidixic acid (pg/mL) 25 25
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GENETIC SCREENS LINK CvrPA TO THE GF' RESPONSE

To further assess CvpA’s function, we carried out three genetic screens in EHEC to define apA’s
network of genetic interactions. Two of the screens relied on transposon-insertion mutagenesis, and
one used spontaneous suppressor analysis. Simular penetic approaches have been frutful for other
membrane proteins™ ", which are often difficult to probe using biochemical approaches to identify
protein-protein interactions.

For the transposon screens, we began by generating high density transposon-insertion mutant
libraries in the WT and A4 EHEC strains by mutagenizing the strains with the mariner
transposon Himarl, which inserts randomly at TA dinucleotides. The abundance of each
transposon-insertion mutant in the two libraries was quantified by deep sequencing the sites of
transposon insertion. Genes were binned by the percentage of TA sites disrupted (Figure 3.3A), and
as expected for libraries of high insertion density, this distnbution was bimodal The left-most minor
peak represents genes with few to no insertions, and the nght-most major peak represents genes
with a majority of TA sites disrupted®’. The distribution of transposon insertions in the WT and
AcpA libranies was similar and displayed complexity enabling high-resolution analysis of transposon-
msertion frequency”® (Figure 3. 3A).

We first completed a synthetic screen in which we compared the distnbutions of the transposon
msertions across the genome in the WT and Amp.A libraries. This comparison yields three categories
of genes: (1) loct with simuilar insertion profiles in both backgrounds are deemed “neutral’; (2) loc
with fewer insertions in the Aap.4 vs the WT background are considered ‘synthetic sick’; and (3) loct
with more insertions in the Amp.4 compared to the WT backeround are deemed ‘synthetic healthy’.
This approach has been used to identify genetic interactions in several other organisms** . We
identified 32 candidate synthetic healthy genes, for which transposon-insertion mutants were
overrepresented at least 4-fold in the Aap4 mutant background compared to the WT (Figure 3.3B,
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Figure 3.3: Transposon-insertion sequencing screens reveal CvpA's genetic interactions.

a) Distribution of the percentage of TA sites disrupted for all genes in the library constructed in the WT (black bars)
and AcvpA (gray bars) backgrounds. b) Volcano plot depicting the relative abundance of read counts mapped to
individual genes in transposon libraries in WT and Acvpd mutant backgrounds. The mean log2 fold change (x axis)
and Mann-Whitney U p-value (y axis) are shown for each gene. Genes highlighted in red have greater than 5 unique
transposon mutants, a logzFC=2 or =-2, and p-value = 0.05. c-d) Distribution of the percentage of TA sites disrupted
for all genes in the library constructed in the WT (c) or AcvpA background (d) after growth in LB (black bars) or 1%
DOC (red bars). e-f) Volcano plot depicting the relative abundance of read counts mapped to individual genes in
transposon libraries in WT (g) or AcvpA background (f) in LB vs in 1% DOC. The log2 mean fold change (x axis) and
Mann-Whitney U p-value (y axis) are shown for each gene. Genes highlighted in red are those for which mean log2FC
=2 or =-2 and p-value < 0.05 in the AcvpA mutant background but not the WT background.
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Table S10). Several of these genes were components of ion transport systems, including #r&£H and
treA, which are components of the cellular potassium uptake system, and three genes of the sgp
transporter complex (szpB, sapD, and sapF). SapD is also known to interact with the Trk potassium
transport system*”. Several chaperones, including secB, the alternative sigma factor rpelN, and several
cell shape/septal structure genes, including fisEX, were also on the list of synthetic healthy genes. 14
candidate synthetic sick genes, which were underrepresented at least 4-fold in the Aap4 mutant
background compared to the WT (Figure 3.3B, Table S1), were also identified. These genes included
_yaeL, a protease that works with Deg$S to activate o~ by degrading the anti-sigma factor RseA.
Collectively, these results sugpest that inactivating certain ion transport processes bolster the fitness
of the Aayp.A strain, while impairing the cell’s ability to activate the 6° -mediated stress response is
particularly deleterious in the Aap4 backeround. Interestingly, there is evidence that cellular
potassium levels can repulate promoter selectivity of sigma factors*™.

A second transposon screen was designed to identify insertion mutations in genes that suppress
the DOC sensitivity phenotype in the Aap4 mutant. The WT and AapA transposon-insertion
mutant libranies were screened on plates containing either LB or LB supplemented with 1% DOC.
As above, after enumerating the abundance of transposon-insertion mutants with sequencing, penes
were binned according to the percentage of disrupted TA sites (Figure 3.3CD). The distribution of
disrupted TA sites per gene in the WT library was not markedly different between the LB and DOC
selection, as expected because a majonty of mutants do not have a phenotype 1n DOC (Figure 3.3C)
(Figure 3.3C). However, the distribution in the Aap.A library was different between the two
conditions; there was a leftward shift in the distribution of insertions after the Aap.4 library was
exposed to DOC compared to LB (Figure 3.3D). This leftward shift is indicative of a bottleneck, a
stochastic, genotype-independent constriction of population size, and reflects the profound DOC

sensitivity of the Asgh4 mutant. To identify mutants in both libraries which have markedly better or
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worse phenotypes than expected in DOC, we used Con-ARTIST, an analytical pipeline that
mitigates the effects of bottlenecks to identify differentially abundant mutants®*. For each library,
the abundance of each mutant was compared between the LB and DOC condition to identify three
categories of genes: (1) loc: with similar insertion profiles in both LB and DOC are “neutral’; (2) loa
with fewer insertions in the DOC condition than expected when compared to LB are ‘depleted’; and
(3) loci with more insertions in the DOC condition than expected when compared to LB are
‘enriched’ (Figure 3.3EF). In the Aap.A background, we identified 233 “depleted’ genes in which
mutations are expected to increase baseline DOC sensitivity, and 26 ‘enniched’ genes in which
mutations are expected to suppress DOC sensitimity (Figure 3.3F). 19 of these 26 genes did not
show differential abundance in DOC vs. LB comparison in the WT background and were classified
as ‘neutral’ (Figure 3.3EF). These genes are of particular interest as candidate suppressors, as they
have ap.d-specific DOC phenotypes. Many of these genes were linked to stress response pathways
and cell envelope integrity, such as the anti-sigma factor e, the o= -effector chaperone s&p, the
two-component system basSE, the redox genes sodC and gyeC, the disulfide/redox bond formation
genes drbAd and drbB, and the cell membrane synthesis genes msbB, weaM, and rfzC. Mutations in
several of these genes are known to increase the level of 6~ activity*™ "

In addition to transposon-based screens, we also charactenized spontaneocus suppressors of
DOC sensitivity in the A4 mutant. In this screen, 2 mL of OD 0.5 Aap4 broth culture were
plated on large plates and 16 putative suppressor colonies were picked after 24 hours. After re-
patching on 1% DOC, which confirmed their resistance, whole-genome sequencing of the
suppressors was carried out and these penomes sequences were compared to that of the Aap.4

parent strain to identify putative suppressor mutations. SNPs or deletions that were not present in

AcpA parent strain were found i 14 of the 16 strains. Notably 12 of the 14 strains had mutations in

genes linked to LPS biogenesis, including several genes in the lipopolysaccharide transport (LPT)
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system (2B, B, piF, [prG) and an enzyme required for lipid A synthesis, #sbB; genes related to
redox including mweH and geDC were also identified (Table 3.2). Interestingly, zbB was also
identified as a candidate suppressor in the transposon DOC screen above. LPT genes are essential,
and thus not lughly represented in our transposon libranies. Although not statistically robust, we
analyzed the transposon DOC screen data for the LPT genes with at least 1 insertion mutant and
found that S#CDFG had large, positive fold-changes in 1% DOC vs LB in the Aap.4 backeround

and not WT (Table S11), supporting the findings of the spontaneous suppressor screen.

Table 3.2: Mutations in suppressors of AcvpA DOC sensitivity?

Suppressor | Mutation | Locus Gene Function

SNP RS00350 araC Arabinose operon transcriptional regulator

1 SNP__ | RS02475 yajR Putative transport protein
SNP__| RS13840 msbB Lipid A biosynthesis acyltransferase

) SNP__| RS16885 nuoH NADH-quinone oxidoreductase subunit
SNP__| RS27795 IpiG LPS export permease

3 SNP__| RS16885 nuoH NADH-quinone oxidoreductase subunit
SNP__| RS21750 IptB LPS export ATP-binding protein

1 SNP__ | RS13840 msbB Lipid A biosynthesis acyltransferase

5 SNP__| RS21750 IptB LPS export ATP-binding protein

6 SNP__ | RS27795 IptG LPS export permease

7 SNP__| RS27795 IptG LPS export permease

8 SNP Intergenic | upstream IptE | LPS assembly lipoprotein
DEL | RS02485 cyoD Cytochrome bo subunit IV

9 DEL | RS13840 msbB Lipid A biosynthesis acyltransferase

10 SNP__| RS16885 nuoH NADH-quinone oxidoreductase subunit
SNP__| RS27795 IpiG LPS export permease

11 SNP__| RS27790 IptF LPS export permease

14 SNP__| RS12645 dipA Proton-dependent di/tripeptide symporter
SNP__ | RS02495 cyoB Cytochrome bo3 subunit 1

15 SNP__| RS13840 msbB Lipid A biosynthesis acyltransferase
SNP__| RS16885 nuoH NADH-quinone oxidoreductase subunit

e SNP__ | RS12645 dipA Diftri-peptide permease
SNP__ | RS02495 cyoB Cytochrome bo3 subunit 1

2SNP indicates a single-nucleotide polymorphism, DEL indicates a larger deletion mutation.
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INCREASED OF ACTIVITY RESCUES THE SENSITIVITY OF THE AcvrPA MUTANT TO DOC

Several independent pieces of evidence connecting azp4 to the o~ response were found in the 3
genetic screens described above. 6™ is normally sequestered at the inner membrane by association
with an anti-sigma factor, RseA. When the appropnate stimuli 1s detected, proteases Yael and Deg5
sequentially cleave RseA, liberating o™ to activate expression of ~100 genes in response* ™" A
vanety of perturbations to the cell envelope can tnigger this pathway, including misfolded OMPs,
disruptions in LPS biosynthesis leading to precursor accumulation, and changes in cellular redox
state**>*™" Notably, the genetic screens revealed that the Aajp4 mutant is more sensitive than the
WT to mutations in yael and the suppressor screens uncovered a varety of mutations, including in
rieA, piBCDEFG, and msbB, which likely trigger the 6 response, that appeared to rescue the
sensitivity of Aap.A4 to DOC. Inactivating mutations in rse4 increase the basal activity of o™ by
preventing its membrane sequestration, and mutations in LPS biosynthesis genes mrkB and the LPS
transport system trigger o~ through accumulation of LPS precursors™ ™"

To test the linkage between ap.4 and o~, deletion mutants of rre4 and msbB in the WT and
AspA backerounds were created. These deletions both restored the resistance of the Asp4 mutant
to 1% DOC to WT levels (Figure 3.4A). Simularly, direct overexpression of rpoE from a plasmid
rescued the sensitivity of the Aapd mutant to DOC (Figure 3.4B). These data suggest that
mutations that activate o~, either indirectly or through its direct overexpression, can restore the
AapA mutant’s resistance to DOC, implying that the mutant may be otherwise unable to activate o~

in response to DOC.
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Figure 3.4: Activation of RpoE rescues the AcvpA mutant's sensitivity to DOC.
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a) Dilution series of WT, Acvpd, AcvpA AmsbB and AcvpAd ArseA plated on LB or LB 1% deoxycholate (DOC). b)
Dilution series of WT, AcvpA, AcvpA transformed with empty expression vector pMMB207, and AcvpA transformed
with pMMB207 carrying IPTG inducible rpoE plated on LB and LB 1% DOC with 0.1 mM IPTG.

CvPA 1S HIGHLY CONSERVED ACROSS BACTERIAL PHYLA

The phylogeny tool Annotree®" was used to analyze the distribution of CvpA homologs across more
than 27,000 bactenal genomes. CvpA homologs (230% amino acid identity, 270% alignment) were
found 1n 9,830 genomes distributed across 55 phyla (Figure 3.5A, Table $12). Homologs are present
i the majority of represented genomes in the Campylobacterota (236/254, 93%), Deferribacterota
(13/14, 93%), and Proteobacteria (6923/7630, 91%) phyla (Figure 3.5B). In contrast, only 2 of 3118
strains in Actinobacteria have a CvpA homolog (0.06%) (Figure 3.5B).

Sequence alignment of the primary amino acad sequences of 20 CvpA homologs from bactenal
species from diverse phyla revealed several highly conserved residues, including an aspartate and
three glycines with nearly 100% conservation (Figure 3.6). The motif GXXXG, common in
transmembrane segments*® is also present. All 20 CvpA homologs are predicted to localize to the

mnner membrane by PSLPred. All homologs share greater similanity in alignments of their respective
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Figure 3.5: CvpA is highly conserved across many bacterial phyla.

a) Phylogeny of CvpA distribution across bacterial phyla. Pink lines represent phyla where at least one species has
a CvpA homolog of at least 30% amino acid identity and at least 70% alignment to E. coli CvpA. The numbers shown
in brackets denote the number of individual genomes in that phylum. b) Right, phyla with varying degrees of CvpA
conservation at the species level. Pink lines represent species that contain a CvpA homolog. Numbers in parenthesis
after phylum name indicate the percentage of species in that phylum with a CvpA homolog.
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Figure 3.6: MUSCLE alignment of 20 CvpA homologs from bacterial species across diverse phyla.

Residues with =70% conservation across species are indicated by a colored hox. Residue numbering and predicted
membrane topology for the E. coli CvpA is shown above the alignment. The green box indicates predicted periplasmic
(P) segments, the gray box indicates transmembrane (TM) segments, and the pink box represents cytoplasmic (C)
segments.
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MN-terminal regions, and have more vanable lengths in their final penplasnuc segments, which could
reflect different functions or binding partners at the C-termunus.

This conservation across diverse phyla highlights that the function of CvpA is not strictly related
to bile. While homologs are present in entenic pathogenic and commensal strains, such as
Cantrylobacter jejuni, Yersinia enterolitica, Fibrobacter succinogener, and Bacteroides fragilis, many strains with a
CvpA homolog inhabit non-intestinal niches. These strains include non-enteric pathogens such as
MNeisseria meningifidis, plant symbionts such as Rbigebism fropic, and non-pathogemnic environmental
isolates from diverse environments such as tundra soil (Granubicella tundricola), hydrothermal vents

(Thermovibrio ammonificans), and manne environments (Spirochasta cellobioripbila).

Discussion

Since the onginal report descnbing apd as a pene required for production of the plasmid-borne
ColV peptide from E. w/i more than 30 years ago™, very little progress has been made determining
the function of thus widely conserved inner membrane protein. More recently, a4 has been found
to be important for intestinal colomzation of ibrio cholerae, 17, parabasmolyticss, and Salmonella
Typhimurium and EHEC in studies based on ir vive transposon screens™ %% In EHEC, we
found that a Aap4 mutant was highly sensitive to DOC™, a bile component, thus presenting a
possible explanation for ap.4’s role in the colomzation of distinct miches in the small and large
mntestine by diverse entenic pathogens. Here, we used genetic screens to further our understanding
of apA function. These screens led to the hypothesis that a4 is an upstream component of the o~
‘extracytoplasmuc’ stress response pathway that responds to DOC and other stimuli, such as ColV
secretion.

A variety of stimuli can lead to the activation of the 6" response. Misfolded outer membrane
proteins, distuptions in LPS biogenesis, and perturbations in redox state have all been linked to
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mcreased o~ activity™>** " Mutations in the regulators of these pathways, for example inactivating
rieA, the anti-sigma factor which controls o™ activity™®, ssbB, an enzyme required for the
biosynthesis of lipid A*”, or the redox enzymes gyoC, s0dC, and dsbAB*™ can also trigger the
activation of o~ in the absence of external stumuli. Conversely, inactivating mutations in deg§ and
_yaeL, the proteases required to release sequestered o from the membrane, inhibit 6~ activation*® .
Nearly all of the o™-interacting genes listed above were identified as potential modulators of the
fitness Aap4 mutant in DOC. These data suggest that in response to DOC, CvpA may be required
to activate the o~ response. In a Aryp4 mutant, this pathway is unable to respond to deleterious
stimuli, and additional 6™ -activating mutations (deletions in rsed, msbB, Jpf genes, direct
overexpression of 7peE) are required to bypass this block Mutations in geC, sedC, and drbAB were
unable to suppress the sensitivity of A4 DOC mutations, despite these loci having strong
phenotypes in the DOC transposon-insertion screen. It is possible that under the conditions of our
in vifro vahdation experiments, deletions in these enzymes are not sufficient to rescue DOC
sensitivity.

The conservation of CvpA across diverse bacterial phyla, including in species which are never
exposed to bile, suggests that CvpA function 1s not restricted to responding to bile stress. Bile can
impair several processes in the bactenal cell, including inflicting damage to the cell envelope and
DNA, and generating protein folding stress and alterations in redox state’*'">. We were unable to
1solate which individual aspect of DOC stress kills Aap4 mutants, raising the possibility that either
these deletenious effects need to occur together, or that bile impairs additional processes that were
not tested. One possibility 1s that bile, and DOC in particular, perturbs ion homeostasis, which could
n turn disrupt membrane potential The increased fitness of insertions in several genes linked to K*
transport links a4 and ion transport processes and supports thus idea. Furthermore, in eukaryotic

cells, DOC exposure leads to changes in mitochondnial membrane potential**. Interestingly, Asyp4
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mutants are not sensitive to the very similar bile salt cholate (CHO)*, which may reflect a difference
mn the ability of these salts to move through membranes®’ or the increased hydrophobicity of
DOC*.

Given the similanty of CvpA to the mechanosensitive solute transporters MscS and MscL and
the numerous genes related to 1on transport that were identified in the synthetic lethal screen, it is
tempting to speculate that CvpA is itself an 1on channel that monitors and promotes membrane
potential homeostasis. Notably, Colicin V mediates its bactenicidal action by disrupting the
membrane potential of the inner membrane™*®; the heightened sensitivity of Aap.4 mutants to
perturbations of membrane potential may explain why they cannot produce functional Colicin V.
Maintenance of ion homeostasis and membrane potential is a crtical capability for all bacterial
species. DOC may represent a stimulus that leads to perturbation of 1on levels; other stimuli are
likely encountered in the disparate niches inhabited by the diverse bactenal species encoding CvpA
homologs.

Finally, our observations suggest that the C-terminus of CvpA 1s required for its function. A
fusion of sfGFP to this end of the protein was not functional The C-terminal region of CvpA varies
in length between species. Albeit speculative, we propose that this region of the protein may be
catical for binding to periplasmic partner(s) or sensing,/responding to peplasmic stimuli. Clearly,

additional biochemical studies to elucidate the mechanistic basis of CvpA function are warranted.

MATERIALS AND METHODS

Bactenal strains were cultured in LB medium or on LB agar plates at 37°C. Antibiotics and
supplements were used at the following concentrations: 20 pg/ml chloramphenicol (Cm), 50
pg/mL kanamycin (Km), 10 pg/mL gentamicin (Gm), 50 pg/ml. carbenicillin (Cb), 0.3 mM
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diaminopimelic acid (DAP), 1% deoxycholate (DOC), 0.1 mM Isopropyl p-d-1-
thiogalactopyranoside (IPTG).

A gentamicin-resistant mutant of E. el O157-H7 strain EDIL.933 (Alacl:aacCT)* was used in all
experiments in this study as the wild-type (WT). All mutants were constructed in this strain
background using standard allelic exchange techniques® with the pTOX plasmud system™® or
lambda-red recombineering®™.

Colicin V production and immumnity operons and endogenous promoters were cloned from
plasmid pColV-K30:Tn10 (gift from Dr. Roberto Kolter) into pBR322 (yielding ‘pBR322-ColV")
using isothermal assembly. The resulting plasmids were transformed into WT or Aap.d strains.

To construct inducible N- or C-terminal sfGFP fusions to CvpA, the sfGFP sequence was
amplified from pBad-sfGFP (Addgene plasmid #85482) and linked to the af.4 sequence amplified
from EHEC genomic DINA with the linker sequence geageggecgpeppagpp through isothermal
assembly into pMMB207** (ATCC #37809) multiple cloning site (MCS). Similarly, to construct the
rpoE expression plasnud, the rpoE sequence was amplified from genomic DNA and cloned into the
pMMB207 MCS. The resulting plasmids were transtormed into WT or AapA strains by

electroporation.

ColV production assay

pBR322-ColV was transformed into WT or Aasp4 strains. Individual colonies of either strain were
selected and grown overnight in LB-Carb, and then normalized to OD 0.5. To prepare indicator
plates, 100 pL of WT EHEC was added to 5 mL of 0.8% molten LB agar, vortexed to mix, then
poured quickly onto a pre-warmed LB plates, which were allowed to solidify undisturbed. 5 al. of

OD 0.5 ColV producing strain (WT or AapA transformed with pBR322-ColV) was jabbed into soft
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agar plate and incubated upright overnught at 37°C. The next day, plates were examined for zones of

clearing around the ColV producing strain.

DOC sensitivity assay

To determine sensitivity to DOC, each strain was grown at 37°C until mid-exponential phase (ODgg
= 0.5). For inducible expression, at mid-exponential phase, IPT'G was added to a final concentration
of 1 mM and cells were incubated at 37°C shaking for 1 hour. Cultures were normalized to ODjg =

0.5, senially diluted and plated onto LB agar plates with and without 1% DOC and 0.1 mM IPTG.

Microscopy

To prepare sfGFP-CvpA fusion cells for microscopy, strains were grown to mid-exponential phase
(ODseo = 0.5). IPT'G was then added to a final concentration of 1 mM. After one hour, cells were
stained with the membrane dye FM4-64 as described previously**** Briefly, 1 pg/mlL FM4-64 was
added to 100 pL of culture and incubated at room temperature for 5 minutes. To prepare pColV-
containing cells for nucroscopy, overmght culture was first normalized to ODye = 0.5. 3 pL culture
were then immobilized on 0.8% agarose pads and imaged with a Nikon Ti Eclipse microscope
equipped with a widefield Andor NeoZyla camera and a 100z oil phase 3 1.4 numerical aperture

objective. Images were processed in Image] /FIJT*%

Minimum inhibitory concentration (MIC)

To determine MIC of various compounds listed in Table 1, an assay was performed as described
previously™**. Briefly, compounds to be tested were prepared in serial 2-fold dilutions in LB (50 pL.

total volume) in a 96 well plate. Overmight cultures of bactenal strains were diluted 1:1000 in LB,
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grown for 1 hour at 37°C, and then diluted again 1:1000 in LB. 50 pL of thus diluted culture was

added to each well Plates were incubated statically for 24 hours at 37°C.

Tmnsposoﬂ—inscrtiﬂn library constmiction

TIS libraries were generated in EHEC EDIL933 Alad-aarC1 and Acvp.A mutant as descrbed
previously™. Briefly, conjugation was performed to transfer the transposon-containing suicide vector
pSC189*" from a DAP-auzotrophic donor strain (E. /i MEDipir) into the recipient strain. 600 pL
of overnight culture of donor and recipient were pelleted, washed with 1 mL LB, and resuspended
each in 60 pL. LB. The cultures were mixed and spotted onto a 0.45 pM HA filter (Milipore) on an
LB-DAP agar plant and incubated at 37°C for 1 hour. The filters were then washed in 24 mI. 1B
and immediately spread across three 245x245 mm® (Corning) LB-agar plates containing Gm and Km
and incubated overmght at 37°C. Plates were scraped to collect colonies, which were resuspended in
LB and stored in LB + 20% glycerol (v/v) 1 mL aliquots at -80°C. An aliquot was thawed and

#DNA isolated for analysis.

DOC-selected TIS library

1 aliquot of WT and A4 ibrary were thawed and diluted to ODgy = 1 with IB. 5 mL of this
diluted culture was added to a flask with 75 mL of LB. The culture was grown shaking at 37°C for 1
hour, at which their ODjy measured ~0.25. 5 mL of the culture was plated on each of two 245x245
mm” (Corning) I B-agar plates containing Gm and Km and on each of two plates containing Gm
and Km and 1% deoxycholate (DOC). Plates were incubated overmght (~16 hours) at 37°C and
immediately scraped to collect colomes. Colomes were resuspended in LB and stored in LB + 20%

glycerol (v/v) 1 mL aliquots at -80C.
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Charactenzation of transposon-insertion libraries

Transposon-insertion libraries were characterized as described previously *. Briefly, for each library,
gDNA was isolated using the Wizard Genomic DNA extraction kit (Promega). gDNA was
fragmented to 400-600 bp using a Covans E200 sonicator and end-repaired using the NEB Quick
Blunting Kat. PCR was used to amplify transposon junctions, and PCR products were gel punfied to
recover 200-500 bp fragments. To estimate library concentration, purified PCR products were
subjected to gPCR using ponmers designed to the Illumina P5 and P7 hybndization sequences.
Libranes were mixed in an equumeolar fashion and sequenced with a MiSeq.

Reads were tnmmed of transposon and adapter sequences using CLC Genomics Workbench
(Qiagen) and mapped to E. ali O157-H7 EDL933 (NCBI Accession Numbers: chromosome,
NZ_CP008957.1; pO157 plasmud, NZ_CP008958.1) using Bowtie, allowing for no mismatches.
Reads were discarded if they did not map to any sites in the genome, and reads mapping to multiple
sites were randomly distributed. The data was normalized for chromosomal replication biases and
differences in sequence depth using a LOESS correction of 100,000 bp (chromosome) and 10,000
bp (plastud) windows. Reads at each TA site were tallied and binned by protein-coding gene.

For identification of loci with synthetic fitness between WT and AapA mutant, the Con-ARTIST
pipeline was used ***. First, the WT library normalized to simulate any bottlenecks or differences in
sequencing depth as observed in the AapA library using multinomial distribution-based random
sampling (n=100). Next, a Mann-Whitney U test was applied to compare these 100 simmlated data
sets to the Aap4d mutant library. Genes for which there were greater than 5 individual transposon-
insertion mutants were considered to have sufficient data for analysis (otherwise ‘insufficient data’).
Genes for which mutant abundance in the Aa.A4 background was mean log2FC = 2 compared to

the WT with a p-value <0.05 were considered to be “synthetic healthy’, while genes with mutant
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abundance log2FC < -2 compared to the WT with a p-value < 0.05 were considered to be ‘synthetic
sick’. The remaining genes were classified as ‘neutral’”.

A similar analysis was performed to identify mutants conditionally depleted or enriched in 1%
DOC compared to LB for each strain. First, for each strain, the LB library was normalized to
simulate any bottlenecks or differences in sequencing depth as observed in the corresponding 1%
DOC library using multinomial distnibution-based random samphing (n=100). Next, a Mann-
Whitney U test was applied to compare these 100 simulated data sets to the 1% DOC mutant
library. Genes for which there were greater than 5 individual transposon-insertion mutants were
considered to have sufficient data for analysis (otherwise ‘insufficient data’). Genes for which mutant
abundance in the 1% DOC background was mean log2FC = 2 compared to the WT with a p-value
< 0.05 were considered to be ‘ennched’, while genes with mutant abundance log?FC = -2 compared
to the WT with a p-value < 0.05 were considered to be ‘depleted’. The remaining genes were

classified as “‘neutral’.

Spontaneous suppressor isolation and sequencing

To isolate and identify spontaneous suppressor mutations, the Aazp4 mutant was first grown to
mud-exponential phase (ODg = 0.5). 2 mL of this culture was plated on 150x15mm (Fisher) LB-
agar plate containing 1% DOC and incubated for 24 hours at 37°C. The next day, suppressor
colonies were picked and re-streaked on LB agar plates contamning 1% DOC. 15 suppressor colomes
were picked, grown overmight, and subjected to gDINA 1solation with the Wizard Genomuc DNA
extraction kit (Promega). gDNA from the AcvpA mutant was also isolated as the parental control
strain. gDDINA was esther submutted for sequencing at the Microbial Genome Sequencing Center at

the University of Pittsburgh or prepared for whole genome sequencing in house using the Nextera
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XT DNA Library Preparation Kit (Illumina). Libraries were sequenced using the NextSeq 550 or
MiSeq platforms, respectively.

Reads were mapped to the E. ro/f O157-H7 EDL933 genome (INCBI Accession Numbers:
chromosome, NZ CP008957.1; pO157 plasmuid, NZ_CP008958.1) using CLC Genomics
Workbench (Qiagen) with default parameters. Basic vanant detection was performed, assuming a
ploidy of one and filtening out vanants with a frequency of less than 35%. Known varniants were
filtered against the AapA strain Variant calls were then manually curated to identify SNPs with a

frequency greater than 90%.

Bioinformatics/protein prediction

Protein predictions about CvpA structure were inferred from several programs: PSLPred, HHPred,
Phobius, Phyre2, and OCTOPUS**™"_ Protter** was used to create a topological diagram. This
fipure originally appeared in™.

Topology diagram for CvpA was made using Protter. To examine the conservation of CvpA
amino acid sequence across bacterial phyla, we used Annotree version 89*'. Query term ‘CvpA’
(KEGG K03558) was used to find bactenal proteins with at least 30% identity and 70% alignment
across 27,000 genomes. 20 CvpA sequences from genomes across bactenal phyla were selected for
companson and aligned using MUSCLE™”? within the MEGA X platform™” using default

parameters.
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SHIGA TOXIN REMODELS THE INTESTINAL EPITHELIAL
TRANSCRIPTIONAL RESPONSE TO ENTEROHEMORRHAGIC

ESCHERICHIA COLI



OVERVIEW

Enterohemorrhagic Eschenchia colh (EHEC) is a food-borne pathogen that causes diarrheal disease
and the potentially lethal hemolytic uremic syndrome. We used an infant rabbit model of EHEC
infection that recapitulates many aspects of human intestinal disease to comprehensively assess
colonic transcoptional responses to thus pathogen. Cellular compartment-specific RNA-sequencing
of intestinal tissue from ammals infected with EHEC strains containing or lacking Shiga toxins (Stx)
revealed that EHEC infection elicits a robust response that i1s dramatically shaped by Stx, particularly
in epithehal cells. Many of the differences in the transcnptional responses elicited by these strains
were in genes involved in immune signaling pathways, such as IL23A | and coagulation, including F3,
the gene encoding Tissue Factor. RNA FISH confirmed that these elevated transcrpts were found
almost exclusively in epithelial cells. Collectively, these findings suppgest that the potent Stx-mediated

meodulation of innate immune signaling skews the host response to EHEC towards type 3 immunity.

This work is being developed for publication as: Warr AR, Kuehl CJ, Waldor MK 2019. Shiga toxin

remodels the intestinal epithelial transcriptional response to Enterochemorrhagic Eschenichia coli

Asthor contributions: The work was conceptualized by ARW and MEKW. The investigation and data

analysis were performed by ARW and CJK with supervision from MEKW. The fipures were made by

ARW. The writing was completed by ARW with editing from MEW.
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INTRODUCTION

Enterohemorrhagic Ercherichia coli (EHEC) 1s an important foodborne pathogen responsible for up
to 2 million annual cases of acute gastrointestinal illness'®. Chiefly colonizing the colon, EHEC
typically leads to self-limiting hemorrhagic colitis; however, 5-10% of infected individuals also
develop hemolytic uremic syndrome (HUS), a potentially life-threatening complication that can lead
to renal failure®*. Supportive rehydration therapy remains the primary treatment for EHEC
infection, while antibiotics are assocated with elevated frequencies of HUS and therefore
contraindicated **. There is no vaccine available. EHEC infection is associated with an inflammatory
response in the colon, with patients demonstrating elevated fecal leukocytes and calprotectin levels.
Colonic biopsy samples from patients with EHEC infection exhibit inflammation, edema, fibrin
deposition, neutrophul invasion, and hemo 06T

E. ol O157:H7 15 the most common EHEC serotype, but other serotypes have been described.
All serotypes share two primary virulence factors: the ‘LEE’ pathogenicity 1sland that encodes a type
IIT secretion system (T3SS), and prophages that encode one or more Shiga toxins**. The activities of
EHEC's T3SS effector proteins mediate the pathogen’s tight adherence to the colonic mucosa™ |
and can promote or antagonize the inflammatory response in epithelial cells® .

Duning infection, EHEC produces and releases Shiga toxins (5tx) into the intestinal lumen. Stxs
are potent AB; subunit exotoxzins which can bind to the host cell surface glycosplingolipid
globotnaosylceranude (Gb3). Once internalized into the eukaryotic cell cytosol, Stx catalyzes a site-
specific depunination of the 28s tRNA which leads to inhibition of protein synthesis and triggers the
ribotoxic stress response, production of cytokines, and cell death™*"*®#**  Absorption of Stx into
the blood results in its systemic circulation and damage to endothelial cells, particularly in the renal

muicrovasculature, leading to the charactenistic findings of HUS.
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The role of Stx in EHEC pathogenicity in the colon is controversial. Although Stx has been
associated with colonic pathology™*****"" the mechanisms that explain these observations are
unclear because the presence of Gb3 in the colonic epithelium has been disputed®®******** Some
suggest that Stx does not directly act on the colonic epithelmm, but instead transverses through the
epithelial layer to pomarily act on endothelial and immune cells”***7***>_Stx may also enter colon
epithelial cells through binding alternative receptors™'~*. Despite the ambiguity surrounding the
mechamisms by which Stx exerts toxic effects in the colon dunng EHEC infection, purified Stx can
stimulate inflammatory responses in cultured cellg™®#5~08B62TBABERABIL - Anaglyses of the
transcriptional responses to EHEC infection in cultured epithelial cells and organoids have also
demonstrated that processes linked to inflammatory signaling, cytoskeletal organization, and
apoptosis are altered™********* However, to date, our knowledge of the host response to EHEC
infection 1s almost exclusively denved from tissue-culture based studies. Because mice do not
develop overt diarrhea or colonic pathology during EHEC infection'’, no comprehensive in vivo
analyses of how EHEC meodifies colonic gene expression patterns dunng infection have been
reported. Moreover, the extent to which Stx contnibutes to such gene expression changes in vivo 1s
unclear.

Immune responses to bactenial pathogens have been grouped into type 1 or type 3 immunity™.
Type 1 responses are usually triggered by intracellular pathogens, chiefly through I1.-12 stimulated
IENy-producing cells, which lead to actrivation of cytotoxic lymphocytes that can destroy infected
cells. Type 3 responses are usually trigpered by extracellular pathogens. Typically, exposure to
pathogen-associated molecular patterns (PAMPs) stmulates dendnitic cells to produce IL1 and 1123,
which stimulate immune effector cells to produce IL17 and I1.22. These cytokines lead to changes in
epithelial cells, promoting antimicrobial peptide production and barner maintenance, and trigger

mfiltration of phagocytic cells to engulf extracellular pathogens. However, the associations of type 1
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and type 3 immumty with intracellular and extracellular pathogens respectively are not strict. For
example, Cifrobacter rodentinm, an extracellular pathogen that encodes a T35S highly similar to EHEC,
elicits a type 1 immune response®* ™", it 1s unknown if the same is true for Stz-producing EHEC.

Here, we used infant rabbits, a small amimal model of EHEC infection where orogastnc
moculation of the pathogen leads to a disease that closely mumics the intestinal mamifestations of
human EHEC disease™ ™, to investigate how Stx production in the put modifies the cellular
response of the colonic mucosa dunng EHEC infection. We compared the colomc epithelial and
lamina propria transcriptional responses to W1 and mutant EHEC lacking Stx penes.

Collectively, our findings promde a comprehensive profile of the colonic transcoptional
responses to EHEC and suggest that Stx, which primarily impacts the gene expression of epithelial

cells, shifts innate immune responses to the pathogen from type 1 toward type 3 immunity.

SHIGA TOXIN PROMOTES APOPTOSIS AND HEMORRHAGE IN THE COLONIC MUCOSA

We used EDL933, a prototypical E. eo/i O157-H7 clinical 1solate (WT)***, to investigate how Shiga
toxins modify the response of the colonic mucosa to EHEC infection. This strain encodes two Stx
vanants, Stx1 and St=2, which were both deleted to yield strain AAsse WT and AAsse were
admunistered orogastnically to infant rabbits to determune if Stx influences EHEC intestinal
colonization or the colonic mmcosal response to infection. As descrnibed previously in expeniments
with a different EHEC clinical isolate *, the burden of WT and AAs#x in the colon did not differ
(Figure 4.1), suggesting that Stx does not alter EHEC colomzation in this model. Nonetheless, Stx

appeared to contribute to the development of diarrhea as described™.
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Figure 4.1: Intestinal colonization of WT and
Anstx EHEC are similar.

CFU recovered from mid or distal rabbit colon 36
hours post inoculation with either WT or AAsty
EHEC. Lines indicate geometric mean. n.s. (not
significant) by a two-tailed Mann-Whitney U.

Histopathologic analyses of colon samples from animals inoculated with WT, AAs#x, or PBS
(mock) were carned out at peak colonization (36-40 hours post inoculation). Compared to mock-
treated control animals, colon samples from both WT and AAs#e infected rabbits had prominent
pathologic changes in the mid and distal colon, sites of maximal colonization. WT and AAs#x
infections led to sumilar levels of overall colomc inflammation, characterized by an increased number
of small monomuclear cells in the submucosal tissue, as well as comparable levels of heteroplul
(lapine neutrophil) infiltration (Figure 4.2). Both WT and AAs#¢ infection elicited minor epithelial
sloughing in the colon (Figure 4.3). However, compared to the colonic pathology associated with the
AAstx strain, there was significantly more apoptosis, indicated by widespread fragmented nucles, and
edema/hemorrhage, indicated by widespread blood and flud accumulation in tissue, observed in
samples from animals infected with WT EHEC (Figure 4.4). These observations support the
hypothesis that EHEC production of 5tx in the intestine provokes local pathology including

apoptosis and hemorrhage in the colonic mucosa.
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Figure 4.2: Epithelial sloughing is similar in
animals infected with WT or AAasor EHEC.

Sloughing in colon sections from infant rabbits
inoculated with PBS (mock), WT or AAstx EHEC 36
hours post inoculation. Scores for individual tissue
sections are plotted along with the median (red line).
Comparisons between groups was made using a
Mann-Whitney U test. The Bejmamini-Hochberg
Procedure was used to control for the false
discovery rate with multiple comparisons at 20%. P-
values were considered significant at less than 0.05
(*). n.s. indicates a non-significant difference.

SHIGA TOXIN SHAPES THE COLONIC MUCOSAL TRANSCRIPTOMIC RESPONSE TO EHEC

To further investigate how Stx modifies the colonic mucosa’s response to EHEC infection, we used
RNA-seq to charactenze the transcoiptomes of colonic epithelial and lamina proprna cells denved
from infant rabbits orogastrically inoculated with WT, AAst, or PBS (mock). In the colon, epithelial
cells make initial contact with EHEC and 5tx; beneath the epithehal layer, cells in the lamina propna,
which include immune cells, respond to signals from the epithelial cells or potentially from direct
contact with PAMPs to trgger additional immune responses™. To profile transcriptional changes in
these cell populations, we harvested colons at the time of peak colonization and collected epithelial

and lamina propoa cells from 3 rabbits per inoculum type.
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Figure 4.3: Immune cell infiltration is similar in animals infected with WT or AAsix EHEC.

(a) Heterophil infiltration in colon sections from infant rabbits inoculated with PBS (mock), WT or AAstx EHEC 36
hours post inoculation. Scores for individual tissue sections are plotted along with the median (red line). Comparisons
between groups was made using a two-tailed Mann-Whitney U test. P-values were considered significant at less than
0.05 (*) or 0.01 (**). n.s. indicates a non-significant difference. (b-d). Representative images from mock (score=0),
WT (score=4), and AAsty (score=2) infected colons. Scale bars indicate 50 pm. Orange box denotes inset displayed
to the right. White amrows indicate heterophils. (e): Severity of hemorrhage/edema. (f-h): Example images from mock
(score=0), WT (score=3), and AAsty (score=3) EHEC-infected colons. Scale bars indicate 50 pym. Orange hox denotes
inset displayed to the right. White arrows indicate heterophils. Green arrows indicate lymphocytes.
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Figure 4.4: Apoptosis and hemormrhage/edema is more prominent in animals infected with WT vs Assix EHEC.

(a) Apoptotic nuclei in colon sections from infant rabbits inoculated with PBS (mock), WT or AAstx EHEC. Scores for
individual animals are plotted with the median (red line). Statistical comparisons were made using a Mann-Whitney U,
p<0.05 (*), 0.01 (**), or 0.001 {***). (b-d}: Example images from mock (score=0), WT (score=4), and AAstx (score=2)
infected colons. White arrows indicate apoptotic nuclei. (e). Severity of hemormrhagefedema. (f-h). Representative
example images from mock (score=0), WT (score=3) and AAsfx (score=1) infected colons. Scale bars indicate 50 pm.
Orange boxes denotes inset.
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BINA was extracted, subjected to next-generation sequencing, and mapped to the rabbit genome.
Expression of two marker genes—EPCAM, which encodes for an epithelial cell adhesion protein,
and PTPRC, which encodes the immune cell surface marker CD45—confirmed the ennchment of
epithelial and immune cells respectively (Figure 4.5A). Next, the global gene expression profiles for
indrnidual samples were evaluated and compared using the differential gene expression package
DESeq2. Pancipal component analysis (PCA) revealed that epithelial samples from each group
clustered separately, huighlischting the specificity of the transcniptomic responses elicited by each
mnoculation type in this compartment (Figure 4.6A). PCA did not segregate the lamina propria
samples as neatly based on the presence or absence of s#x (Figure 4.5B), sugpesting that the
transcriptional response to Stx is concentrated in the epithehial compartment.

Relative to the mock infected samples, WT infection stimulated more transcriptomic changes
than AAstx infection in colonic epithelial cells. Of the ~30,000 rabbit genes surveyed, 1126 had
significantly different expression in WT/mock; for AAste/mock, 497 genes were differentially
expressed (Figure 4.7, Tables 513 and S14). 321 genes were in common between the two infection
types (Figure 4 8A). Most of these shared genes were assocated with GO Molecular Function terms
commonly linked to bacterial infection, including cytokine/chemokine signaling and binding, and
LPS recognition through TLR4 signaling (Figure 4.8B), implying that many typical pathogen-
response pathways are activated similarly in the presence or absence of Stx. Simular patterns were

observed in the lamina propra transcriptome (Figure 4.8CD Fig, Tables S15 and S16).
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Figure 4.5; EHEC infection leads to transcriptomic changes in the colon.

a) Relative gene expression in transcripts per million for epithelial cell marker EPCAM and immune cell marker CD45
gene PTPRC. Values for individual rabbits are plotted with mean. Distributions are compared with a Mann-Whitney U
test, p= 0.05(*), 0.0001 (***=). b) Principal Component Analysis (PCA) of rlog-transformed expression values of lamina
propria cells. c) Heat map of dog-transformed read counts from epithelial cells for 3 animal replicates (WT or AAstx
EHEC infected) for all genes by rank. Hierarchical clustering performed using Euclidian sample distances. Rows are
normalized by Z-score. d) Heat map of rlog-transformed read counts from lamina propria cells for 3 animal replicates
{(WT or AAstx EHEC infected) for all genes by rank. Hierarchical clustering performed using Euclidian sample distances.
Rows are normalized by Z-score. e) Relative percentages of immune cell types in infected and uninfected tissue as
predicted by CIBERSORTx. Absolute distributions are compared with a Mann-Whitney U test, p= 0.05(*).
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Figure 4.6: Colonic epithelial cell transcriptomes differ between animals infected with WT and AAstx EHEC.

a) Principal component analysis of fog-transformed expression values b) Average expression level (base mean) and
log2 fold change of transcript abundance from rabbits inoculated with WT or AAstxy EHEC. Red dots are genes with
significantly different (p=<0.05) transcript abundance. Dashed line indicates log2 fold change =2 or =-2_ c) Heat map
of rlog-transformed read counts for top 25 and bottom 25 genes by rank. Rows are Z-normalized. Gene names are
colored by function: red—immune, orange—metabolism, green—proliferation/apoptosis, blue—coagulation, purple—
translation/protein folding, pink—barrier function/cytoskeleton, black—uncharacterized or other. d) Hallmark gene sets
significantly associated with WT or AAstx infection. e) Gene set enrichment plot for selected pathways. Black tick
marks are genes within pathway organized by rank. f) Heat map of rlog-transformed read counts for top 5 genes in
the leading edge for indicated pathway organized by rank.
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Figure 4.7: Comparison of transcriptional profiles from colonic samples of infant rabbits inoculated with PBS
(mock), WT or Asstx EHEC

(a, d, g, ]) Average expression level (base mean) and log2 fold change of transcript abundance in colonic epithelial
cells (a, d) or lamina propria (g, j) from rabbits inoculated with WT EHEC (a, g) or AAstx EHEC (d, j) compared to
PBS (mock). Genes with significantly different (adjusted p-value = 0.05) transcript abundance are highlighted in red.
(b, &, h, k) Heat map of rog-transformed read counts from epithelial cells for 3 animal replicates (WT or AAstx EHEC
infected) for all genes by rank. Hierarchical clustering performed using Euclidian sample distances. Rows are
nomalized by £-score. The 4 panels comespond to the comparisons shown in the panels immediately above (a,d,q,j);
W, WT EHEC, M, mock, AA, aasty EHEC. (c, T, i, 1)) Heat map of rlog-transformed read counts from epithehal cells
for 3 animal replicates (WT or AAsftx EHEC infected) top 25 and bottom 25 genes by rank. The 4 panels correspond
to the comparisons shown in the panels immediately above (b, e, h, K); W, WT EHEC, M, mock, AA, Aastx EHEC.
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Figure 4.8: WT and AAstx EHEC colonic colonization both stimulate host transcriptional responses
commonly associated with infection.

a,c) Venn diagrams of differentially expressed genes in wit vs mock infection and AAsfx vs. mock infection from
colonic epithelial cells (a) or lamina propria cells (c). b,d) Transcriptional changes elicited by both strains map
to many pathways associated with infection by GO Molecular Function analysis in colonic epithelial cells (b)
or lamina propria cells (d).
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Although the WT and AAstx strains stimulated a shared set of transcripts, we also found robust
and widespread differences in the epithelial transeriptomic responses to WT vs AAs#x infection. 390
genes exhibited significantly different expression between these two conditions (Figure 4.6B, Table
517). Genes were ranked by adjusted p-value, and hierarchical clustering was performed on rlog
transformed read counts. The clustering analysis confirmed that WT and AAs#x infection elicit
markedly distinct transcniptomuc signatures in the epithelum (Figure 4.5C). Many of the top 50
genes by rank were involved in processes related to coagulation and immune signaling (Figure
4.6C). Gene set enrichment analysis (GSEA) was performed to further identify transcriptional
processes associated with WT or AAs#v infection. We identified several pathways specifically
associated with WT or AAstx infection (Figure 4.6D, Table S17). Notably, apoptosis, coagulation,
and NFKB signaling were associated with the transcriptomic response to WT infection, whereas
pathways linked with IFNw and IFNy signaling were associated with AAs#tx infection (Figure 4.6E).
Using hierarchical clustering on rlog transformed counts of the top five genes from each
enrichment-drving leading-edge subset, we observed dramatic differences between the
transcriptional responses to WT and AAs#e infection (Figure 4.6F). Specifically, the drivers of
coagulation, including the gene coding for tissue factor F3, as well as pro-inflammatory cytokines
IT.23.4 and I1.7.4 were specifically associated with WT infection (Figure 4.6F). In AAs#x nfection,
many interferon-stmulated genes (ISGs) were differentially uprepulated, including the T-cell
chemokine CX(T.77. Collectively, these analyses suggest that Stx skews epithelial cell innate immune
response to EHEC.

In samples from the lamina propma, far fewer genes exhibited differential expression in
comparisons between WT and AAsfeinfections than in epithelial samples (91 vs 390) (Figure 4.9A,
Table 518). Like the PCA analysis (S4B Fig), hierarchical clustering did not separate the

transcriptional profiles of WT and AAsteinfected colons as clearly as observed in epithelial samples

107



(Figure 4.5B vs Figure 4.6A). However, clustenng analysis showed that the top 50 genes by rank
were distinguishable by inoculum type (Figure 4.9B). Many of these genes function in coagulation
and immune signaling pathways, including several matrnix metalloproteases (MMPS), immune
signaling pathways including IFNy, ISGs, and ST.4AMFs and CD207 (Figure 4.9C). GSEA was
petformed (Table S18), and pathways of interest associated with WT infection included “Th17 vs
Thl,” “Th17 vs Naive,” and “TREM] signaling” revealing that signatures associated with type 3
immunity are present in the lamina propra (Figure 4.9C). Gene-sets associated with AAs#x infection
included “Neweastle Virus™ whuch induces a strong interferon response (Figure 4.9C). Exanuning
the leading-edge subset of these pathways underscored that genes associated with Th17 cells are
associated with WT infection while IFNy-stimulated genes such as CX(I.77 are associated with
AAstx nfection in the lamina propria (Figure 4.9D). Together, these analyses suggest that Stz biases
lamina propra transcriptional responses toward expression of genes associated with type 3 immumty
and that in the absence of this toxin, [FIN-related pathrways are more prominent.

Ennchment of differentially expressed genes representative of particular pathways could in part
reflect infiltration of cells into a tissue in addition to alterations in expression patterns of resident
cells. Both WT and AAs#c infection led to similar and significant immune cell infiltration in the
colon (Figure 4 2). We charactenized these infiltrates further leveraging the bulk RN Aseq data and
the deconvolution alponithm CIBERSORT=""****, which relies on cell-type signature matrices to
define cell types of interest, to reveal the relative proportion of cell types in each sample. The

relative proportion of immune cell types in the WT infected animals was significantly different than
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Figure 4.9; Profiles of colonic lamina propria cell transcriptional responses differ between animals infected
with WT and AAstx EHEC.

a) Average expression level (base mean) and log2 fold change of transcript abundance from rabbits inoculated with
WT or AAstx EHEC. Red dots are genes with significantly different (p<0.05) transcript abundance. Dashed line
indicates log2 fold change =2 or <=-2. b) Heat map of rlog-transformed read counts for top 25 and bottom 25 genes by
rank. Rows are Z-normalized. Gene names are colored by function: red — immune, orange — metabolism, green —
proliferationfapoptosis, blue — coagulation, purple — franslation/protein folding, pink — bamier funciion/cytoskeleton,
hlack — uncharacterized or other. ¢) Gene set enrichment plot for selected pathways. Black tick marks are genes within
pathway organized by rank. d) Heat map of rfog-transformed read counts for top 5 genes in the leading edge for
indicated pathway organized by rank. e) Relafive cell abundance of immune cell subtypes determined by
CIBERSORTx bulk RNA-seq deconvolution. Distributions compared with the Kolmogorov-Sokolov test, p<0.05 (*).
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the uninfected (mock) samples, but not different than the distrbution in the AAstx infected animals
(Figure 4 9E). The infected tissue sections were associated with a higher relative proportion of
actrvated INK cells, activated mast cells, and neutrophils and lower proportion of M2 macrophages
compared to uninfected tissue (Fipure 4 9E, 4. 5E). Thus, as in the histologic sections (Figure 4.2),
these analyses sugpest that both WT and AAs#c stimulate similar immune cell infiltration. Therefore,
the differences in the transcriptional profiles observed 1n animals infected with these strains are
likely attributable to Stz-induced changes in the transcriptional landscape of cells resident in the

mucosa, rather than differential immune cell infiltration.

STX STIMULATES EXPRESSION OF COAGULATION GENES

Companson of expression profiles from epithehal and lanuna propra samples from ammals infected
with WT vs AAst EHEC revealed differences in many genes associated with coagulation. Samples
from WT infection had higher levels of transcripts for F3, a gene which encodes the imtiator of the
clotting cascade, MMPs and SERPINs, which are proteases that repulate the processing of
coagulation cascade proteins, as well as urokinase and the urokinase receptor, which regulate fibrin
deposition. 5tx is known to cause thrombosis in vascular beds outside of the GI tract, and has been
investigated in the kidney microvasculature™***** but comparatively few studies have focused on
Stx-linked coagulation in the intestine.

As antibodies to detect rabbit proteins in tissue are not readily available, we used RNA FISH to
mnvestigate the localization of transcrpts of interest identified in the RINAseq data. We probed for
Tissue Factor (F3) transcrpts in infected and control samples and found that there was markedly
greater F3 expression in samples from WT-infected vs AAsteinfected or control rabbits (Figure
4.10A). F3 transcripts were observed in >10% of total DAPI+ colon tissue in WT infection and in

only ~0.1% of tissue in AAs#c infected animals (Fipure 4.10B). Mean fluorescence intensity (MFI), a
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Figure 4.10: Expression of F3 in epithelial cells is much greater in animals infected with WT vs AAste EHEC.

a) Micrographs of colon sections from rabbits inoculated with WT EHEC, AAstx EHEC, or PBS (mock) stained with a
probe to rabbit £F3 mRNA (red) and DAPI (blue). Scale bar is 500 pM. b) Percentage of tissue section with F3 signal
from individual colons. Distributions compared using Mann-Whitney U test, p<0.01 (**), n.s. indicates not significant.
¢) Mean fluorescent intensity (MFI) from individual colons plotted with mean. Distributions compared using Mann-
Whitney U test, p<0.01 (**), n.s. indicates not significant. d) Percent F3 signal within E-cadherin positive cells.
Distributions compared using the Mann-Whitney U test, p=0.05 (*). &) Sections stained with a probe to rabbit F3
mRNA (red), DAPI (blue), and anti-E-cadherin antibody (white). Scale bar is 500 pM. Example immune cell (IC) and
epithelial cell (EC) are indicated. f) Normalized expression of F3 and TFPl in HT29 cells infected with WT EHEC,
AAsty EHEC, or PBS. Expression levels compared with a Students two-tailed t-test, p=0.001 (***), n.s. indicates not
significant.
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proxy for transcopt abundance, was much higher in WT vs AAs#e samples and the MFI in the latter
samples did not differ from the values found in mock infected samples (Figure 4.10C), suggesting
that Stx 1s cotical for stimulating F3 expression. Notably, almost all (>90%) of the F3-hybridizing
signal in WT samples was detected in cells expressing E-Cadherin, an epithelial marker (Figure
4.10DE). Thus, Stx, when present, appears to primarily act on the colonic epithelmm to stmulate F3
expression. The nniformity of F3 expression along the epithelium, even in sections where few
EHEC cells were detected (Figure 4.11), suggests that 5tx may diffuse along the epithellum to
meodify transcriptional programs in cells that do not have attached EHEC; alternatively, epithelial
cells with attached EHEC may secrete factors that modify transenption in neighbornng cells.

We also explored whether Stz stimulates F3 transcription in HT29 cells, a human colonic
epithelial cell line. gPCR was used to quantify F3 transcopts in HT29 cells after infection with W'T,
AAstx EHEC, or PBS (mock). With WT infection, F3 gene expression was 5-fold higher than in
uninfected cells (Figure 4.10F); moreover, as in rabbits, induction of F3 expression in HT29 cells
was largely dependent on 5tx and there was little difference in F3 expression in umnfected cells vs
those mnfected with AAsteinfection (Figure 4.10F). It has been reported that Stx leads to increases in
Tissue Factor pro-coagulant protein activity in renal proximal tubule cells and endothelial cells™ ™,
this effect is thought to be primarily driven by a decrease in the expression of Tissue Factor Protein
Inhibitor (TFPI), and not an increase in F3 gene expression®*. We also measured TFFI transcript
levels in the samples used to measure F3 expression, to assess if this pathway is also active in HT29
cells. Both WT and AAs#e infection similarly stimulated levels of TFPI mRNA >10-fold compared
to the uninfected cells (Figure 4.10F). Thus, Stx appears to regulate Tissue Factor by different

mechanisms in colonic epithelial cells vs endothehal cells.
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Figure 4.11: Bacteria do not colocalize with RNAscope signal.

Immunoflucrescence micrographs of colon sections from rabbits inoculated with WT EHEC (a-c) or Aastx EHEC (d)
stained with an RMAscope probe (red) for rabbit F3 (a), IL23A (b), CXCLE (c), or CXCL11 (d), DAPI (blue), and an

anti-E-cadherin antibody (white). Scale bar is 50 pM.
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STX BIASES COLONIC IMMUNE RESPONSES TOWARD TYPE FIMMUNITY

Analyses presented above revealed that Stx skews colonic mucosal gene expression to EHEC
infection, sumulating expression of several proinflammatory cytokines, such as IL23, relative to
levels observed in AAstx infection (Figures 4.6 and 4.9). We used RNA FISH to compare the
fluorescence mtensity and distribution of IT 234 transcripts in colons from rabbits infected with WT
or AAste (Figure 4.12A). The intensity and percent of tissue expressing IT 234 signal in samples
from animals infected with WT EHEC were markedly higher than those in animals infected with
AAstx EHEC (Figure 4.12BC). These values did not differ in AAstc and control samples, suggesting
that Stx stimulates IT 23.4 expression. Unexpectedly, nearly all of the I1.23.4 expression in WT
samples was detected withun epithelial cells (E-cadhenn positive cells) compared to cells in the
lamina propna (Figure 4.12D).

I1.23 also promotes the expression of other cytokines such as the chemokine CXCL8, which 1s a
neutrophil chemoattractant. Similar to F3 and IT.23.4 expression, CX (1S transcrpts were observed
at much greater intensity and in a much larger area of tissue in samples from WT vs AAs#x infection
(Figure 4.13ABC). Furthermore, these CXCLS transcripts were pomarily present in epithelial cells
(Figure 4. 13DEF). Similar to F3, CXCL8 and IT 234 signal was uniform throughout epithelial
tissue, showing no apparent correlation with EHEC foci along the epithelium (Figure 4.11).
Together these observations suggest that, during EHEC infection, Stx biases the host immune
response toward type 3 immumty by stimulating IT.23 expression in the colomc epithelium.

In the RNAseq data, we found that amimals infected with AAs#x had statistically significant
higher levels of IFING transcripts than those infected with WT (Figure 4.9B), suggesting that Stx
may inhibit production of IFINy, a cytokine linked to type 1 immumty. Reduction in IFNy-mediated
STAT-1 phosphorylation has been linked to Stx activity in vitro™. In vivo, IFNy is produced mainly
by Thl cells, ILCls, NK cells and macrophages in the lamina propoa. IFNy signaling
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Figure 4.12: Expression of IL23A in epithelial cells is greater in animals infected with WT vs AAstx EHEC.

a) Micrographs of colon sections from rabbits inoculated with WT EHEC, AAstx EHEC, or PBS (mock) stained with a
probe to rabbit /L2334 mRNA (red) and DAPI (blue). Scale bar is 500 pM. b) Percentage of tissue section with /L234
signal from individual colons. Distributions compared using Mann-Whitney U test, p=0.01 (**), n.s. indicates not
significant. ¢) Mean fluorescent intensity (MFI) from individual colons plotted with mean. Distributions compared using
Mann-Whitney U test, p=0.01 (**), n.s. indicates not significant. d) Percent /[L234 signal within E-cadherin positive
cells. Distributions compared using the Mann-Whitney U test, p=0.05 (*). &) Sections stained with a probe to rabbit
IL23A mENA (red), DAPI (blue), and anti-E-cadherin antibody (white). Scale bar is 500 pM. Example immune cell {IC)
and epithelial cell (EC) is indicated. f) Normalized expression of [L234 in HT29 cells infected with WT EHEC, AAsfx
EHEC, or PBS. Expression levels compared with a Students two-tailed t-test, p=0.001 (***), n.s. indicates not
significant.
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Figure 4.13: Expression of CXCLE in epithelial cells is much greater in animals infected with WT vs AASIX
EHEC.

a) Micrographs of colon sections from rabbits inoculated with WT EHEC, AAstx EHEC, or PBS (mock) stained with a
probe to rabbit CXCLE mRNA (red) and DAPI (blue). Scale bar is 500 pM. b) Percentage of tissue section with CXCLS
signal from individual colons. Distributions compared using Mann-Whitney U test, p=0.01 (**), n.s. indicates not
significant. ¢) Mean fluorescent intensity (MFI) from individual colons plotted with mean. Distributions compared using
Mann-Whitney U test, p<0.01 {**), n.s. indicates not significant. d) Percent CXCL# signal within E-cadherin positive
cells. Distributions compared using the Mann-Whitney U test, p<0.05 (*). &) Sections stained with a probe to rabbit
CXCLE8 mRNA (red), DAPI (blue), and anti-E-cadherin antibody (white). Scale bar is 500 pyM. Example immune cell
(IC) and epithelial cell (EC) is indicated. f) Normalized expression of CXCL#& in HT29 cells infected with WT EHEC,
AAsty EHEC, or PBS. Expression levels compared with a Students two-tailed t-test, p<0.001 (***), n.s. indicates not
significant.
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stimulates transcription of many other genes known as interferon-stimulated genes (ISGs)™, many
of which were found to be differentially expressed in animals infected with WT vs AAs#e (Figure 4.6
and 4.9). One of those genes, CX(1.77, 1s an IFNy-inducible chemokine produced by macrophages
that acts as a chemoattractant for CXCR3+ T cells; macrophage engagement of CXCR3+ T cells
promotes Thl cell development. RNA FISH analyses revealed that the MFI of the CXCI.77 signal
was more intense and detected in more tissue area in samples from animals infected with AAsfevs
WT (Figure 4.14ABC). Interestingly, approximately 50% of the CXCL77 transcript signal was found
mn epithelial cells (Figure 4.14DE). These observations suggest that Stx inhibits IFNy signaling in the
colonic epithelmum dunng EHEC infection, using this cellular layer to tip the host response towards

type 3 immunity.

Discussion

Orogastric inoculation of infant rabbits with EHEC leads to diarrheal disease and colomc pathology
that closely resembles many of the intestinal aspects of human EHEC infection™ ™. Here, we used
this model to study how Stz modifies the host response to infection in the colon by companng the
histopathology and transcriptional profiles of the colonic mucosa from animals infected with WT
EHEC or an isogenic mutant lacking Stx genes (AAs#). We found that Stx, a potent toxin, increases
apoptosis and hemorrhage in colomc tissue and dramatically remodels the colonic epithelium’s
transcriptional response to EHEC infection. Though the transcriptional responses elicited by WT
and AAstx EHEC infection exhibited some overlap, particularly in pathways commonly associated
with gram-negative infection, these 1sogemic strains provoked very distinet transcniptional profiles in
the colonic epithelium. Nearly twice as many genes were differentially repulated in ammals infected

with WT/mock vs AAstc/mock, and many of the differences in the epithelial response related to
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Figure 4.14; Expression of CXCL17 in is greater in animals infected with AAstx vs WT EHEC.

a) Micrographs of colon sections from rabbits inoculated with WT EHEC, AAstx EHEC, or PBS (mock) stained with a
probe to rabbit CXCL11 mRNA (red) and DAPI (blue). Scale bar is 500 pM. b) Percentage of tissue section with
CXCL11 signal from individual colons. Distributions compared using Mann-Whitney U test, p=0.01 (**), n.s. indicates
not significant. ¢) Mean fluorescent intensity (MFI) from individual colons plotted with mean. Distributions compared
using Mann-Whiiney U test, p=0.01 (**), n.s. indicates not significant. d) Percent CXCL11 signal within E-cadherin
positive cells. Distributions compared using the Mann-Whitney U test, p<0.05 (*). e) Sections stained with a probe to
rabhbit CXCL11 mRNA (red), DAPI (blue), and anti-E-cadherin antibody (white). Scale bar is 500 pM. Example immune
cell (IC) and epithelial cell (EC) is indicated.
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mmmune signaling and coagulation. Overall, Stx appears to skew the epithelial transcnptional
response toward expression of genes associated with type 3 immunity.

The cellular response to Stx has also been characterized using tissue-cultured cells. The
‘nibotoxic stress response’ to Stx-mediated cellular damage leads to the upregulation of a vanety of
genes and production of proteins which modulate the immune response®™ . Purified Stz promotes
the production of transcription factors (including JUN and FOS) and inflammatory cytokines
(CCL2, CCL3, CCL4, CCL5, CSF2, CSE3, CXCL1, CXCL2, CXCL3, CXCL5, CXCL8, IL10, IL1xf,
116, TNFu) in cultured epithelial and immune cells®®®> 854392525 YWe found that several of these
genes, including JUN, FOS, CCL4, CXCLS, and I1.1.4 were differentially expressed in WT vs AAstxe
infected colons; thus, Stx by itself, in the absence of additional EHEC-denived factors may account
for a subset of the transcniptional changes we identified in the colonic epithellum of ammals infected
with the WT strain. However, recent transcriptomic studies of the response of human intestinal
organoids did not detect differential expression of many of the coagulation-associated or immune
signaling genes (including F3, CX(1.8, and IT.23.4) that we found in infected infant rabbits™**;
these differences are potentally explained by organoid culture conditions, which can hirmt cytokine
expression™ . Overall, these discrepancies highlight the important differences in gene expression
patterns observed in cultured cells and the highly complex milieu of the host intestine, and that use
of punfied toxin is not sufficient to capture the intricacies of the host response to a pathogen with a
variety of immunomodulating signals such as LPS and T35S effectors.

Comparisons of the epithelial transcriptional profiles induced by WT and AAstx EHEC in rabbit
colons suggest that Stz promotes the transcription of genes related to type 3 immumity. The
expression of II.234, the subunit pl9 of the type 3 cytokine I1.23, was markedly higher in WT than
AAstx infected colons. I1.23 doves the immune response towards type 3 immunity, which is often

activated in response to extracellular pathogens®’, and is generally thought to be produced by
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dendritic cells. Unexpectedly, nearly all of the IT 2.4 signal was detected in colonic epithehal cells.
However, we did not detect epithelial transenpts for II.72B, wiuch encodes for p40, the other
subunit of the I1.23 protein. Typically, the two subunits are expressed together and form the I1.23
heterodimer™, but the gene expression of these two subunits is not always temporally
synchronized™. It is possible that IL23 p19 could have an independent function or an alternative
partner in intestinal epithelial cells, as has been suggested recently™”. In contrast to the induction of
II 234, 5tx appears to intlubit expression of IFNG and many ISGs such as CX (177, since these
cytokines and downstream factors were downregulated in WT compared to AAs#x infected colons.
IENy 1s the charactenstic cytokine of type 1 immumity and is typically activated to protect cells
against intracellular microbes™°. In vitro studies have also shown that Stx can suppress IFINy-
mediated signaling®”, while similar attaching-and-effacing pathogens which lack Stz do not suppress
IFNy (EPEC)™ and robustly activate type 1 responses (Cifrobacter rodentinm)™ '~ Additional
bactenal toxins with distinct mechanisms of action have also been reported to bias the innate
response along this axis: Clestridioides difficile toxin and the heat-labile enterotoxin of E. @l and have
also been shown to promote type 3 immunity by inducing I1.23 production®***. Our findings
suggest that Stx shapes the early innate immune response to infection, and thus likely has
mmplications for the development of adaptive immune responses and the host’s capacity to clear the
mfection. Though reagents to verify changes in the abundance of proteins are not readily available
for rabbits, we hope that this will be possible in the future.

Stx-mediated damage to endothehal cells, particularly in the renal microvasculature, 1s a well-
studied hallmark of HUS. Toxin damage to endothelial cells triggers the coagulation cascade, which
leads to thrombosis with fibrin deposition and hemolysis of RBCs™. In the colon, patient biopsies
have revealed that EHEC infection can also induce microvascular thrombi and fibrin deposition™”,

but few studies have investigated the patterns of gene expression which may contribute to
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thrombosis in the intestine. Although we were unable to detect fibrin deposition in tissue sections,
we found that F3, the gene encoding the imtiator of the coagulation cascade, i1s dramatically induced
n colonic epithelial cells in WT but not AAs#tx infection. Tissue Factor is typically expressed on cells
which are not in contact with blood, such as epithelial cells, and can be induced in response to
mflammatory stimmli**. In endothelial cells, Shiga toxin can promote Tissue Factor activity through
a mechanism associated with a decrease in expression of Tissue Factor Protem Inhibitor (TFPI)*™
3522 However, in rabbit colonic epithelial cells and in the human colon cancer cell line HT-29,
TFPI gene expression was not altered despite a marked increase in Tissue Factor expression,
sugpesting an alternate mechanism of Tissue Factor induction in colonic epithelial cells.

Collectively, our findings reveal that Stz powerfully shapes the host response to EHEC. Though the
degree of epithelial transcoptional remodeling by 5tx is stonking, it 1s not immediately apparent what
benefit thus program yields for the pathogen, especially with no discermble difference in the burden
of WT and AAst~ EHEC in infected animals. It is possible that the shaping of the inflammatory
response by Stx augments diarrhea and thereby enhances pathogen dissemunation. Additionally,
altered gene expression patterns dunng EHEC infection related to coagulation and inflammation are
suggestive of ‘thromboinflammation.” a mechanism in which thrombosis and inflammation synergize
to contribute to disease pathology **. Our findings illustrate the potency of combining isogenic
mutants with cellular compartment-specific charactenzation of host responses to infection, for
unravelling how individual virulence factors contribute to the cell type-specific pathogen-host
dialopue in disease. For EHEC infection, understanding this dialogue and the innate immune
processes contonbuting to the early colonic phase of disease prior to HUS could offer valuable clues

for developing new therapies
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MATERIALS AND METHODS

Ethics Statement

Animal expennments were conducted using protocols approved by Bongham and Women’s Hospatal
Committee on Ammals (Institutional Amimal Care and Use Committee protocol number
2016N000334 and Ammal Welfare Assurance of Compliance number A4752-01) and in accordance
with recommendations in the National Institute of Health’s Gude for the Care and Use of

Laboratory Ammals and the Animal Welfare Act of the Umited States Department of Agniculture.

Bactenal strains were cultured in LB medium or on LB agar plates at 37°C. A gentanucin-resistant
mutant of E. coli O157-H7 strain EDL933 (Alad:aarC7)™ was used in all experiments in this study

and gentamicin (Gm) was used at 10 pg/ml. The AAsf: mutant was constructed using lambda red

recombineering™ as described™".

Two-day old litters of mixed gender New Zealand White rabbits were co-housed with a lactating
dam (Charles River). Infection inocula were prepared by diluting 100 pl of overmight culture into 100
mL of LB Gm; then, following 3 hours of growth at 37°C with shaking, 30 umts of culture at ODyy
=1 (about 8 mL) were pelleted and resuspended in 10 mL PB5. Dilutions of the inoculum were
plated to enumerate CFU. Each infant rabbit was orogastrically inoculated with 500 pl of the
inoculum (~1x10° CFU), using a size 4 French catheter. Following inoculation, the infant rabbits
were monitored at least 2z/day for signs of illness and euthanized 2 days (36-40 hours) post

infection, when the entire intestinal tract was removed.
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One cm sections of the medial and distal colon were removed post necropsy and the tissue
pieces were homogenized in 1 mL of stenille PBS using a mimbeadbeater-16 (BioSpec Products,
Inc). Dilution series of the homogenates were plated on LB Gm plates, which were incubated

overnight at 37°C, to determine CFU/g bacterial burdens in tissue sections.

Tissue preservation and histopathology

Two cm sections of medial and distal colon were fixed in 2 mI. 10% neutral-buffered formalin
overnight (~16 hours) at room temperature. The next day, tissue sections were transferred to 2 mL
70% ethanol Formalin-fixed, paraffin embedded 5 uM sections were stained with hematoxylin and
eosin (H&E) by the Rodent Histopathology Core at Dana Farber Cancer Institute. Shdes were
blindly evaluated by a histopathologist and scored semi-quantitatively. Sections were evaluated for
mnflammation using the following cntena: 0, none; 1, mild infiltration of immune cells into lamina
propua; 2, moderate infiltration; 3, extensive infiltration; 4, severe and extensive infiltration.
Apoptosis was evaluated using the following cnitenia: 0, none; 1, few cells observed with fragmented
muclei; 2, many cells with fragmented nucles; 3, significant apoptotic muclei and penetration to crypts;
4, transmural apoptosis. Edema, congestion and hemorrhage were evaluated using the following
cateria: 0, none; 1, mild vascular congestion and/or mild edema; 2, moderate congestion and/or
edema; 3, congestion with hemorrhage +/ edema; 4, congestion with severe multifocal hemorrhage
+/- edema. Heterophil infiltration was evaluated using the following criteria: 0, none; 1, scattered
indrvidual heterophils or small clusters in the lamina propma; 2, multifocal agpregates in mucosa with
few cells in lumen; 3, multifocal aggregates 1n mucosa with abundant cell extrusion into lumen; 4,
multifocal aggregates in mucosa with large heterophilic intralurminal rafts. Sloughing was evaluated
using the following critena: 0, none; 1, few epithelial cells sloughed from luminal surface; 2,

moderate number of epithelial cells sloughed from lnminal surface; 3, epithelial surface is severely
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disrupted; 4, extensive and severe sloughing (epithelial layer is absent). Scores were compared
between infection types using a two-tailed Mann-Whitney U statistical test. The Beymamini-
Hochberg Procedure was used to control for the false discovery rate with multiple comparnisons at

20%. P-values were considered significant at less than 0.05 (¥), 0.01 (*¥), and 0.001 (*).

Tissue preparation for RNA-sequencing

Five cm sections from between the medial and distal colon were harvested and processed
immediately post necropsy for RNA sequencing from 3 rabbits moculated with PBS (mock), WT or
AAst EHEC. Epithelial cell and lamina propria cell fractions were isolated from tissue using a
method similar to that described previously **. First, fat was trmmed from the tissue, and lnminal
contents were gently pressed out. The tissue was then cut longitudinally and rinsed in 1 mL of wash
solution (RPMI 1640, 2% Fetal Bovine Serum (FBS), 10mM HEPES, and 100 pg/mL penicillin-
streptomycin). Next, the tissue was rinsed in 40 mL ice-cold Ca/Mg-free HBSS before being
transferred to 10 mL of epithelial dissociation solution (HBSS, 100 pg/mL penicillin-streptomycin,
10 mM HEPES, 2% FBS, 10mM EDTA) freshly supplemented with an additional 100 uL of 0.5M
EDTA. To remove dying and dead epithelial cells, the tissue was incubated in epithelial dissociation
solution 37°C at 125 rpm or 5 munutes, then incubated on ice for 5 minutes, then shaken wigorously
10 times and vortexed for 2 seconds. Supernatants were discarded and the tissue piece was
transferred into a new tube of 10 mL of epithelial dissociation solution freshly supplemented with an
additional 100 pL of 0.5M EDTA. The solution was brought to room temperature quickly by briefly
warming in a 37°C bath, then incubated for 20 minutes at 37°C at 125 rpm centnfugal rotation, then
incubated on ice for 5 minutes, shaken vigorously 15 times, and vortexed wigorously for 10 seconds.
The supernatant was transferred to a fresh tube and centrifuged at 300=g for five minutes. The cell

pellet was resuspended in 2 ml. Trzol and the solution was stored at -80°C until RNA extraction.
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After epithelial cell dissociation, the remaining tissue piece was transferred to a tube contaiming 5
mL of enzymatic digestion solution (RPMI 1640, 2% Fetal Bovine Serum (FBS), 10mM HEPES,
and 100 pg/mL penicillin-streptomycin, fresh 100 pg/mL Liberase TM, fresh 100 pg/mL DNasel)
and incubated at 37°C with centrifugal rotation at 125 rpm for 30 minutes. The digestion was
quenched by adding 80 pL of 0.5M EDTA. The solution was filtered through a 40 uM cell strainer
and rinsed with HBSS to a final volume of 30 mL. This tube was spun down at 400xzg for 10
minutes, and the cell pellet was resuspended in 2 mI. Trizol Samples were stored at -80°C until

RIMNA extraction.

BENA extraction and mRMNA seq library preparation and sequencing

RINA was extracted from Trnzol using the Direct-Zol RNA MiniPrep Plus kit from Zymo with some
modifications. First, Trizol samples were incubated at 65°C until just thawed (5-10 munutes). One
mL samples were added to RINase-free microcentrifuge tubes and 200 pL of chloroform was added
to each tube. The tubes were inverted 10x for mixing, and incubated at room temperature for three
minutes. The samples were spun at 12,000xg for 15 minutes at 4°C, to separate the aqueous and
organic layers. The clear aqueous phase was removed, an equal volume of 100% ethanol was added,
and the sample was mixed by inversion ten times before incubating at room temperature for five
minutes. The entire volume was transferred to a Direct-Zol spin column and spun for one minute.
The samples were washed with pre-wash buffer twice, with wash buffer once, spun empty to
remove residual buffer twice, and eluted with 50 pl. RINase-free water. Total RNA was assessed for
quality and integrity (RINe) using a High Sensitivity RNA ScreenTape (Agilent) at the HMS
Biopolymers Facility. RINA of high quality (RIINe>>8) was prepared for mRINA-sequencing using the
KAPA mRNA HyperPrep kit (Roche). Libraries were quantified using a High Sensitrmty D1000

ScreenTape (Agilent) and High Sensitivity Qubit. Libraries were sequenced on a NextSeq 550.
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Dafferential expression is

First, resources for the rabbit genome were compiled. We concatenated FASTA files for each rabbit
chromosome, mitochondnal DNA, and unplaced scaffolds from OryCun? 0 (Assembly
GCA_000003625.1) to create a reference genome FASTA file. The Ensembl annotation (May 2019)
was used. Sequencing reads and genome resources were uploaded to the Galaxy web platform **,
and the public server usegalaxy org was used to process and map reads. First, reads were tnmmed
using Trim Galore! (Galaxy Tool version 0.4.3.1) with automatic adapter sequence detection. Then,
tommed reads were mapped to the rabbit reference genome and annotation using RNA STAR
(Galaxzy Tool version 2.6.0b-1). featureCounts (Galaxy Tool version 1.6 4+galaxyl) was used to
build a count matrix from mapped reads using the Ensembl annotation as a puide. Count matnices
were exported from Galaxy and imported into R (version 3.5.3) *'. The read counts for each gene
were normalized to Transcripts Per Kilobase Million (TPM) to compare expression of marker genes
across samples. TPM was calculated by first dividing the number of read counts by the length of the
gene in kilobases to yield reads per kilobase (RPK). Gene RPKs were summed for each sample and
this number was divided by 1,000,000 to yield a sample-specific scaling factor. The RPK value for
each gene was divided by the scaling factor to yield TPM. The non-normalized count matrix was
also analyzed using DESeq2 (version 1.22.2) ** to compare the abundance of transcripts between
different inoculum types to identify differentially expressed genes. Parametnic dispersion was used
and shrinkage of effect size was performed using the package apeglm **. Genes with an adjusted p-
value of less than 0.05 were considered to be differentially expressed. Normalized read counts were
generated using a regulanzed log (r-log) transformation and used to perform prncipal component
analysis (PCA) of each sample. Raw reads and count matrices have been deposited into the Gene

Expression Omnibus (GEO) repository (GSE156056).
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Hierarchical clustering

For each gene, the parameter ‘rank’ was calculated by multiplying the sign of the fold-change by the
logl0 transformed adjusted p-value from DESeq2. Genes were ordered by rank and hierarchical
clustening of samples was performed nsing Euchidian sample distances using the gplot (version 3.0.1)
function Heatmap 2 using r-log transformed read counts, constructing a dendrogram by column
(samples). Heatmaps were scaled by row and colors assigned using ColorBrewer palette RdY1Bu
(version 1.1.2) **. Similar clustering analysis was performed for the top 50 genes by rank, and genes

in the leading-edge subset from GSEA.

Gene set enrichment

Gene set enrichment was performed using fast GSEA (fGSEA) in R (version 1.8.0) *. Only genes
with annotation were considered. Genes were ranked with the parameter ‘rank’. The hallmark gene
sets ** and immunological signatures pene sets ** from MSigDB ** were used. 1000 permutations
were completed, and catepories with less than 10 genes and greater than 500 genes were excluded.
Pathways were considered to be significantly enniched if the adjusted p-value was less than the false-

discovery rate of 5%. Enrichment scores were plotted using the plotEnrichment function in R

Comparning differentially expressed genes in infected vs uninfected tissue

Genes with an adjusted p-value of <0.05 and log2 fold-change of >2 or <-2 from DESeq2 (WT ws
mock, AAste vs mock) were considered differentially expressed. These lists were compared using the
online tool BioVenn **. The list of commonly differentially expressed genes from these comparisons

was analyzed using the webtool g-Profiler to perform functional enrichment analysis (g2:GOst) **.
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CIBERSORT=x

CIBERSORTZx ***** was performed using the webtool (https://cibersortz stanford. edu/) to impute
cell fractions. TPM wvalues for all annotated genes were imported as a mixture matrix, and TM22%4>%
was used as a signature matnx file. Distributions of the absolute abundance of immune cells were

compared using a Kolmogorov-Sokolov test. Relative abundance of individual cell types were

compared using a Mann-Whitney U test.

Fluorescent in sitw RINA hybndization

Fluorescent in-situ hybndization (FISH) was performed using RNAscope (ACDBio) Multiplex
Fluorescent V2 Assay in 5 different rabbit colon tissue sections per inoculum type (WT, AAste and
mock). Manufacturer’s protocols were followed and the RN Ascope HybEZ oven was used for all
incubations. Freshly sectioned formalin-fixed, parrafin embedded (FFPE) tissue sections (5 ulMd)
were processed following manufacturer’s protocol Brefly, sections were treated with boiling target
retrieval buffer for 15 minutes and digested with Protease Plus for 28 minutes. Custom RINAscope
C1 probes for rabbit mRINA IT 254, CXCT.8, CXC1.11, F3, or dapB (negative control) were
hybrdized to the tissue. The C1 probe was detected with Opal 570 dye (Akoya Biosciences) diluted
1:1000 in Multiplex TSA buffer (ACDBio). Following completion of the RINAscope assay, sections
were processed further for immunofluorescence. Sections were permeabilized with 0.1%
Trton¥100 for 10 munutes at room temperature, washed, and treated with 5% BSA for 1 hour to
block non-specific signal. Sections were washed and stained with ponmary antibody to E-cadhenn
(1:100 anti E-cadherin mouse monoclonal antibody, BD Biosciences 610181) and/or primary
antibody to O157-antigen (1:2000 anti E. eali O157-H7 goat polyclonal antibody, Abcam ab30521)
overnight at 4°C. The next day, sections were washed and stained with an anti-mouse secondary

antibody conjugated to Alexa 647 and/or anti-goal secondary antibody conjugated to Alexa 488

128



diluted 1:500 in PBS (Invitrogen A-21235). Sections were then stained with DAPI (2 ug/mL) for 5

minutes before mounting with ProLong Diamond antifade mountant (Thermo Fisher).

Quantitative image analysis

Samples were imaged with a Nikon Ti Eclipse microscope equipped with a widefield Andor
NeoZyla camera and a 20z objective. For H&E stained sections, Kohler alignment and white-
balance was performed, and then RGB images were captured. For sections stained with fluorescent
antibodies and FISH probes, 4x6 stitched images (10% overlap) were captured for each tissue
section using multi-channel acquisition (blue, red, far-red) using 16-bit imaging. In Image] /FIJI*?,
threshold values for each channel were determuned using the sections stained with the negative
control probe (dapB), which should have no signal in the red channel above background. To analyze
mean fluorescence intensity (MFI), the threshold value for the blue channel (DAPT) was set using
FIJI to create a binary mask This mask was applied to the red channel (RNAscope probe), and a
histogram of intensity values for pixels within this mask was recorded. The average value above
background was recorded for each sample. To analyze the percentage of tissue expressing a
transcript of interest, thresholds were applied to both the blue (DAPT) and red (RINAscope)
channels to create binary masks. The area of the DAPT mask was recorded. FIJI ‘create selection’
tool was used to draw a selection around the DAPT area. This selection was transferred to the
RENAscope channel and the area of RINAscope signal within this area was recorded. We calculated
area of tissue expressing signal by dividing area of RINAscope signal (RINAscope area withun DAPI
selection) by total tissue area (area of DAPI mask). To calculate the percent of the RINAscope signal
derived from epithelial cells, we first applied a threshold to the far-red (E-cadherin) and red

(RN Ascope) channel to create a binary mask. The area of the RN Ascope mask was recorded. Then,

the “create selection’ tool in FIJI was used to draw a selection around the binary mask of the E-
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cadherin area. The section was enlarged by 2uM to accommodate signal at the edge of the cells. This
section was transferred to the binary masked RINAscope channel The area of RN Ascope binary
signal within the E-cadhernin selection was recorded. We divided the area of RN Ascope signal within
E-cadhenin selection by the total RN Ascope signal to determine percentage of signal within
epithelial cells. These three quantifications (mean fluorescent intensity, percent of tissue expressing
signal, and percent of signal within epithelial cells) were compared for WT infected vs mock and
AAstx mfected vs mock for each probe using a two-tailed Mann-Whitney U statistical test. The
Bejmamim-Hochberg Procedure was used to control for the false discovery rate with multiple

compansons at 20%. P-values were considered significant at less than 0.05 (¥), 0.01 (*¥), and 0.001

)

Tissue culture infection and RT-qPCR

Human colon colorectal adenocarcinoma cells (HT-29, ATCC HTB-38) were purchased from
ATCC and cultured in McCoy’s 5A Medium supplemented with 10% fetal bovine serum. Cells were
grown at 37°C with 5% CO2. Two days before infection, 500,000 cells were seeded in 6-well plates
so that infections occurred at approximately 75% confluency. One hour before infection, the media
was changed to Dulbecco’s modified Eagle’s medium (DMEM) (4.5 g/mL glucose). The bacterial
mnoculum was prepared by first growing EHEC strains statically in LB overmight at 37°C to ODw of
0.6. Bactenia were resuspended in high-glucose DMEM to OD 0.5 and 45 ul of each inoculum was
added to 5 wells of HT29 (MOI 10:1); DMEM alone was added to 5 wells as a mock infection
(uninfected). The infections were carried out for a total of 6 hours, but the cells were washed once
with DPBS and the media was replaced after 3 hours.

After the 6-hour infection, each well was washed twice with DPBS to remove serum-containing

media. RINA was extracted using the RNeasy Plus Mim Kit (Quagen) and cDNA was generated from
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2ug RNA using a High-Capacity cDNA Reverse Transcoption kit (Thermo Fisher). Quantitative
real-time PCR was performed using a Step One Plus Real-Time PCR machine using Tagman 2x
master mix and Tagman probes for GAPDH (Hs02758991_g1), IT.23.4 (Hs00372324_m1), F3
(Hs00175225_m]1) and CXCL8 (Hs00174103_m]1). Undiluted cDNA was used in the gPCR
reactions. Expression levels were calculated using the delta-delta CT method nommalized to
GAPDH. Expression was normalized to the average expression of the 5 uninfected wells.
Expression levels were compared using a two-tailed Student’s t-test. P-values were considered

significant at less than 0.05 (¥), 0.01 (%), 0.001 (**¥), and 0.0001 (**x¥),
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CONCLUSIONS AND OUTLOOK



OVERVIEW

EHEC is a formidable human pathogen. A critical barrier in the field hmiting deeper understanding
of the host pathogen interactions that occur during EHEC infection has been lack of a suitable
animal model'™**. To this day, no animal model completely recapitulates both intestinal and systemic
manifestations of EHEC infection. We used infant rabbits, a relatively underused but physiologically
relevant model of EHEC intestinal disease'™™, to conduct functional genomic studies directed at
both pathogen and host. We characterized mechamsms of EHEC pathogenicity and the host
response to infection in the colonic mucosa, expanding knowledge in the field. This body of work

raises many interesting questions for future study.

PERSPECTIVE

We used transposon-insertion sequencing (T1S) screens to define EHEC genes required for both
growth in vifro and colonization of the colon™ (Chapter 2). We generated a library of over 100,000
unique EHEC transposon-insertion mutants using the Himar] transposon and analyzed their
abundance in different conditions as a proxy for fitness. Loci with lower frequency of transposon-
mnsertion than predicted for random mutagenesis were classified as 'underrepresented’. We consider
two hypotheses in Chapter 2 for why these regions cannot sustain insertions: either the pene is
required for prowth and any disruption 1s lethal, or physical occlusion by DNA binding proteins or
chromosome structure hinuts successful insertion. It 1s difficult to precisely define what constitutes
an ‘essential gene’, as gene requirements differ across growth conditions, but targeted knock-out
libraries in laboratory strains of E. cli have estimated there are about 300 loa requured for gr el
*¥_Surposingly, of the 6,032 loci in EHEC, we classified 895 as underrepresented after in vitro

growth. It 1s unlikely that EHEC requires an extra 595 genes for growth. We hypothesize that the
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abundance of underrepresented loci in EHEC reflects the difficulty of transposon insertion in
horizontally acquired regions. These regions usually have a lower GC content than the surrounding
genome™® which could inhibit insertion of transposons due to higher likehhood of association with
nucleoid binding proteins like H-NS**. H-NS has been shown to selectively bind to and silence
horizontally acquired DNA****. Consistent with this, EHEC loci that were not conserved in E. colf
K-12 were more likely to be underrepresented in our analysis. However, TIS analysis in E. e/ using
a different transposon, Tn5, only classified 358 underrepresented loci™. This implies that the
abundance of underrepresented mutants in our analysis 1s more likely to be a technical 1ssue resulting
from himitations on Himarl insertion rather than underlying biology. Himarl does have a sequence
bias®*, which may be more pronounced in E. sofi than other species. Analogous TIS analysis using
Himarl in E. colf K-12 also classified a high proportion of genes as underrepresented (786 out of
4.483), but in Vibrio cholerae and 17ibrio parabaemolyticus the number was much lower (343/3,456 and
405/4.463, respectively)®™*™. More work is needed to understand what mechanisms restrict Himarl
msertion in E. eofi, particularly in horizontally acquired regions. These regions often contain
virulence and colonization factors, and limits on inserting transposons into these genes resultin
diminished statistical power for robust for analysis.

Additional research is also necessary to expand on our observation in Chapter 2 regarding
1solate-specific differences in gene essentiality. 131 genes were classified as underrepresented in
EHEC that did not have a fitness phenotype in E. w# K-12, and hypothesized that these genes
could represent pathogen-specific antimicrobial targets. Specifically tarpeting bactenal pathogens
durning infection 1s challenging but cntical because broad spectrum antibiotics also remove helpful
commensal species and can cause microbiome dysbiosis™. Anti-virulence therapeutics, which target
genes unique to pathogens, have been considered as a potential stratepy to maintain the microbiota

during treatment of infections™’. Another option is to target proteins that are conserved in both
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pathogens and commensals, but disruption only produces a fitness defect in pathogens. To robustly
dentify such candidates, TIS analysis could be performed across many E. w/ isolates of both
pathogemic and non-pathogemnic types. Ideally these libranes would be generated using a transposon
with minimal bias in E. e/, like Tn5, for mazimum coverage and successful identification of
differentially underrepresented regions.

We also passaged the EHEC mutant library through an infant rabbit to identify mutants that
could not colonize the colon (Chapter 2). Theoretically, loss of mutants with in sive fitness defects
leaves only those with robust colonization capacity in the population. We recovered 23-38% of
EHEC mutants ornginally present in the inoculum from the colon. It is unlikely that 77% of
disrupted loci are actually required for colomzation; some of these mutants were eliminated due to
random populations constrictions (bottlenecks) that happen i vio®”. In an infection, bottlenecks
represent any pressure that non-specifically and dramatically culls a population, such as passage
through the acdic stomach As discussed in Chapter 2, disconmination between reductions in
genotypes attributable to genuine negative selection and stochastic reductions caused by bottlenecks
1s difficult. We used two computational approaches to model the seventy of the bottleneck observed
in our data, and used these estimates to identify mutants that had larger than expected reductions in
fitness than would be predicted to occur from random loss alone. Surpnsingly, EHEC seems to
experience a tighter bottleneck in infant rabbits than for other entenic pathogens we have tested, like
V7. parabaemolyticus (61% recovered), despite its higher infectrvity in humans. We recently observed
that Shigella flexcnert, a subspecies of E. wl, also expeniences a dramatic bottleneck in wivo in infant
rabbits (~20% recovered)™*. Factors such as milk-denived antimicrobial peptides in the stomach or
members of the rabbit microbiota could disproportionally affect E. eo/i during infection. The

mucrobiota of rabbit species used in our studies (Orycfolagur cimiculus) has not been characterized. It
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will be helpful to define the infant rabbit microbiota for future studies evaluating the pathogen-
commensal interaction duning EHEC infection.

Our TIS analysis revealed that approxzimately 300 genes are required for optimal colonic
colonization. These genes included most of the structural elements of the T3SS, but almost none of
the effector proteins, except for Tir, NleA, and EspM1. Additional studies are required to investigate
the role of NleA and EspM1 further in wivo. NleA 1s thought to affect inflammasome activity™’, and
EspM1 can perturb the actin cytoskeleton™**®. Interestingly, no other adhesin proteins thought to
be required for EHEC attachment to the epithehal surface, including fimbrniae or Curh fibers, were
required for colonization in our screen. This could reflect species specific differences (rabbit vs
human), or redundancy or that these adhesins are not as critical as thought when a functional T3SS
1s present. Many of the genes that we found to be required for colonization are functionally related
to amuno acid metabolism. In Chapter 2, we hypothesized that this could reflect nutnent scarcity in
vive, and highlights the reliance of EHEC on its own metabolic processes for survival. Another
hypothesis is that inactivation of these genes may limit the efficiency of amino-acid decarboxylase
systems used by EHEC for acid resistance. For example, gadE, encoding a transcription factor that
regulates glutamate decarboxylation, and #E, encoding an armno acid aminotransferase have been
linked to acid resistance'® and were both requured for optimal colonic colonization in our screen.
Additional studies should aim to investigate the relationship between other amino acid metabolism
genes and colonic colonization.

One of the most interesting discovenes from the colomzation screen was the gene apA. apd
mutants were considerably depleted in vive. We found that Aayp.4 mutants are extremely sensitive to
the antimicrobial activity of bile salts i sifre, and in particular the bile salt DOC. We realized that
g4 has been identified previously in screens for colomzation factors in other enteric

pathogens™*"**7 but had never been investigated mechanistically. The absence of studies regarding
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CvpA function i1s probably attnbutable to the protein’s annotation. A screen 30 years ago to identify
proteins required for E. wf to secrete the toxic peptide Colicin V identified and named CypA
(Colicin YV production protein A)*®. Later, the genes involved in this process were fully
characterized, but a role for CvpA was not found*®. Despite this, CvpA 1s still linked to GO terms
such as “toxin biosynthetic processes’. We used a genetic approach to investigate the function of
CvpA, identifying suppressor mutations that restored DOC resistance (Chapter 3). These
suppressors revealed that CvpA is linked genetically to the 6™ extracytoplasmic stress response.
Several independent mutations that enhance expression or activity of o~ permitted Aap.4 growth on
DOC. We do not how CvpA interacts with o~. Future work should examine if CvpA is required
after DOC exposure for transcription of 7p¢E, or if it repulates activation of o~ through direct
mteraction or interaction with any of the known upstream o repulatory proteins. As CvpA is widely
conserved across bactena phyla, including in non-entenic species, we suggested in Chapter 3 that the
function of CvpA is not limited to bile resistance and hypothesized that CvpA is involved in
maintaining ion homeostasis. Additional work is needed to test if Aayp4 has growth defects in
antimicrobial reagents that disrupt 1on transport, such as protonophores or electrophiles. We found
that CvpA was linked genetically to genes involved with potassium transport, so measunng efflux of
K+ ions in the WT and Aap.4 mutant after exposure to DOC could be informative. Biochemical
mnvestigations will also be useful to determine molecular mechanisms. CvpA has an unstructured C-
terminal tail that is predicted to be penplasmic. We were unable to fuse GFP to thus tail and
maintain resistance to DOC, which may indicate that an uncharactenized penplasmic binding partner
mteracts with CvpA’s C-terminus. As CvpA is a membrane protein, partner binding assays such as
co-immunoprecipitation are difficult. Expression of just the penplasmic portion could simplhify
future work for binding partners. Another open question is why Aap.4 mutants are specifically

sensitive to DOC and not the structurally simular bile salt CHO. As discussed in Chapter 3, DOC 1s
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more hydrophobic than CHO, which may facilitate passage through lipid bilayers***™* DOC and
DOC-derivatives are also known to trigger ion efflux from eukaryotic cells™**" and alter
mitochondrial membrane permeability**, which supports our hypothesis that CvpA responds to ion
homeostasis perturbations created by DOC. Future work examining Aap.4 sensitivity to additional
reagents will be helpful to clanfy mechanism.

We also investigated the host intestine’s transcrniptional response to EHEC infection (Chapter 4).
We inoculated infant rabbits with WI' EHEC and an isogenic mutant lacking Stx (AAs#) to
determine the effect of Stx on histopathology and gene expression in epithelial and lamina propria
cells. To facilitate transcriptional analysis of different cellular compartments in the colon, we
petformed tissue digestion to enrich for epithelial cells and lamina propria cells. The calcium-
chelating agent EDTA disrupts epithelial barrier inteprity, releasing sheets of cells from the
underlying tissue. Isolation of deeper tissue immune cells relies on enzymatic digestion. We used a
muxture of collagenase I, II and the protease thermolysin to degrade the collagen structure of the
lamina propma, releasing the non-adherent cells, whuch are ennched in leukocytes. Nearly complete
tissue digestion 1s required to liberate stromal cells, as these adherent cells are embedded in the
ECM™. Ideally, we would use flow cytometry to precisely quantify the yield of each cell type, but
reagents are unavailable for comprehensive cell profiling in rabbits. We were able to detect
enrichment of transcripts associated with epithelial and immune cells in the appropniate fractions,
prowniding confidence in our ennchment stratepy. Future work to improve our protocol could
include evaluation of murine or human antibodies for detection of rabbit cell markers. This would
allow for true cell type 1solation by FACS rather than ennchment.

Transcriptionally, both WT and AAs#x infection induced expression of genes typically associated
with bactenal infection, including pathways that detect and respond to PAMPs such as LPS.

Comparing the transcriptional profiles of WT and AAs#¢ infected colons revealed that Stx
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dramatically shapes the response to infection. 390 genes were differentially expressed between the
two infections in epithelial cells, and 91 1n lamuna propna cells. Many differentially expressed genes
of interest were related to coagulation and immune signaling processes.

Stx contrbutes to significant hemorrhage in rabbit tissue, so we were mitially not surprised to
see a number of coagulation-related genes were highly expressed in an Stx-dependent fashion. We
first hypothesized that blood in the tissue tnggered this gene expression. We measured the
distribution of F3, which encodes Tissue Factor, in rabbit tissue infected with WT EHEC and found
the transcript was evenly distributed across the epithelmm, and not localized to regions of
hemorrhage We also detected expression of FJ in cultured epithehal cells in vifro after exposure to
WT EHEC but not AAstx, which suggests that Stx mteraction with enterocytes alone is sufficient to
induce these changes without immune or red blood cells. Future work should focus on protein-level
changes. Premious work in renal and endothelial cells in ###v described a mechamsm for increase in
Tissue Factor activity after Stx exposure that relies on decreased expression of Tissue Factor Protein
Inhibitor (TFPL)******'"**' We found that TFPI expression was unchanged in epithelial cells after
EHEC infection, suggesting an alternate mechamsm of induction. Future work should focus on
characterizing mechanisms of F3 gene expression in epithelial cells. Screening a CRISPR/Cas9
mutant epithehal cell library for F3 expression after EHEC infection could identify if genes
associated with the canonical nbotoxic stress response or other pathways are required. F3 expression
1s also induced by Yersinia pseudotuberculosis infection in SI Peyer’s patches™, but not dunng 1/ibrio
cholerae infection 1n infant rabbits (unpublished). Future work should examine the charactenistics of
pathogens that can induce coagulation-related genes i vivw and the contnbutions of these protein to
tissue pathology or resolution of infection.

The expression of IFING and a number of ISGs such as CXCI1.77 was suppressed during WT

infection, and induced by the AAsfx strain. Others have observed Stx can suppress the IFNy-

139



inflammatory pathrway ## vifro at the protein level by blocking phosphorylation of the upstream
protein STAT-1°*_ In contrast, A/E pathogens that lack Stx, like Cifrobacter rodentinm and EPEC,
activate expression of IFNy during infection™'™"***_Tt is unclear how Stx blocks STAT-1
phosphorylation and IFING gene expression. 'T3SS effector protein activity is considered to be the
primary mechanism to suppress eukaryotic signaling pathways™'. Recent studies have shown that
T3SS and Stx rely on similar host factors for actrvity™, which implies there could be unrecognized
synerey between T3SS effectors and Stx which allows for successful modulation of the host
resporse.

We also showed that Stx induces robust expression of the cytokine subumt IT 234 in epithelial
cells, the gene encoding the pl9 subunit of the cytokine IL23. In Chapter 4 we discuss that ITL23A 1s
typically produced by immune cells, particularly dendritic cells, in response to PAMPs*?, and
speculate that Stx could be promoting a shuft towards type 3 immumity and away from IFNy-
mediated type 1 immunity duning infection. This is not unprecedented, as other bacterial toxins can
mnduce type 3 immunity and I1.23 production**~*. We did not, however, measure the abundance of
specific immune cell types or evaluate their cytokine expression profiles, and this information 1s
needed to classify the type of cell-mediated effector immunity™*®. Analysis of specific immune cell
populations during infection has been completed for Citrobacter rodentium infections in mice™ %%,
but the lack of immunogenic flagella and 5tx make direct compansons to EHEC difficult. Future
work should evaluate the abundance of Th17, Thl, and ILC subtypes in the colonic mucosa infected
with EHEC with or without 5tx in order to test tlus hypothesis. Interestingly, we did not detect
transcripts for IL.72B, the gene encoding the p40 subumt of IL23. IT 23.4 has been observed to be
expressed independently of II.72E in epithelial cells, but the function of IL23A in the absence of
p40 1s unknown™’. We also did not detect IL.77.4 transcrpts in the lamina propria cells. This

cytokine is induced in ILC3s and Th17s by IL23 expression. These gene expression patterns sugpest
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that canomical I1.23 signaling 1s not occurning at the time point of our transcnptional screen. Future
work should investigate if p40 protein is produced by epithelial cells, and if IT23A can act
independently to trigper transcriptional chances in immune cells during EHEC infection, which may
represent an unrecogmzed aspect of epithelial immunity.

An open question in the field i1s how colonic disease relates to systenmuc mamifestations of
infection, including progression to HUS. Immune cell activation in the colon by Stx is hypothesized
to be critical to initiate pathology in the kidneys®. Anti-cytokine and anti-inflammatory therapeutics
have been suggested as a way to minimize immune cell actrvation that can lead to renal damage™®.
Our work demonstrates that 5tx does have a powerful role in shaping immune responses to
infection in the colon. Further work, such as single-cell RN Aseq and proteomucs, 1s needed to more
specifically characterize what cell types are present and their cytokine profiles. Although mice are
not a useful model for EHEC colonic disease, they might be useful to investigate if elimination or
manipulation of gene expression in colon epithelial cells alters the progression to renal disease. This
mnformation will be relevant to developing novel therapeutics that nmitigate 5tx toxicity in

extraintestinal tissues.
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