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RESUME

Les autotransporteurs de sérine protéase des entérobactéries (SPATES) sont des protéines
sécrétées qui contribuent a la virulence et fonctionnent comme des protéases, des toxines, des
adhésines et/ou des immunomodulateurs. Une souche O1 : K1 d'E. coli pathogéne aviaire
(APEC), QT598, isolée d'une dinde, possede 5 genes SPATEs : vat, tsh, sha, tagB et tagC.
Auparavant, Il a été démontré que ces SPATES jouent un réle dans un modéle I'infection urinaire
chaez le souris. L'objectif global de ce projet est d'analyser les réles hiérarchiques des genes
SPATE lors d'infections systémiques chez la volaille et I'étalissement d’'un modéle d’infection
respiratoire chez la dinde). A cette fin, une complémentation en copie unique du géne codant
pour les différentes protéines SPATE individuellement ou en combinaison a été générée en
insérant les génes dans le site att Tn7 du mutant A5 SPATEs. Les clones générés pour la
complémentation et les souches complémentées ont été vérifiés pour l'expression des SPATES
et les phénotypes respectifs. Suite a l'infection des sacs aériens chez la dinde avec la souche
QT598 et la dérivée A5 SPATES, une diminution significative de la colonisation des poumons et
foies ont été observée. De plus, I'introduction des génes sha et tsh, mais surtout c’est deux génes
en combinaison a contribué a un regain de la colonisation des poumons. En effet, la souche A5
SPATEs complémentée avec sha+tsh ou complémenté avec tous les 5 génes codant pour les
SPATESs ont restauré la capacité d’infection des poumons. De plus, I'analyse de l'expression
génique par RT-gPCR dans les poumons et les sacs aériens de dindes infectées par la souche
QT598 a montré une augmentation d’expression significatif de sha et tsh dans ces tissus
respiratoires en comparaison avec la culture in vitro. Dans I'ensemble, les résultats démontrent
que les SPATES jouent un réle cumulatif pour l'infection systémique de la dinde et que Sha et

Tsh sont hiérarchiquement plus importants pour la colonisation du systéme respiratoire.

Mots-clés : Escherichia coli, SPATES, Volaille, Dinde, Infection respiratoire, complémentation,

pathogenése, autotranporteurs, toxines.



ABSTRACT

Serine protease autotransporters of Enterobacteriaceae (SPATES) are secreted proteins that
contribute to virulence and function as proteases, toxins, adhesins, and/or immunomodulators.
An avian pathogenic E. coli (APEC) O1:K1 strain, QT598, isolated from a turkey, has 5 SPATE
genes: vat, tsh, sha, tagB and tagC. These SPATEs were previously shown to contribute to
infection in a mouse urinary model. The overall objective of this project was to analyze the
hierarchical role of SPATE genes during systemic infections in poultry and establish a turkey air
sac infection model. For this purpose, single-copy complementation of genes encoding SPATE
proteins individually or in combination were generated by inserting the genes into attTn7 site of
A5 SPATEs mutant. Clones generated for complementation and complemented strains were
verified for the expression of SPATEs and the respective phenotypes. Following air-sac infection
in turkeys with wildtype and A5 SPATEs mutant of QT598 strain, a significant decrease in bacterial
numbers in the lungs and liver were observed. Furthermore, during infection with individual
SPATE complemented strains, a regain in infection in lungs was observed with the sha and tsh
complemented strains. Interestingly, infection with sha-tsh complemented strain in combination
and quintuple (5X) complemented strain significantly restored infective capacity in the lungs. In
addition, gene expression analysis using RT-gPCR in the lungs and air-sacs of turkeys infected
with wild-type strain QT598 demonstrated upregulated expression of sha and tsh genes.
Altogether, results demonstrate that SPATES collectively contribute to the infective capacity of
APEC QT598 in the turkey and that Sha and Tsh are hierarchically important for the infection of

by in the respiratory tract.

Keywords: Escherichia coli, SPATE, poultry, turkeys, autotransporters, respiratory infection,

complementation, pathogenesis, toxins.
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1 INTRODUCTION

Escherichia coli is a Gram-negative bacillus that can infect both humans and animals. Many E.
coli strains are commensal and reside among the normal intestinal microbiota. However, collectively,
some E. coli strains have gained the ability to cause a wide range of diseases and illness in a variety
of hosts including humans, other mammals, and birds including poultry. In broad terms pathogenic
E. coli comprises intestinal pathogenic E. coli (INPEC) and Extraintestinal pathogenic E. coli.
(EXPEC) wherein the former causes intestinal infections such as diarrhea and dysentery, and the
latter causes extraintestinal infections including urinary tract infections (UTI), meningitis and sepsis
in humans, and respiratory tract infections and systemic infections in avian species. Avian
pathogenic E. coli (APEC) is one of the EXPEC subgroups and is a health concern and economic
burden to the poultry industry as it causes a variety of infections in avian species including chickens,
turkeys, and ducks (Dho-Moulin et al., 1999; Guabiraba et al., 2015; Mehat et al., 2021). APEC are
a diverse group and as with all E. coli pathotypes, APEC contain genes that encode virulence factors
that contribute to their pathogenic capacity. Our research group has recently discovered and
characterized three novel autotransporter proteins TagB, TagC and Sha that belong to the serine
proteases known as SPATES (Serine Protease Autotransporters of Enterobacteriaceae, and in some
EXPEC strains. EXPEC (APEC) O1:K1 strain QT598 was isolated from a five-day-old turkey and
contains five different SPATE proteins: namely Vat, TagB, TagC, Sha, and Tsh. In this thesis, we
are focused on exploring the hierarchical or combined roles of these SPATEs for strain QT598 to
cause a systemic infection in an avian experimental infection model. Our hypothesis is that one or a

combination of these SPATESs could play more predominant roles during pathogenesis.

In Chapter 2, | have presented my published review article titled “E. coli pathotypes their
molecular pathogenesis and vaccine strategies”. In the same chapter, | have included the literature
review of different types of autotransporter proteins (ATs) and elaborated on serine protease
autotransporters produced by APEC focusing on their biological context. The article, manuscript
chapter presents the research objective of my thesis to interpret the hierarchy of SPATEs in
pathogenesis of APEC using a series of specific mutants and complemented strains as tools and an

experimental respiratory, air-sac infection model in turkeys.



2 REVIEW ARTICLE AND LITERATURE REVIEW

2.1 Title of review article and authors contribution
The Diversity of Escherichia coli Pathotypes and Vaccination Strategies Against This
Versatile Bacterial Pathogen

(La diversité des pathotypes d'Escherichia coli et des stratégies de vaccination contre cette bactérie

pathogéne polyvalente)
Authors : Pravil Pokharel "2t | Sabin Dhakal "?T, and Charles M. Dozois 23"

! Centre Armand-Frappier Santé Biotechnologie, Institut National de la Recherche Scientifique
(INRS), 531 Boul des Prairies, Laval, QC H7V 1B7, Canada

2 Centre de Recherche en Infectiologie Porcine et Avicole (CRIPA), Faculté de Médecine Vétérinaire,
Université de Montréal Saint-Hyacinthe, Saint-Hyacinthe, QC J2S 2M2, Canada

3 Pasteur International Network, Laval, QC H7V 1B7, Canada

1 These two authors are first authors of this research and contributed equally.

Title of Journal: Microorganisms

2023, 11(2), 344| Received: 1 January 2023 / Accepted: 25 January 2023 / Published: 30 January
2023

DOI: https://doi.org/10.3390/microorganisms11020344

Contribution of authors:

Conceptualization and visualization, P.P., and S.D.; formal analysis, P.P., and S.D.; and supervised
by C.M.D. Writing — original draft preparation, P.P., and S.D. Details of molecular pathogenesis
and vaccine strategies of both INPEC and EXPEC was written by S.D. Pathogenic E. coli of
importance to animal health and vaccine strategies was written by P.P. Figure 2.1, figure 2.2 and
figure 2.3 was made by S.D. Figure 2.4 and figure 2.5 was made by P.P. The manuscript was
reviewed and edited by, P.P., S.D., and C.M.D. Funding acquisition, P.P., S.D., and C.M.D.
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2.2 Abstract

Escherichia coli (E. coli) is a Gram-negative bacillus and resident of the normal intestinal
microbiota. However, some E. coli strains can cause diseases in humans, other mammals and birds
ranging from intestinal infections, for example diarrhea and dysentery, to extraintestinal infections,
such as urinary tract infections, respiratory tract infections, meningitis, and sepsis. In terms of
morbidity and mortality, pathogenic E. coli has a great impact on public health, with an economic
cost of several billion dollars annually worldwide. Antibiotics are not usually used as first-line
treatment for diarrheal illness caused by E. coli and in the case of bloody diarrhea, antibiotics are
avoided due to the increased risk of hemolytic uremic syndrome. On the other hand, extraintestinal
infections are treated with various antibiotics depending on site of infection and susceptibility testing.
Several alarming papers concerning the rising antibiotic resistance rates in E. coli strains have been
published. The silent pandemic of multidrug-resistant bacteria including pathogenic E. coli that have
become more difficult to treat favor prophylactic approaches such as E. coli vaccines. This review
provides an overview of the pathogenesis of different pathotypes of E. coli, the virulence factors
involved and updates on the major aspects of vaccine development against different E. coli
pathotypes.

2.3 Introduction

Vaccines are a major asset for the reduction of the burden of infectious diseases worldwide.
They can provide long term immunity, cheaper modalities than diagnosis and treatment of the
infections after they have started, and most importantly - can prevent diseases from occurring in
susceptible populations or animal species. Despite the potential benefits of vaccines, we do not see
much enthusiasm for the development of vaccines against E. coli, particularly for human health.
There could be scientific, financial, legal, or political barriers, although increased antimicrobial
resistance may promote vaccine development if such pathogens become difficult to treat. Herein,
we have summarized aspects of each pathotype of E. coli before presenting vaccine strategies,
since different antigens or components (inactivated whole cells, O antigen, fimbriae, adhesins,
enterotoxins, outer membrane proteins (OMPS)) have been used against different E. coli pathotypes.
Some of the vaccine strategies have been licensed and shown to be efficacious, but most have only

been at the developmental stage, as detailed below.



2.3.1 Escherichia coli

Escherichia coli (E. coli) is one of the most intensively studied model organisms in
microbiology and molecular biology research (Blount, 2015; Idalia et al., 2017). E. coli is a well-
known commensal bacterium that is among the first colonizing bacteria of the gut after birth.
However, in immunosuppressed patients or in healthy individuals whose physical, anatomical and
physiological barriers have been compromised, E. coli can cause severe systemic infections (Kaper
et al., 2004) (Leimbach et al., 2013). Further, due to the genetic variability some E. coli strains are
different from the commensal counterparts and encode specific virulence traits that render them
capable of causing disease in a variety of animals. Pathogenic E. coli are broadly divided into two
groups, extraintestinal pathogenic E. coli (EXPEC) and intestinal pathogenic E. coli (InPEC) (Dale et
al., 2015; Denamur et al., 2021; Kaper et al., 2004) (Tenaillon et al., 2010). Depending on the
presence of specific virulence factors, mechanisms of infection, tissue tropism, interactions with host
cells and clinical symptoms, E. coli can be categorised into various pathotypes. These include: (i)
Enteropathogenic E. coli (EPEC), a cause of acute and prolonged diarrhea in infants; (i)
Enterohemorrhagic E. coli (EHEC), which can cause hemorrhagic colitis and hemolytic uremic
syndrome (HUS); (iii) Enterotoxigenic E. coli (ETEC), a major cause of travelers’ diarrhea; (iv)
Enteroaggregative E. coli (EAEC), a cause of acute and chronic diarrhea; (v) Diffusely adherent E.
coli (DAEC) which is associated with watery diarrhea in young children; (vi) Enteroinvasive E.
coli (EIEC), a cause of dysentery and watery diarrhea; (vii) Adherent-Invasive E. coli (AIEC) which
has been associated in the pathogenesis of inflammatory bowel disease (IBD); (viii)
Uropathogenic E. coli (UPEC), a common cause of urinary tract infections (UTI); (ix) Neonatal
meningitis E. coli (NMEC), a top cause of neonatal meningitis; (x) Septicemia-associated E. coli
(SEPEC), which can cause bacteremia and sepsis; (xi) Avian pathogenic E. coli (APEC), which can
cause severe respiratory and systemic infections in poultry. E. coli can also be classified into distinct
phylogenetic lineages: A, B1, B2, D1, D2, E and clade I. Group A mostly represents non-pathogenic
E. coli that reside along the gastrointestinal tract mucosa. Phylogroup B1 contains both commensal
and some strains belonging to the EHEC pathotype. D1, D2, and E represent INPEC. Many EXPEC
belong to group B2. E. coli strains that are genetically diverse but phenotypically indistinguishable
are grouped to cryptic clade | (Baldy-Chudzik et al., 2015; Dale et al., 2015; Koéhler et al., 2011,
Tivendale et al., 2010). Studies indicate that some APEC and EXPEC strains are phylogenetically
closely related and share certain virulence genes (Chaudhuri et al., 2012). APEC and other avian E.
coli may cause a wide variety of intestinal and extraintestinal infections (Bélanger et al., 2011,

Manges, 2016; Matsuda et al., 2010; Meena et al., 2021), and in some cases E. coli from poultry



may be a reservoir of human EXPEC and InPEC isolates (Rodriguez-Siek et al., 2005; Spurbeck et
al., 2012).

E. coli is one of the most genetically versatile microorganisms and can colonize and persist
in primary (bird/animal/human host-associated) and secondary (open or non-host-associated)
habitats. The high plasticity of the genome of this bacterial species gives it a tremendous capacity
to evolve due to the gain and loss of genes through genetic changes leading to the emergence of
pathogenic strains from the commensal strains (Baumgart et al., 2021; Darmon et al., 2014; Dobrindt
et al., 2001; Vandecraen et al., 2017). Genomes of pathogenic E. coli strains are generally larger,
as the pathogenic strains require additional adaptive features including virulence factors. Often,
virulence genes are located on transmissible genetic elements such as pathogenicity islands (PAISs),
bacteriophages, insertion sequences (ISs), integrons, plasmids, or transposons (Kaper et al., 1999;
Sabaté et al., 2006; Torres et al., 2002); hence, they can also be horizontally exchanged and may
facilitate novel rearrangements among different bacteria. In contrast, commensal bacteria can also
become pathogenic by loss of genes, for example, Shigella became virulent by loss of E. coli specific
genes — such as cadA and flagellar genes (Lan et al., 2002; Maurelli et al., 1998). Shiga toxins,
enterohemolysin, cytolethal distending toxin, superoxide dismutase, and some outer membrane
proteins (OMPs) are some examples of virulence factors encoded by phages in E. coli strains (Beutin
et al., 1990; Boyd et al., 2002; Schmidt, 2001). The horizontal transfer between different strains
favors diversity and versatility resulting in the creation of new pathogenic strains as well as
dissemination of acquired virulence genes with novel functions outside their clonal lineage. EHEC
acquired stx genes (transfer by phages)(Khalil et al., 2016), Ol (O-island), and LEE (locus of
enterocyte effacement) (PAI) through horizontal gene transfer (Javadi et al., 2017). EPEC emerged
by acquisition of the LEE island and espC serine protease gene (Kaper et al., 1999). Likewise, there
are many identified PAls in different E. coli pathotypes which were required via horizontal gene
transfer and can contribute to fithess and the colonization of different niches (Javadi et al., 2017,
Messerer et al., 2017).

The accumulating genomic sequence data has led to an increase understanding of E. coli
virulence factors and mechanisms underlying species diversification and the tracking of foodborne
disease outbreaks. In 2011 there was an foodborne outbreak of diarrhea caused by Shiga-toxin-
producing Escherichia coli (EHEC-STEC-VTEC) 0O104:H4 in Germany associated with the
consumption of raw fenugreek sprouts (King et al., 2012). Interestingly, this strain was more virulent
than most Shiga-toxin-producing E. coli. DNA sequencing demonstrated that the strain contained

toxin-encoding phage similar to 933W phage found in EHEC and also harbored plasmid-borne



virulence factors typically found in EAEC which promote aggregative adherence to intestinal
epithelial cells (Beutin et al., 2012; Foley et al., 2013).

Another example is the STEC/UPEC serotype O2:H6 ST141 strain, a STEC with virulence
genes a-hlyA, cnfl, and clb common to UPEC (Gati et al., 2019; Gati et al., 2021). This hybrid strain
can be a melting pot for pathotype conversion of INPEC and ExPEC because it acquired the stx-
harboring prophage and EXPEC PAI. It has been also demonstrated that ST141 includes different
hybrid versions - UPEC/EAEC, STEC/UPEC/EAEC, and UPEC-StX/UPEC (Bielaszewska et al.,
2014)

2.3.2 Phenomenon of antibiotic resistance

It has been shown that E. coli can be highly resistance to many of the antibiotics used by
humans since the 1930s (Marshall et al., 2009; Tadesse et al., 2012). This may be due in part to the
high rate of gene acquisition and horizontal transfer capacity of E. coli strains. The emergence of
antibiotic resistance might be multifactorial, but it is largely believed to be caused mainly by human
activity and increased antibiotic usage for human health, animal health and food production.
(Chokshi et al., 2019; Gopal Rao, 1998; Hasan et al., 2020; Ma et al., 2021; Sengupta et al., 2013).
The broadly reported multidrug resistant E. coli ST131 is an example of highly virulent EXPEC
associated with urinary and bloodstream infections and has promoted the widespread dissemination
of CTX-M-15 gene (Johnson et al., 2010a; Naseer et al., 2009). In general, the E. coli strains have
evolved to resist major classes of antibiotics such as B-lactams, quinolones, aminoglycosides,
sulfonamides and fosfomycin. AmpC-producing E. coli strains are dominant in gut colonization of
both animals and humans and environmental contamination in developing countries (Ayukekbong
etal., 2017; Chokshi et al., 2019; Hassan, 2020; Okeke et al., 1999). As ESBL- and AmpC-producing
E. coli are increasingly reported as the cause of severe infections (Iseppi et al., 2020; Mikhayel et
al., 2021), we are confined to last resource antibiotic classes such as the polymyxins and
carbapenems. Also, carbapenem-hydrolyzing oxacillinase-48 (Oxa-48) carrying E. coli strains have
also been isolated in Europe (Nordmann, 2014) where 134 cases of E. coli strains carrying the OXA-
48 variant OXA-244 were isolated from clinical samples in Germany (Pfeifer et al., 2012). This same
variant was further identified in 119 E. coli strains isolated from other European countries
(Bakthavatchalam et al., 2016; Dautzenberg et al., 2014; Glupczynski et al., 2012; Liapis et al., 2014;
Pitart et al., 2011). Likewise, New Delhi metallo-B-lactamase (NDM-1) and closely related enzymes
are a group of zinc-requiring metallo-B-lactamases capable of hydrolyzing a broad range of B-

lactams including all penicillins (Williamson et al., 2012), cephalosporins and carbapenems. Further,



resistant strains containing New Delhi metallo-beta-lactamase 1 (NDM-1) as well as over 20 NDM
variants have spread and are associated with infections in many parts of the world (Ahmad et al.,
2018; Farhat et al., 2020). With the increase in international travel and trade globalization, resistant
bacteria have become a worldwide public health threat. Similarly, there is widespread use of
antibiotics in food animals for various reasons - growth promotion or ongoing mass prophylactic
medication. In many developing countries, there is widespread use of third and fourth generation
cephalosporins (ceftiofur and cefquinome) and fluoroquinolones (enrofloxacin) in food animals
(Angulo et al., 2009; Collignon et al., 2016; Naveen et al., 2018). The problem is much worse in
developing countries due to the increasing number of extended-spectrum B-lactamase-producing
and fluoroquinolone-resistant E. coli due to lack of regulation, resources, controls, and surveillance
(Founou et al., 2017; Hassan, 2020).

Thus, to counteract the above-mentioned antibacterial resistance of highly virulent strains,
global efforts are needed to ensure the discovery of alternative solutions. Currently, antimicrobial
resistant pathogens are causing 700,000 deaths/year, and 10 million deaths/year are expected by
2050, a number even, higher than the 8.2 million caused by cancer today (Ventola, 2015; Ventola,
2017). Development of novel therapeutic approaches will continue to be essential. In addition,
alternative sustainable preventive strategies like vaccination can help in limiting the increase of
antibiotic resistant E. coli. In the following sections of this review, we will summarize the vaccination

strategies to prevent diseases caused by different pathotypes of E. coli.

2.4 Diarrheagenic E. coli pathotypes

Diarrhea was responsible for the death of at least 370,000 children in 2019; 800,000 fatalities
per year according to data of 2013, and second leading cause of death in children under five years
old (Dadonaite et al., 2018; Roser et al., 2021). Diarrhea is a global problem, but its high morbidity
and mortality occurs among low-income countries. Most of these are caused by INPEC whose
members possess distinct virulence traits, different O:H serotypes and characteristic clinical
syndromes even though they share some steps in the mechanism of pathogenesis that include
attachment to intestinal mucosa and harbor plasmids that encode virulence factors (Rojas-Lopez et
al., 2018).

241 EPEC

Among the pathotypes of INPEC, EPEC is a major cause of infantile diarrhea in developing

countries varying from subclinical to fatal infections (Kliegman et al., 2015). The characteristic



histopathological hallmark related to this group of E. coli is production of lesions known as “Attaching
and effacing (A/E)” lesions that are produced when bacteria intimately attach to intestinal epithelial
cells and alter the cytoskeleton through accumulation of polymerized actin beneath the adherent
bacteria (Deborah Chen et al., 2005; Donnenberg et al., 1992). EPEC is divided into typical EPEC
(tEPEC) and atypical EPEC (aEPEC), based on the presence of EPEC adherence factor plasmid
(PEAF) (Hernandes et al., 2009; Trabulsi et al., 2002). They have their own distinct adherence
patterns. aEPEC strains exhibit diffuse adherence, localised adherence, and an aggregative
adherence pattern, whereas tEPEC strains display a localised adherence pattern. The aEPEC can
cause both acute diseases and persistent bloody diarrhea (Kaper et al., 2004). The tEPEC strains
are strongly associated with abundant secretory diarrhea with mucus and significant water and
electrolyte losses (Deborah Chen et al., 2005; Rojas-Lopez et al., 2018). While aEPEC can be found

in both human and animals, the reservoir of tEPEC is human (Trabulsi et al., 2002).

24.1.1 Molecular pathogenesis

EPEC pathogenesis involves three steps: i) initial adherence to host cells, ii) translocation of
bacterial toxins using a type Il secretion system, ii) pedestal formation and intimate attachment
(Deborah Chen et al., 2005; Govindarajan et al., 2020; Kaper et al., 2004) (Figure 2.1). At first EPEC
strains adhere to the enterocytes in the small intestine and form microcolonies in localised or
aggregative pattern. This adherence is fostered mostly by a plasmid-encoded, bundle-forming pilus
(BFP). It has been shown that BFP mutant strains are less able to cause diarrhea in human
volunteers (Bieber et al., 1998; Donnenberg et al., 1997). Initial adherence and microcolony
formation are important for EPEC infections, and BFP is one of the key virulence factors for
pathogenesis (Girén et al., 1993; Giron et al., 1991; Zahavi et al., 2011).
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Figure 2.1 Pathogenesis of EPEC, EHEC, ETEC and EAEC.

EPEC (Gray) is famous for production of lesions known as “Attaching and effacing (A/E)” lesions that are
produced when bacteria intimately attach to intestinal epithelial cells. Bundle-forming pilus (BFP) helps in
interbacterial adherence as well as adherence to epithelial cells (1). Pathogens contact the host cell via T3SS and
its effectors (2). The intimate attachment of bacteria with the epithelial cells is mediated by the Tir-EspA-EspB-
EspD complex into the host membrane and intimin on the bacterial membrane (3). The type Ill secretion system
releases various effector proteins — including Tir, EspF, EspG, EspH and MAP are migrated in the cytoplasm (4)
where it interacts with host proteins such as N-WASP and the Arp2/3 complex to cause actin rearrangement and
the pedestal formation. Protein kinase C (PKC), phospholipase Cy, myosin light-chain kinase and mitogen-
activated protein (MAP) kinases are triggered. These multiple complex effacement leads to increase intestinal
inflammation, intestinal permeability, and loss of absorptive surface area (5,6). EHEC (Red) is also attaching and
effacing (A/E) pathogen that efface the microvilli and subvert host cell actin to form pedestals beneath the
attachment site, but the mechanism is slightly different from EPEC, Tir is not phosphorylated. EHEC injects
effector proteins such as Tir and EspFu into the host cytoplasm through the T3SS (1) and Tir binds to intimin to
intimately attach the bacteria to the host cell (1). Tir and EspFu recruit host factors to subvert host cytoskeleton
and actin polymerization. In addition, Shiga toxin (Stx; also known as verocytotoxin) is released in response to
stress, further contributing to disease. The B subunit of Stx toxin binds to the glycosphingolipid
globotriaosylceramide (Gb3), present in lipid rafts on the surface of the target cell and are internalized
(endocytosis) (2), and Shiga toxin is activated through cleavage of the A subunit into two fragments by the

protease furin. Stx toxin if absorbed into the systemic circulation, it can cause direct endothelial injury by



increasing inflammation, inducing expression of cytokines and chemokines, and even can damage to important
organs, especially the kidney and the brain. ETEC (Blue) strains adhere to intestinal epithelial cells by the help of
one or more peritrichous flagella or fibrillar colonization factors (CFs) (1). EtpA mediates the bridging of flagella
with glycan receptors present in mucin (2). Mucinolytic serine protease EatA helps to degrade MUC2, the major
mucin secreted by goblet cells while YghJ is required for efficient access to the surfaces of enterocytes (3)
providing bacterial access to the epithelial surface. Coincident with these events, the bacteria deliver pre-formed
LT and ST to their respective receptors on the host cell GM1 gangliosides and GC-C respectively (4), which
activates production of cellular cyclic adenosine monophosphate (cAMP) (5), that initiates intracellular signaling
cascades that ultimately lead to chloride efflux from CFTR and inhibition of Na+ uptake through the NHE3 Na+/H+
ion exchanger; resulting in the net export of salt and water into the intestinal lumen and diarrhea (6). Heat-stable
toxin (ST) binds to guanylate cyclase C to activate the production of cyclic guanosine monophosphate (cGMP),
activating protein kinase G (PKG), which phosphorylates ion channel proteins and development of diarrhea (7).
LT modulates the transcription of multiple genes including those encoding CEACAMs (Carcinoembryonic Cell
Adhesion Molecules), which then serve as receptors for FimH of ETEC expressing type 1 fimbriae that promote
ETEC adhesion (8). EAEC (yellow) adheres to small and large bowel epithelia in a thick biofilm, release
enterotoxins and cytotoxins, and induce mucosal inflammation. The first step of EAEC infection involves
colonization of intestinal mucosa by aggregative adherence fimbriae (AAF) I, Il and Il which gives characteristic
AA pattern as a stacked-brick lattice (1). This is followed by secretion of different enterotoxin and cytotoxins with
different functions - Enteroaggregative heat-stable toxin (EAST-1), Plasmid-encoded toxin (Pet), Protein involved
in colonization (Pic), Shigella enterotoxin 1 (ShET-1), and Hemolysin E (HIyYE) (2). The role of these virulence
factors and their clinical outcome is unclear, but they are associated with increased cytokine production and
inflammatory markers resulting in mucosal inflammation (3). The figure was created with BioRender.com.

2.4.1.2 Vaccine strategies against EPEC

The aforementioned repertoire of virulence factors which are important for the pathogenesis
of EPEC are potential immunogens to stimulate intestinal immune responses and possible targets
as vaccine candidates. One report has shown that recombinant Mycobacterium smegmatis (Smeg)
and Mycobacterium bovis BCG strains expressing BfpA or intimin were able to trigger the immune
response in mice (Vasconcellos et al., 2012). It is hypothesized that binding of secretory IgA antibody
to BFP may interfere with bacterial binding or initial attachment of EPEC and may prevent the
downstream signal transduction pathway to manifest diarrhea (Ellis et al., 2003; Loureiro et al., 1998;
Mare et al., 2021). Spleen cells grown in vitro from recombinant BfpA-immunized mice produced
TNF-a and INF-y. TNF- y is produced by recombinant intimin (Flores et al., 2002; Vasconcellos et
al., 2017). A successful immunization of cattle against an EHEC (E. coli O157) strain has been
performed with a combination of recombinant EspA, intimin and Tir. In addition, humoral and cellular
immune responses are triggered in mice immunized with Lactobacillus casei strains constructed to

express intimin-B fragments (L. casei-Intc,) and immune dominant epitopes of Int280 (McNeilly et al.,
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2015). These collectively signify virulence factor alone or in combination inside non-infectious

immunogenic vectors can work synergistically to protect against EPEC diarrhea (Vasconcellos et

al., 2017). List of vaccine projects in different stages against EPEC are listed in table 2.1.

Table 2. 1 Reports describing vaccines against Enteropathogenic E. coli (EPEC)

Type of Component of Results/Observations/Outcomes Animal model References
vaccine vaccine (Year)
Antigen- Recombinant Yielded high titer of IgG and IgA | Mice immunized by | (Vasconcellos
Based Mycobacterium antibodies in serum of oral gavage or et al., 2012)
Vaccine smegmatis (Smeg) immunized mice. Mice intraperitoneal
and Mycobacterium immunized with recombinant injection (2012)
bovis BCG to BfpA showed TNF-a and INF-(,
express BfpA or and TNF-a only with
intimin. recombinant intimin.
Combination of Showed protection of Male Holstein- (McNeilly et
purified immunized cattle against O157 Friesian calves al., 2010)
recombinant ESpA, challenge. immunized orally
Intimin, and Tir. (2010)
Lactobacillus casei Induced cellular and humoral Mice immunized (Ferreira et
expressing intimin- responses in mice. Serum intranasally (2008) al., 2008)
B and immune- antibodies inhibited EPEC
dominant isotopes adhesion to epithellial cells in
of Int280. vitro.
Plant-based Transgenic plants | Proposed edible vaccines under Mice immunized (da Silva et
vaccine expressing intimin, strategic and regulation orally (2002) al., 2002)
and BfpA planning
Live- Live attenuated Oral administration in mice Mice immunized by | (Wang et al.,
attenuated AespFAushA yielded efficient systemic and | oral gavage (2022) 2022Db)
bacterial Citrobacter humoral immunity against C.
vaccine rodentium strain rodentium virulence factors
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Adjuvanted Cholera toxoid 100% survival rate of Balb/C Mice immunized (Gohar et al.,
whole-cell (CTB)-adjuvanted mice when challenged with intraperitoneally 2016)
vaccine formalin-killed EPEC (2016)

whole bacterial cell
(EPEC)

2.4.2 EHEC

EHEC strains are Shiga-toxin encoding E. coli (STEC), also called as verotoxin producing E.
coli (VTEC) that infect the alimentary tract and cause hemorrhagic diarrhea (Welinder-Olsson et al.,
2005), hemorrhagic colitis and hemolytic-uremic syndrome (HUS) that can result in kidney failure
and neurological complications in humans (Karpman et al., 2015; Scheiring et al., 2008). Unlike
EPEC which predominantly infects the small intestine, EHEC colonizes the large intestine (Frankel
et al.,, 1998). EHEC are mainly responsible for severe cases of foodborne infection out of >200
known serotypes of EHEC, O157:H7 have been associated with most foodborne outbreaks (Bavaro,
2012; EA, 2002). It was first isolated from undercooked minced meat after multi-state outbreak in
1982 in the United States (Meng et al., 2012). Because of multiple outbreaks, easy transmission,
and complications for the use of antibiotics for EHEC treatment (Smith et al., 2012; Tarr et al., 2005);
this pathotype represents a major public health issue (Braeye et al., 2014; Gaspar et al., 2014;
Kanayama et al., 2015; Manitz et al., 2014; Meagher, 2022). EHEC naturally resides in the intestine
of ruminant animals, and zoonotic transmission occurs after the consumption of contaminated animal
products (mainly ground beef), contaminated water (cross-contaminated from beef), improperly
cooked meats and inefficiently washed fruits and vegetables (Karpman et al., 2015; Meng et al.,
2012; Welinder-Olsson et al., 2005). In the United States, an estimated 63000 cases of hemorrhagic
colitis caused by EHEC are reported annually (Scharff, 2012). HUS is a leading cause of acute renal
failure in children past two decades (Trachtman, 2013; Williams et al., 2002). While there is an
increased burden of EHEC outbreaks mainly affecting developed countries, a EHEC-EAEC hybrid
strain also caused a serious outbreak in Europe with 3816 reported cases that included 54 deaths
and 845 HUS cases (Prager et al., 2014; Santos et al., 2020).
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Stx toxins, also known as verotoxins (VT), are the key virulence factor of EHEC. The Shiga
toxin family is composed of Stx1 which is nearly identical to the Shiga toxin of Shigella dysenteriae
and differs only at a single amino acid whereas Stx2 shares less than 60% amino acid homology to
Stx1 (Karpman et al., 2015; Nguyen et al., 2012; Welinder-Olsson et al., 2005). Stx consists of five
identical B subunits and are soluble toxins (Meng et al., 2012). After bacteria release these powerful
cytotoxins, they are translocated from gut lumen to nearby tissues and bloodstream. The holotoxin
binds to the glycolipid globotriaosylceramide (Gb3) on the target cell surface and toxin gets
internalized where a single A subunit cleaves ribosomal RNA and halts host cell protein synthesis.
Stx can also induce apoptosis in intestinal epithelial cells, cause local damage in the colon resulting
in hemorrhagic colitis, necrosis and perforation of the intestine (Karch, 2001; Tesh et al., 1991).
EspP is a serine protease autotransporter, which contributes to biofilm formation by forming
macroscopic rope-like polymers that are refractory to antibiotics and mediates adherence to host
cells and cytopathic effects (Xicohtencatl-Cortes et al., 2010). EspP can also cleave hos