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Abstract

Infections with pathogenic bacteria result in disease in both humans and animals.
Bacteria rely on virulence factors to cause disease in their hosts. Deepening our understanding of
host-pathogen interactions requires identification and characterization of bacterial virulence
factors as well as analysis of their roles in infection in vivo. Genetic and genomic approaches
serve as powerful, high-throughput approaches to define these factors, while dissection of their
in vivo roles requires a relevant small animal model of infection. In this thesis, I describe our
work on two bacterial pathogens of global importance, Streptococcus equi subspecies
zooepidemicus (SEZ), a scourge of swine, and Shigella, the current leading bacterial cause of
diarrheal deaths worldwide.

In SEZ, a combined genetics and genomics approach led to the discovery of a novel
virulence regulator, SezV, that activates expression of a neighboring gene that is a key virulence
factor and immunogen, the M-like protein, SZM. Absence of SezV led to a severe attenuation of
virulence in a mouse infection model. Large-scale analyses of publicly available genomes
revealed that the sezV szM locus was present in all strains of SEZ and the closely related bacteria,
S. equi subspecies equi, and some S. pyogenes strains, defining a distinct class of virulent

streptococci. Furthermore, we found evidence that a specific monoclonal antibody to a common
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microbial surface polysaccharide, poly-N-acetylglucosamine (PNAG) recognized the SzM
protein, suggestive of protein glycosylation.

In our work on Shigella, we developed a small animal model of infection involving oral
inoculation of infant rabbits. Infected animals developed disease with diarrhea and intestinal
pathology reminiscent of aspects of human disease. The bacteria robustly colonized the intestine,
invaded colonic epithelial cells, and foci of invasion, which represent sites where several
neighboring epithelial cells contained intracellular bacteria, were observed in the colon. In situ
mRNA labeling demonstrated that expression of a key chemokine, IL-8, was elevated in
uninfected cells near infected cells. Finally, we found that two key Shigella virulence factors,
IcsA, a protein required for cell-to-cell spreading, and the type III secretion system (T3SS), were

required for the development of diarrhea and intestinal pathology.
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Chapter 1

Introduction



Pathogens and Virulence Factors

Bacteria are microorganisms ubiquitous in nature often found in close association with
higher organisms, which they colonize in various locations. The relationships among bacteria
and their host organisms are complex and range from symbiotic, such as Bacteroides
thetaiotaomicron, the carbohydrate degrading bacteria found in the intestinal microbiome, to
overtly pathogenic, such as Bacillus anthracis, the infectious agent of anthrax. In addition, some
relationships can flip depending on the health of the host or location of bacteria in the host. For
example, opportunistic pathogens are typically innocuous commensals, but can cause disease
when host barriers or immune defenses are disrupted.

The factors that separate a commensal organism from a pathogen or endow a strain with
pathogenic potential lie often within the organism’s genome. Many bacteria become pathogenic
by acquiring genetically encoded virulence factors, which can be proteins, carbohydrates, or
other macromolecules that directly or indirect cause damage to the host. Classic examples
include exotoxins like cholera toxin, whose actions largely account for the disease cholera, and
Shiga toxin, which is responsible for hemolytic uremic syndrome. In addition, host-directed
secretion systems such as the type III secretion system (T3SS) can inject intoxicating bacterial
proteins into host cells. Virulence factors can also diminish the impact of the host immune
response against the bacteria, such as an extracellular carbohydrate capsule or
immunomodulatory surface protein, e.g. M protein in group A streptococcus.

Identification and characterization of the complete suite of virulence factors in a pathogen
and their regulation allows for deepening of both our understanding of the pathogenesis of the
infectious disease and host responses to infection. Modern genetic techniques, which rely heavily

on next generation sequencing technologies, are often cornerstone methodologies utilized to



interrogate various aspects of the virulence of pathogenic bacteria. Furthermore, characterizing
the importance of virulence factors in infection and translating findings requires the development

and use of small animal models that faithfully recapitulate infection in the original host.

Applications of next generation sequencing in bacteriology

Next generation sequencing (NGS) has revolutionized the study of bacteria by enabling
both rapid sequencing of thousands of strains of bacterial species and, though the use of the
technology as a massively parallel molecular counting device, high-throughput measurements of
other biological phenomena. Here I review some of the NGS applications utilized in the study of

host-pathogen interactions.

Genetic Screens & Transposon-insertion sequencing
(Portions of this section have been adapted from D’Gama et al. Chapter 13: CRISPR Screens.
CRISPR Biology and Applications. ASM Press. 2020)

Identification of bacterial virulence factors often begins with genetic screens. More
generally, screens identify individuals (or cells) with phenotypes of interest in heterogeneous
populations. Genetic screens permit the association of genetic elements or genotypes with a
phenotype through the use of a population whose phenotypic heterogeneity arises from
underlying genetic diversity. Forward genetic screens, through phenotypic selection, uncover
causative genotype(s) of a phenotype, while reverse genetic screens uncover the phenotype(s)
produced by specific genotypes. Phenotypic selection, which is the identification of a phenotype
of interest, can be either positive or negative, enriching for or against the phenotype, and thus

increasing or decreasing the abundance of the causative genotype(s). Genetic diversity in a



population is typically achieved by mutating a population that was originally genetically
homogenous. Mutagenesis methods vary in efficacy, specificity, and the range of phenotypic and
genotypic diversity produced. Ideally, mutagenesis generates a wide range of genotypic and
phenotypic diversity in a population by creating only a single genetic mutation within each
individual. Screens require large-sized populations to query large domains of genotypic and
phenotypic space. Traditional methods used for large-scale mutagenesis, such as chemical or
transposon mutagenesis, generate mutations in random or pseudo-random genomic locations.

Currently, most genetic screens in bacteria are carried out using transposon-insertion
sequencing (variously abbreviated as Tn-seq, TIS, INSeq, HITS, or TraDIS). Tn-seq is a high-
throughput method to perform mapping of transposon insertions, typically for the purpose of
determining the frequency of transposon insertions at each site in the genome (Figure 1.1) (1). In
prokaryotes, due to the feasibility of performing transposon mutagenesis in many diverse
species, Tn-seq has been widely utilized as a robust, feasible technology to rapidly conduct
genetic screens. Hence, Tn-seq can be used to identify genetic loci contributing to a phenotype of
interest.

A few steps are required to use Tn-seq to determine changes in the frequency of
transposon mutants after phenotypic selection and infer genetic loci implicated in modulating the
phenotype of interest (Figure 1.1). After mutagenizing a population of bacteria with transposon
mutagenesis to make a genetically diverse library, phenotypic selection is applied to the
transposon library to enrich or deplete transposon mutants that influence the phenotype.
Genomic DNA from both the initial and selected libraries are then collected and used for
construction of a next-generation sequencing library in which genomic regions directly adjacent

to sites of transposon insertions are amplified (Figure 1.2). Finally, computational analysis of the
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Figure 1.1. Transposon insertion sequencing (Tn-seq, TIS, HITS, TraDIS, INSeq).
Transposon library generation, screening, and sequencing library construction is depicted. A high
density transposon library is generated that contain mutants each harboring a single transposon
insertion and the library contains mutants with transposons at multiple locations in each gene.
The transposon library is grown under selective pressures and the unselected and selected
libraries are both prepared for NGS sequencing by amplifying the genomic DNA adjacent to the
transposon. The frequencies of the transposon insertions are compared among the unselected and
selected libraries to determine genes that modulate fitness under the tested selective pressure.

Adapted from (1).

sequencing reads is performed using any number of several statistical algorithms (2-5) to
accurately identify changes in the frequency of transposon mutants and thus genetic loci
affecting the phenotype of interest.

Tn-seq has been widely applied to identify genetic loci important for bacterial
colonization of host tissue, such as the intestinal tract (2, 6-8). In these experiments, the
transposon library is used as the inoculum. The transposon library proliferates in the animal for a

sufficient amount of time to allow for the selective pressure exerted by the host environment to



drive changes in genetic diversity. After proliferation, the remaining transposon mutants in the
tissue of interest are isolated and the frequency of mutants in the original and animal passaged
libraries are compared. Genetic loci not sustaining transposon insertions after passaging are
typically required for growth in the animal tissue and hence important for host colonization, and
if the microbe is pathogenic, potentially for virulence as well.

A key caveat in these experiments is the nature of the bottleneck to colonization of the
tissue of interest. A bottleneck is a random loss of individuals in a population during initial
colonization of the tissue of interest that can lead to large stochastic decreases in genetic
diversity in a transposon library (9). These decreases in diversity can confound identification of
genetic loci required for growth in animal tissue. If the bottleneck is narrow, only a few of the
bacteria from the original inoculum will seed the tissue, and so after recovery of transposon
mutants surviving in the tissue, genetic loci may be depleted for transposon insertions due to
stochastic loss of mutants instead of due to selective pressure exerted by the host environment.
This can lead to the detection of numerous false positive results in a Tn-seq experiment.
Fortunately, there are some computational approaches used to analyze Tn-seq experiments that,

to some extent, can mitigate the effects of the bottleneck (2).
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post-sequencing analytic pipelines. Adapted from (10).

Bacterial genomics

A genome consists of the genetic information contained within the organism. In bacteria,
the genome consists of the chromosome(s) and any associated extra-chromosomal, non-essential
DNA, e.g. plasmids, chromatids. For many bacterial phenotypes, knowledge of the genotype can

be very informative. The development of NGS, and the relatively new third generation (long-



read) sequencing technologies, have spurred a surge in the number of newly sequenced microbial
genomes. Given the relatively small size of bacterial genomes (typically around 2-7 Mb), for
many important model organism and pathogenic microbial species, sequenced genomes are
available for thousands of strains. These vast amounts of data are often publicly accessible in
nucleotide databases via online resources such as the NCBI in the US and the ENA in Europe.
Most of these sequenced genomes have also been functionally annotated with genetic features
such as the locations of protein-coding genes and key RNA loci (e.g. rRNAs and tRNAs).

The majority of available bacterial genomes are sequenced and assembled from short
read (50-300 bp) technology on Illumina-based platforms. In genome assembly, short reads are
aligned to each other to form longer contigs which can range in size from a few hundred
nucleotides to 10s-100s of kilobases. The data gleaned from short reads results in contigs that
will not approach the size of an entire chromosome (on the order of Mbs); rather, multiple
contigs together span an entire chromosome, and the relative position of contigs to each other
cannot be accurately determined from short reads. Hence, the genomes assembled from short
reads contain both the genes in a bacterial genome and some contextual information about the
relative genomic position of these genetic loci. The rise of third-generation, long read sequencing
technologies, such as PacBio and Nanopore, is now enabling rapid generation of closed,
completed genomes, which represent an improvement over the multi-contig, splintered genomes
assembled from short reads. Long reads (1-10 kb) enable the construction of entire
chromosome(s) or other replicons (e.g. plasmids) present in a bacterium. While these newer
approaches are valuable, their expense and overall availability still lags behind those of short

read sequencing technologies. Fortunately, for most genomics work, completed genomes are not



required, as the most valuable pieces of information in a bacterial genome are typically the
sequence and function of its encoded genes, and their local genomic context.

In the current ‘post-genomics’ era, the amount of available genomics data provides a
wealth of genetic and allelic diversity within a single species and has numerous applications.
One area in which genomics is influential is in the determination of the evolutionary
relationships between bacteria, often called ‘phlyogenomics’ (11, 12). In this area, researchers
rely on genotypic differences, often among broadly conserved and shared genes, to determine the
evolutionary distance between species and strains. In addition to clarifying the order of branches
on the tree of life, phylogenomics has revolutionized the epidemiological study of pathogens and
has been particularly useful in tracing the sources of outbreaks. Combining the genetic
differences between strains of a pathogen and their associated metadata, such as geographic
location and year of isolation, the spread of pathogens locally or globally can be mapped with
high spatial and temporal resolution (13—15). For research on the spread of antibiotic resistance,
this approach can help track the movement of antibiotic resistance genes and alleles (16, 17).
More recent work has harnessed allelic diversity in candidate vaccine antigens to aid in the
design of vaccines with efficacy across a broader range of strains (18). Finally, genome-wide
association studies (GWAS) are now being performed in bacterial species to identify genes or
variants associated with various phenotypes, such as antibiotic resistance (19-21).

The wealth of genomic data has also helped redefine the concept of a bacterial species.
As genomic data for many strains of a species accumulated, it became clear that there was high
intra-species diversity among bacteria (22). Such observations have given rise to the concept of
the pan-genome, which represents the collection of all genetic elements found within a bacterial

species (a genome refers to the genetic information contained in only a single strain). A species’



pan-genome contains three types of genes, core genes, which are near-universally present in
strains of the species, shell genes, which are highly conserved among strains and occur
frequently, and cloud genes, which are not well conserved across strains and occur rarely in
strains (Figure 1.3) (23, 24). The pan-genome concept has helped researchers identify genes that
contribute to the virulence of a pathogen or endow it with the ability to cause disease in a
particular site in a host organism. This has allowed researchers to describe new groups of

virulent bacterial strains based on the presence of specific genetic loci (25, 26).

.
o4 Cloud By

Figure 1.3. The bacterial pan-genome model.

A pan-genome consists of three types of genes — core genes, universally present in all strains;
shell genes, highly conserved across strains and occur frequently; and cloud genes, not conserved
across strains and occur rarely. The relative number of genes in each group is illustrated by the

size of the circles, with the number of genes increasing from core to shell to cloud. Adapted from

(23).
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For example, the approach has been utilized to identify genes in pathogenic E. coli strains that
colonize the intestine and are associated with necrotizing enterocolitis, a potentially fatal disease
of newborns (27); and gene families and pathways associated with pathogenic O104:H4 E. coli
strains that caused an outbreak of foodborne illnesses (e.g. bloody diarrhea) in 2011 in Germany
(28). Overall, associating the presence of genes in particular strains with specific phenotypes has
enabled researches to identify novel genes associated with the phenotype. These genes can
subsequently be used in a molecular diagnostic setting to predict whether a host associated

microbe is pathogenic or increases disease risk.

Animal models of infection

The study of host-pathogen interactions has been greatly advanced by utilizing animal
models of infection to simulate disease pathogenesis and aid in the development of new
therapeutics and vaccines. Such approaches bypass the requirement to study disease in the
original host, often humans, which is frequently technically and/or ethically infeasible. In animal
models, various species (e.g. mice, fruit flies, and zebrafish) are infected with the human
infectious agent using a natural or an artificial mode of inoculation, and the resulting disease and
organ pathology is monitored and characterized in the animal. A wide range of histologic and
physiological measurements can be obtained during infection, and include biopsies of numerous
organs and tissues, host immune responses (e.g. host transcriptional response, cytokine levels,
immune cell activation), changes in host metabolites, and infectious agent burden. Infection with
mutants of the pathogen allows dissection of the role of various virulence factors during disease;
conversely infection of mutant hosts, e.g. knockout mice, can provide insights into host

restriction factors and pathways involved in the activation of host immune responses.
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The main alternative to animal models that is used to study host-pathogen interactions is
tissue cultured cells. While this system is ideal for dissecting fine molecular mechanisms
underlying the interactions between pathogens and host cells, key limitations include: the lack of
complex tissue structure, which prevents the assessment of inflammatory responses and
pathology; use of a single type of non-primary, immortalized host cell; and the inability to
evaluate pathogen and host factors involved in the development of disease (e.g. diarrhea) and
clinical signs (e.g. reductions in body weight). The two former limitations arise because
traditional cell culture systems are composed of only one type of host cell, which is typically an
immortalized cancer cell line, e.g. HeLa or HT-29, and usually do not form the defined supra-
cellular structures seen in tissues in an organ. While these types of cell lines are widely utilized
due to their ease of use, conclusions drawn from experiments with these cells can be erroneous
due to underlying abnormalities in the host cells and lack of an organized, tissue-like structure.
Furthermore, the lack of diverse cell types in most tissue cultured cell systems limits simulation
of host tissue, immune, and physiological responses to infection. Recent improvements in the
field have started to address some of these concerns, largely through the use of primary cells and
organoids, miniaturized versions of organs that contain multiple differentiated types of primary
cells and retain the three-dimensional structure of the original/parent tissue (29, 30). However,
these systems still lack many features found in organs in vivo, such as numerous additional
components of tissue, e.g. vasculature and lymphatics, which can provide many systemic factors
during infections (acute phase proteins and cytokines), nerves, whose previously
underappreciated roles in infections are now being characterized (31), and immune cells. Hence,
small animal models continue to serve important roles that have yet to be superseded by

traditional or modern in vitro tissue culture systems.
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Chief among these has been to understand pathogen and host factors that contribute to the
development of disease and pathology, largely made possible via genetic ablation and
subsequent complementation of specific genes. These analyses have deepened our understanding
of virulence factors of pathogenic bacteria, which are proteins or other molecules produced by
bacteria that are required for the pathogen to cause disease. In addition, they have aided in the
identification of novel host factors involved in various aspects of innate and adaptive immune
systems or required for maintaining homeostasis. For the latter studies, animal models that utilize
model organisms have been useful due to the relative ease of genetic manipulation in these
organisms. Historically, animal models have also been valuable to rapidly determine the
pathogenic potential of an organism — either through determining whether the organism causes
disease or merely whether the organism stimulates an inflammatory response, e.g. screening for
isolates of E. coli that can cause diarrhea (32) or the relative magnitude of virulence of closely
related strains (33, 34). More modern uses of animal models leverage high-throughput and/or
multi-dimensional measurements, which are often NGS based, to analyze host-pathogen
interactions. For example, a common approach to identify microbial factors required for
colonization of a host tissue involves conducting an in vivo Tn-seq screen. Additional
approaches being pursued are the transcriptomic changes in either or both the pathogen and host
tissues during the course of infection.

While animal models of infection ideally are perfect replicas of natural infections, this is
only true for few diseases and in general, much care must be taken to choose a suitable model to
study the topic of interest and in the generalizability of the conclusions. For example, while non-
human primates (NHPs) are excellent models for many human diseases, due to their expense and

many ethical issues, they are not widely used for host-pathogen infection studies. Small animal

13



models of infection are more heavily relied on, and the model of choice often utilizes model
organisms, typically mice, zebrafish, or flies. While model organisms are convenient to use, in
many instances model organisms are not the most suitable or accurate models of infection.
Development and use of non-model organism models of infection can be challenging but have
greatly furthered research efforts and likely will provide more translatable research findings. A
few examples include: infant rabbits, which are the animal model of cholera that most
completely reproduces the features of human infection (35) and have been utilized by our lab to
develop a novel class of cholera vaccine (36); guinea pigs, which have been widely utilized as
models of Shigella intestinal infection (37-39); and Golden Syrian hamsters, which are a
commonly used and highly relevant model for Clostridium difficile infection (40). The drawback
of these latter organisms is the lack of genetically modified strains, which limits analysis of host
factors involved in infection. Hence, the type of experiment can constrain the animal models
available for use. Notably, studies on vaccine development require a mature immune system and
development of an immune response, and so are restricted to adult, immunocompetent animal
models. While much research has been devoted to development and testing of animal models of
infection, for certain diseases, no model yet exists that accurately captures the majority of aspects

of the disease. Hence, development of improved animal models is still an active area of research.

Pathogenic bacteria

In this thesis, I will discuss research performed on two bacterial pathogens of global
relevance, the Streptococcus equi group and Shigella. In the following sections, I will provide

relevant background information for these two pathogens.
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The Streptococcus equi group

Streptococcus equi group are Gram-positive, B-hemolytic, Lancefield group C
streptococci (GCS) (41). These mammalian-associated bacteria can be either pathogenic or
commensal organisms with pathogenic potential (i.e. opportunistic pathogens).
Microbiologically, both SEE and SEZ are hemolytic on blood agar plates, and SEE is
distinguished from SEZ by its inability to ferment lactose, sorbitol, and trehalose, whereas SEZ
can ferment at least one (42). Taxonomically, the S. equi group is subdivided into two
subspecies, S. equi subspecies equi (SEE) and S. equi subspecies zooepidemicus (SEZ). SEE is
often associated with disease, while SEZ is a commonly found mucosal commensal of the
nasopharyngeal and endometrial tissues, and an opportunistic pathogen (41). Multilocus enzyme
subtyping and ribosomal (rRNA) sequences have indicated that SEE is a subtype of SEZ (43,
44), and this has been confirmed with whole genome sequences of SEZ and SEE (45, 46). The
two subspecies are very closely related, with over 98% identity between their genomes (47). The
genome is contained in a 2 Mb circular chromosome that contains ~2000 open reading frames
(45). Evolutionarily, SEE and SEZ are closely related to S. pyogenes (Figure 1.4), which are
Lancefield group A streptococci (GAS) (48). SEE, SEZ, and GAS bacteria are part of the

pyogenic group of streptococci.

Host range and clinical presentation

SEZ and SEE have differing host range and clinical presentations. SEZ is an opportunistic
pathogen that causes infections in a wide range of economically important livestock and
domesticated mammals, including pigs (particularly in Asia), ruminants (e.g. sheep), horses,

dogs, and cats. SEZ bacteria have been responsible for severe large-scale outbreaks in pigs, for
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example an outbreak in Sichuan, China caused ~300,000 fatalities over the course of two weeks
(49, 50). The genome of this outbreak strain has been sequenced (49), and its virulence
mechanisms are under investigation (e.g. chapter 2). Recently, the first high mortality outbreaks
of SEZ in swine in North America were reported. In Manitoba, Canada in April 2019, an
outbreak resulted in many deaths and abortions (51); in Ohio and Tennessee, an outbreak
occurred in September-October 2019, where mortality rates reached 50% (52). Zoonotic
infections of SEZ in humans occur infrequently (53) and are typically limited to people who are
exposed to unpasteurized milk or contaminated animal products (41). In contrast, SEE is a
specialized pathogen that only infects horses, where it causes the disease ‘strangles’, one of the
most highly prevalent and contagious infectious diseases in horses (53).

The clinical presentation of SEZ infections in animals is variable and can range from
pneumonia, septicemia, meningitis, and, in horses, endometritis. SEZ infections are the leading
cause of endometritis in mares and can cause reduced fertility or infertility (53). SEZ infections
are also an emerging cause of infectious disease in dogs, where it is responsible for outbreaks
(54). In pigs, SEZ can cause diarrhea, bronchopneumonia, endocarditis, and meningitis, and can
be rapidly fatal (50, 55). In ruminants (e.g. sheep, goats, cattle, alpaca), SEZ predominately
causes mastitis, although it can also cause deep tissue infections. Zoonotic infections of SEZ in
humans results in a range of clinical presentations from purulent abscesses to endocarditis to
meningitis (41); the specific disease presentation depends on the mode of transmission, the

patient’s immune status, and the virulence properties of the infecting SEZ strain.
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Figure 1.4. Phylogenetic tree of Streptococcus.

The phylogeny of 138 Streptococcus strains was constructed using 278 orthologous proteins,
using the maximum likelihood (ML) and neighbor-joining (NJ) algorithms. The bootstrap values
listed on the branches represent the ML and NJ bootstrap values (formatted as ML/NJ). The
branches are colored according to species. Each strain was also assigned to a larger, phenotypic
group, which is indicated with the colored circle at the periphery of the tree.

Adapted from (48).
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SEE infection of horses causes the severe upper respiratory tract infection known as
‘strangles’. This is a very common infection of horses, one study found it responsible for 30% of
all reported horse infections (56), and highly contagious, necessitating quarantine of the infected
animals to prevent rapid spread across a herd. The clinical presentation is characterized by early
nasopharyngeal signs and lymphadenopathy. This evolves into lymphadenitis, which can lead to
the formation of abscesses with draining sinus tracts. Horses also present with fever, which
reduces upon abscess rupture and drainage, and depressed appetite. There are two common
severe complications. Rupture of abscesses, termed ‘bastard strangles’, has a 10% fatality rate
(53). Development of purpura haemorrhagica, characterized by petechial hemorrhage with
edema of the limbs and eye lids from trapping of immune complexes in capillary beds, can lead
to circulatory failure, which can be fatal (53).

Treatment of S. equi group infections with antibiotics is commonly unsuccessful despite
antibiotic susceptibility in vitro (53). Hence, clinically, treatment relies on supportive measures
and abscess drainage. Prevention of disease through vaccination is an alternative strategy to curb
disease; a few vaccines for SEE and SEZ infections have already been developed, but are not
wholly protective and can occasionally cause disease. Development of newer vaccines is an
active area of research. Both live attenuated bacterial strains and single or multivalent protein
antigens have been tested as vaccines. Protein components of putative vaccines have been
selected from virulence factors and immunogenic proteins discovered in S. equi group strains,

such as SeM/SzM (57-59).
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Virulence factors in SEZ and SEE

Several virulence factors have been identified in pathogenic strains of SEZ. Like GAS,
all strains of SEZ contain a surface capsule made of the polysaccharide hyaluronic acid; the
biosynthetic enzymes are encoded in the has operon (60). In streptococci, the capsule usually
confers anti-phagocytic activity to the bacteria; in SEZ the capsule may also promote adherence
to cells, hence promoting commensal colonization of host tissues (61). Adhesion to the
extracellular matrix (ECM) is also thought to contribute to colonization of streptococci, and SEZ
encodes two proteins, Fnz and Sfs, that bind fibronectin, a major ECM component. Furthermore,
Fnz is a protective antigen in a mouse model of SEZ infection (59).

SEZ also contains immunomodulatory proteins that likely help it survive and evade host
immune responses. SEZ encodes the surface protein Zag that binds IgG antibodies of particular
host species (62) via the Fc constant region of the antibody, thus limiting opsonization. Zag also
binds albumin, which has been shown to be important for inactivating antimicrobial peptides in
infection of other streptococci (63). Strains of SEZ also contain two IgG endopeptidases, [deZ
and IdeZ2, that cleave IgG antibodies of certain host species (64, 65). In addition, superantigens
(SAgs) similar to those found in GAS are sometimes found in SEZ strains. Most SAgs are
phage-encoded virulence factors that can non-specifically bind major histocompatibility complex
II (MHC II) and T cell receptors (TCRs), resulting in the activation of immune cells and
production of massive amounts of proinflammatory cytokines, leading to a ‘cytokine storm’ (41).
This extensive cytokine release results in circulatory shock, which can lead to multi-organ failure
and ultimately death.

Key immunomodulatory virulence factors in SEZ and SEE are the two encoded M-like

proteins, SzM/SeM and SzP/SzPSe (listed as the ortholog in SEZ and SEE respectively) (Figure
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1.5). M-like proteins are surface proteins found primarily in group A streptococcus (GAS) that
are similar in function and architecture to M protein, the canonical GAS virulence factor. SzM
and SzP are not homologs of GAS M or M-like proteins, and no homologs of GAS M or M-like
proteins have been found in S. equi group strains (41). In SEZ/SEE, the SzM/SeM proteins are
immunogenic, since antibodies against the proteins have been identified in sera from
convalescent and previously infected animals (66). In a mouse model of infection, SzZM has been
shown to be a protective antigen against challenge with a virulent strain of SEZ that encodes the
same SzM protein (58). However, in horses, immunization with SzM/SeM has not been
completely effective against challenge with a virulent strain (67). SzM/SeM also binds
fibrinogen, which is thought to help prevent phagocytosis of S. equi group bacteria by
macrophages (68, 69). SzP/SzPSe binds fibrinogen as well, which contributes to anti-phagocytic
activity, is required for virulence of SEE in a mouse model of infection (70), and mediates

adherence to tissue cultured cells (55).

|
1
421

71 IgG binding region

Figure 1.5. Schematic of domains of the M-like protein SeM.
SzM has a similar domain architecture. ss: signal sequence, deleted: region not found in SeM
variants from SEE strains isolated from healthy animals, central repeat region: contains A and B

repeat regions, cwa: cell wall spanning and anchor (i.e. LPXTG motif). Adapted from (71).
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Shigella: a human-restricted pathogen

Shigella species are Gram-negative, rod-shaped, non-motile bacteria that cause bacillary
dysentery in humans. Annually, the pathogen is responsible for millions of diarrheal cases and
hundreds of thousands of deaths worldwide (Figure 1.6) (72). Despite its global importance, a
Shigella vaccine does not exist and the prevalence of multidrug resistance strains is rising (73—
75). Consequently, the World Health Organization has made development of a Shigella vaccine a
priority.

Shigella infections, which can be caused by ingestion of even ~100 bacteria (76),
presents clinically as a debilitating, bloody diarrhea. The disease symptoms typically last around

a week and are self-resolving, but in certain patient populations, e.g. malnourished children in

developing nations, can lead to death. Pathology is marked by pathogen and immune-mediated

Maortality rate (deaths per 100 000)
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Figure 1.6. Distribution of mortality rate per 100,000 people of Shigella infections in 2016.

Adapted from (72).
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tissue destruction that is primarily restricted to the colon and largely due to Shigella infection of
and spread through colonic epithelial cells. Colonic infection results in epithelial cell destruction
and a severe acute inflammatory response.

There are four species of Shigella. From an epidemiology standpoint, S. flexneri is
responsible for most cases worldwide (77), while S. sonnei is prevalent in developed nations and
its prevalence is rising in transition nations (78). There are no known vectors for Shigella. The
pathogen only causes disease in humans, and occasionally higher NHPs, and is spread through
the fecal-oral route.

From an evolutionary and genomics perspective, Shigella are closely related to E. coli,
but the four Shigella species do not comprise a monophyletic group (Figure 1.7). A large (>200
kb), single copy virulence plasmid, and various chromosomal alterations distinguish Shigella
from E. coli and render the bacteria pathogenic (79). The virulence plasmid carries genetic loci
that are necessary and sufficient for invasion of host cells (80, 81). The eponymous Shiga toxin,
which intoxicates eukaryotic cells by inhibiting the ribosome, is only found in strains of one of

the fifteen serotypes of S. dysenteriae, serotype 1 (82).

Shigella Epidemiology

Amidst devastating outbreaks in Japan and other nations at the turn of the century,
Shigella bacteria were identified as the infectious agent of bacillary dysentery in 1898 by
Kiyoshi Shiga (83). S. dysenteriae serotype 1, which encodes Shiga toxin, was the original Shiga
bacillus (83, 84). Currently, Shigella are separated into four species — S. flexneri, S. sonnei, S.
dysenteriae, and S. boydii, but only a small fraction of all Shigella cases are attributable to S.

dysenteriae and S. boydii (85). S. flexneri is the most predominate species worldwide and is
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Figure 1.7. Phylogeny of Shigella and related Enterobacteriaceae species.

A. Classical phylogeny based on phenotypic characteristics. Note - there are now considered to
be 15 serotypes of S. dysenteriae, 15 of S. flexneri, and 19 of S. boydii (82).

B. Modern phylogeny of Shigella species and several E. coli (EcoR) strains based on
comparative genomics of several housekeeping genes. Salmonella enterica strain LT2 is used as
an outgroup.

Adapted from (79, 86—88)

23



Figure 1.7. (Continued)
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responsible for the largest number of cases, which primarily occur in Africa, and East and
Southeast Asia (Figure 1.5). Historically, S. dysenteriae was widely prevalent and responsible for
devastating outbreaks with high fatality rates (82). S. dysenteriae is no longer the global scourge
it once was and is now responsible for only a small percentage of Shigella infections worldwide
(85). Nevertheless, it is still a public health threat; over the past few decades, the species has
periodically caused explosive outbreaks in unstable regions (82). The predilection for S. sonnei
for developed nations (78) is thought to be due to an increase in a lack of immunity to the O-
antigen of S. sonnei. Immunity against the O-antigen is thought to be generated through contact
with contaminated water containing the distantly related Gram-negative bacteria Plesiomonas
shigelloides, which has the same O-antigen as S. sonnei (89, 90).

Outbreaks of shigellosis occur worldwide and in developed countries certain groups are
at risk. These include children and staff at day care centers, due to inadequate hand hygiene;
closed communities, e.g. certain Ashkenazi Jewish populations (91); the immunocompromised;
and men who have sex with men (MSM) (92, 93). Outbreaks involving multi-drug resistant

strains of S. sonnei and S. flexneri have been reported (73-75).

Shigella Disease and Pathology

Shigella infection typically causes a self-resolving gastroenteritis with a colonic
predominance. The course of infection typically begins with constitutional symptoms such as
fever, and develops into overt diarrhea, which often contains blood and mucus, tenesmus (rectal
pain and straining), and occasionally emesis (vomiting) (94). Typically, patients experience up to
ten episodes of bowel movements per day. Patients have a watery diarrhea that precedes bloody

diarrhea, but occasionally, the diarrhea can remain watery and non-bloody throughout the course
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of the disease. The infection is self-resolving in most cases, and symptoms generally last for a
week. Rarely, there can be more severe complications of disease such as rectal prolapse, colonic
perforation, bacteremia, and reactive arthritis, specifically with S. flexneri infections (94). These
complications typically occur in younger patients such as children or infants, or patients with risk
factors, e.g. malnutrition. A notable complication of infection is seizures, which occur almost
exclusively in children, are typically seen in infections with S. flexneri and S. sonnei, and can
have a high prevalence; one study reported that 45% of patients experienced this complication
(95). Patients infected with S. dysenteriae serotype 1 strains that encode Shiga toxin are at risk
for developing hemolytic uremic syndrome, which is characterized by microangiopathic
hemolytic anemia, thrombocytopenia, and acute renal failure (94). In pre-WWII Japan, S. sonnei
infections caused a highly lethal disease called Ekiri syndrome, which was characterized by high
fever, seizures, coma, and few diarrheal symptoms, and was responsible for 15,000 deaths
annually (96, 97).

Histologically, Shigella infections are characterized by pathology generally limited to the
colon. Much of our understanding of the pathology during infection is drawn from biopsy
specimens of the colon and rectum of patients, typically from developed countries, and from
experimental infections of non-human primates. Characteristic findings include mucosal erosions
and ulcers, massive recruitment of neutrophils and occasionally mononuclear cells, congestion of
blood vessels, hemorrhage, and distortion of colonic crypt architecture (98, 99). Pathology is
largely limited to the superficial layers of the colon; pathogen invasion and damage of deeper
layers is uncommon. Furthermore, bacterial infection and pathology is typically limited to the
colon, with a lack of bloodstream invasion, dissemination, and seeding of other organs as seen in

infections with Salmonella. Detailed studies on the progression and resolution of pathology
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caused by Shigella infections are lacking, although it is likely that these proceed similarly to

other types of acute inflammatory reactions of the intestine.

Lifecycle of the Shigella pathogen

At the cellular level, the interaction between Shigella and host cells has been elucidated
in great detail over the past 30 years (Figure 1.8) (79). Upon attachment to epithelial cell surfaces
and recognition of the plasma membrane, S. flexneri invades host cells by secreting effector
proteins through the Type III Secretion System (T3SS). The bacteria induce local membrane
ruffling by remodeling the actin cytoskeleton to produce a phagocytosis-like uptake into the host
cell (79). Once inside the cell, the bacteria are initially located in a membrane bound, vacuole-
like structure that is rapidly (<15 min) ruptured, a process that requires the transolocon proteins
(79, 100-103). The bacteria then replicate in the host cytoplasm and display intracellular actin-
based motility. The force generated by actin polymerization at one pole of the bacteria is
sufficient to propel the bacteria into neighboring cells by forming membrane bound protrusions.
Upon uptake by neighboring cells, the bacteria are contained in a double membrane vacuole,
which is rapidly ruptured, permitting the bacterial replication cycle to begin anew inside another
cell cytoplasm. Many host factors have been implicated in Shigella cellular invasion, inter-
cellular spreading, and killing of epithelial cells. For example, host factors required for infection
include key components of the actin cytoskeletal network such as Cdc42 (104) and ELMO (105),
which are necessary for bacterial invasion; the inter-cellular adherens junction protein E-
cadherin, which facilitates cell-to-cell spreading (106); and the intermediate filament vimentin,
which is required for docking of the T3SS to the cell, an early step in the cellular invasion

process (107).
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In contrast to the stereotyped interactions with epithelial cells, interactions with cells of
the immune system result in varied outcomes. Shigella are thought to encounter and invade

macrophages in the lamina propria of the intestine, which they rapidly kill (108).
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Figure 1.8. Lifecycle of Shigella in the colonic epithelium.

Shigella (red) invade the colonic epithelial layer, often through Microfold (M) cells, and are
taken up by macrophages, which the bacteria rapidly kill. The bacteria then invade the colonic
epithelial cells using the T3SS from the basolateral surfaces. The bacteria replicate and exhibit
intracellular movement within the cells. The force of the actin-based movement propels the
bacteria to form membrane protrusions, which are taken up by neighboring cells, allowing for
cell-to-cell spread and secondary infection. In epithelial cells, bacterial products stimulate the
activation of the NF-kB signaling pathway, resulting in the expression of innate immune proteins
and cytokines such as IL-8. This chemokine recruits neutrophils (polymorphonuclear leukocytes
[PMNs5]) to the site of invasion, and these immune cells can kill Shigella. Other cytokines
released at the site of infection activate NK cells, which produce IFN-gamma, which further

stimulates the immune system. Adapted from (79).
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Shigella kills lymphocytes by injecting effector proteins into the cells via the T3SS, which does
not require cellular invasion (109). In contrast, Shigella is killed by neutrophils (110), likely
through the action of the enzyme neutrophil elastase, which degrades components of the T3SS
(111). The host factors mediating interaction between cells of the immune system and Shigella
have not been completely characterized, but likely partially overlap with those required for

epithelial cell invasion and death.

Virulence factors in Shigella

Pathogenesis relies on several key virulence factors; the vast majority are encoded in the
virulence plasmid. A primary factor is the T3SS, a large, multi-component protein complex that
acts as a molecular syringe to inject bacteria effector proteins from the bacterial cytoplasm into
the cytoplasm of host cells (Figure 1.9). T3SS are commonly found in Gram-negative pathogens;
some contain multiple T3SSs, which each have a separate suite of effector proteins (112).
Shigella species contain only one T3SS, which is necessary and sufficient for invasion into host
cells (103). Structurally the T3SS is composed of three parts — the stator anchor that spans both
the inner and outer lipid membranes, the needle, and the translocon (113, 114). In Shigella
infections, secreted effector proteins or structural components are required or promote most
aspects of infection including: invasion into host cells (79), rewiring host pathways such as
dampening the innate immune response (115), and cell-to-cell spreading (116). Expression of the
T3SS is tightly regulated by environmental temperature, with the apparatus only expressed at the
higher temperatures (37°C) typical of the human intestine and not at lower, environmental
temperatures (25°C) (117). Many of the 30+ effector proteins secreted by the Shigella T3SS have

been intensely studied and have varied functions such as serving as ubiquitin ligases to target

29



host proteins involved in innate immune responses for degradation (118) or dampening the
activity of intermediary mediators in signaling pathways in innate immune responses, potentially
by catalyzing unique, previously undescribed enzymatic reactions (119) (Figure 1.9).

Another crucial Shigella virulence factor is the surface protein IcsA. This outer
membrane protein, which is localized to a single pole of the bacteria, is necessary and sufficient
for intracellular actin-based motility of the bacteria (120). IcsA is a member of the type V
secretion systems, autotransporter proteins that promote secretion of their own extracellular
domains through a beta-barrel channel formed by their own membrane spanning domains (121,
122). The extracellular domain of IcsA stimulates polymerization of host actin, which form actin
tails at one pole of the bacteria that permits their intracellular movement and provides the force
for cell-to-cell spreading (120, 123, 124). More recently, Zumsteg et al. demonstrated that IcsA
has adhesin-like activity, promoting attachment to epithelial cells, a process that requires T3SS
activity and is promoted by the binding of a common human colonic bile salt, deoxycholate
(125).

Shigella contains other virulence factors in addition to the T3SS and IcsA. The
eponymous exotoxin, Shiga toxin, is uncommon in infecting strains as it is only found in S.
dysenteriae serotype 1 strains, currently a rare cause of infections. Infections involving Shiga
toxin are more likely to be caused by Enterohemorrhagic E. coli (EHEC), which encoded two
toxins similar to Shiga toxin. The O-antigen of lipopolysaccharide (LPS) in Shigella is a key
virulence factor and is immunogenic in humans (126—128). The O-antigen is the main protective
immunogen in humans and antibodies against the O-antigen are thought to be effective, since
infection with a specific serotype leads to resistance against repeated infection with the same

serotype, but not other serotypes (126). Many Shigella strains contain up to two enterotoxins,
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Figure 1.9. The regulation, function, and structure of Shigella type 111 secretion system
(T3SS) and effector proteins.

A. General virulence regulation and functions of Shigella T3SS effector proteins. (Left)
Simplified virulence regulation network in Shigella. (Middle) T3SS effectors, grouped based on
their activation by a shared transcriptional regulator, VirB or MxiE. (Right) Function of T3SS
effector protein. TTSS = T3SS.

B. Overall architecture and states of Shigella T3SS. Upon encountering and recognizing a
eukaryotic plasma membrane, the translocon forms a pore on the host cell membrane permitting
efflux of effector proteins from the bacterial cytoplasm into the host cell cytoplasm.

Adapted from (129).
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called ShET-1 and ShET-2, which are encoded on the chromosome and virulence plasmid,
respectively, and thought to cause fluid leakage in the intestine and potentially the watery
diarrhea that precedes dysentery in most Shigella infections (130, 131). Additional virulence
factors include aerobactin, an siderophore promoting iron acquisition that is encoded by the iuc
operon (132), and the secreted serine proteases SigA and Pic, which are thought to cleave host
factors, such as all-spectrin (133) and human leukocyte adhesin proteins (e.g. CD43, CD44,
CD45) (134), respectively.

While the molecular mechanisms of some of these virulence factors have been well
studied, the connection between putative virulence factors and the development of disease and
pathology has been less well characterized due to a lack of an appropriate small animal model of
infection that recapitulates disease seen in human infections. Hence, there are many open
questions regarding the roles of virulence factors in pathogenesis. Recently, new models of
infection in infant rabbits by our group, which is the basis of chapter 3, and Yum et al. (135)
have started providing deeper insights into the molecular pathogenesis of disease caused by

Shigella infection.

Small animal models of Shigella infection

Investigation of the virulence factors that contribute to disease pathogenesis, the testing
of novel therapeutics, and the development of vaccines to prevent Shigella infection have been
hindered by the lack of a small animal model of infection that accurately captures disease seen in
human infections. Numerous types of small animal models of Shigella infection have been
described over the past several decades, but all are lacking in one or more aspects when

compared with human infections. Finding a suitable model remains a challenge in the field,
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which is partially attributable to the highly selective nature of Shigella infections which have
both limited host range and tissue tropism. Shigella infections only occur in humans and cause
intestinal pathology, primarily in the colon, since dissemination to other organs, e.g. via
bacteremia, is rare. Key hurdles in the development of a small animal model have been the lack
of development of disease (e.g. diarrhea) or intestinal pathology when animals are inoculated
orally, and the resistance of mice, one of the most genetically tractable model organisms, to
Shigella infection.

Shigella animal models can be roughly grouped based on the route of inoculation used;
unfortunately, most models do not use the natural oral route due to the frequent lack of disease
and pathology when animals are inoculated orally. The original small animal model of Shigella
infection was the Sereny test (136), developed in 1955, in which Shigella are inoculated into the
conjunctiva of an eye of an adult guinea pig, which results in keratoconjunctivitis (inflammation
of the conjunctiva and cornea of eye) when virulent bacteria are used. While unnatural in many
aspects, the Sereny test provided a reliable method to determine key virulence factors in Shigella
stimulating an inflammatory response in the host (137). Another early model of Shigella
infection was the orally infected adult guinea pig, however, to ensure development of pathology
and disease, animals had to be starved for 3-4 days (138) or treated with carbon tetrachloride
prior to inoculation (139). This model was not pursued further.

The next common model of Shigella infection, after the Sereny test, was the adult rabbit
ligated ileal loop model. This technically complex model requires specialized abdominal surgery
of large, adult rabbits; bacteria are directly injected into an isolated loop of the small intestine
(81). The model was an improvement compared with the Sereny test since it queried a more

anatomically relevant tissue, so infection-based pathology was more informative, and provided a
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readout of host inflammatory and immune responses. The model was used for an in vivo genetic
screen that utilized signature tag mutagenesis (STM), a precursor to Tn-seq. The research
identified genes required for survival in the presence of a host inflammatory response and thus
discovered an unusual role for prophage genes in pathogenesis (140). In addition to adult rabbits,
young (four-week-old) rabbits have been used as models of Shigella infection, in which animals
were inoculated via an orogastric tube and subsequently develop small intestinal enteritis without
diarrhea. The model was used to demonstrate the protective effects of proteins in milk (e.g.
lactoferrin) (141).

Several model organisms have been used as models of Shigella infection, with varying
degrees of success. Mice, the most widely used and genetically tractable mammalian small
animal model, are resistant to oral Shigella inoculation. All adult mice, including conventional
(i.e. specific pathogen free), streptomycin treated mice, and germ-free mice, are resistant,
although GF mice can be colonized without developing disease (142). The lack of susceptibility
is thought to be partially attributable to the absence of the CXC chemokine interleukin 8 (IL-8), a
primary neutrophil recruitment factor, and its receptor in mice (143). A human intestine
xenograft model did provide a technically complex model of Shigella infection (144), as
xenograft tissue developed appropriate pathology after infection. Unlike adult mice, infant mice
are susceptible to Shigella infection, and oral infection of infant mice results in intestinal
pathology. However, pathology occurs primarily in the small intestine, and furthermore, all
infected animals die within several hours of inoculation. Death due to infection requires the
presence of the virulence plasmid in the infecting strain and thus may be dependent on canonical
virulence factors. While the mechanism of death has not been clarified, the rapidity at which

death occurs suggests that mortality arises through bacteremia and not intestinal disease.
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More recently, a non-mammalian, zebrafish larvae model has gained traction. In this
model, zebrafish larvae are infected via intra venous (IV) injection, which results in a dose-
dependent dissemination of the bacteria and T3SS-dependent lethality (145). Despite the many
differences compared with natural infections, the value of this model lies in the ability to perform
live imaging of host-pathogen interactions in vivo due to the larvae’s translucent body. Hence,
the model permits detailed live microscopic analysis of host innate immune responses to Shigella
infection in vivo (146-148), a much more relevant and complex environment than in vitro tissue
cultured cells.

In addition to zebrafish, another non-mammalian model organism, C. elegans, has been
explored as a model of Shigella infection. Oral feeding of virulent Shigella to C. elegans is lethal
to the nematode and the bacteria accumulate in the lumen, but likely do not invade into host cells
(149, 150).

The small animal models of Shigella infection that have most accurately replicated the
bloody diarrhea seen in human infections have been those utilizing intra-rectal modes of
inoculation. Two intra-rectal models have been developed, in adult guinea pigs and infant
rabbits. In the first model, developed in adult guinea pigs, animals infected with virulent strains
have bloody liquid feces and rectal pathology characterized by an acute inflammatory response
(37). Hence, the model captures several salient aspects of human infection, notably bacillary
dysentery. The model has been widely used to deepen our understanding of many aspects of
Shigella infection in vivo, e.g. high-resolution imaging analysis of Shigella localization in the
colon (38), dynamics of T3SS activity in vivo (151), function of various host factors, neutrophils,
and oxygen during infection (39, 152). The second intra-rectal model, which utilized infant

rabbits, was more recently developed. In the paper, Yum et al. were able to extend our
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understanding of the molecular mechanisms of Shigella pathogenesis by utilizing isogenic single
gene deletion mutant strains of bacteria to define the contributions of two individual virulence
factors in disease pathogenesis (135). The individual roles of these virulence factors had not been
studied in the guinea pig model. In the infant rabbit model, infected animals develop grossly
bloody diarrhea and rectal pathology reminiscent of those seen in human infections. The paper
provided evidence that both IcsA and T3SS were required for diarrhea, and that IcsA was
required for widespread epithelial cell destruction and sloughing, but not for stimulating an acute
inflammatory response in the rectum. Hence, the authors concluded that tissue destruction caused
by the pathogen plays a more important role in the development of diarrhea and pathology than
the host immune response. This was unexpected since prior research, using other animal models,
had suggested that the host acute inflammatory response to infection drove pathology and
disease.

The majority of the small animal models of Shigella infection have focused on studying
disease pathogenesis, and only a few are available to evaluate candidate vaccines. Models used
for vaccine development often require immunization of adult animals, as infant animals lack
mature immune systems and cannot mount strong adaptive immune responses. Furthermore,
since adaptive immune responses take time to develop (typically days to weeks), animals will
have progressed from the infant development phase when it is appropriate to challenge the
vaccinated animal. Among the previous described animal models, only the adult guinea pig
model has been shown to provide a platform for testing vaccines. Notably, immunization also
occurs at the intestinal mucosal surface, since vaccination is performed via intra-rectal delivery
of the vaccine (37). The commonly used vaccine model for Shigella infection is the pulmonary

infection model in adult mice where intra-nasal inoculation with virulent strains results in lung
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disease and mortality (153, 154). In this model, mice develop pneumonitis and an acute
inflammatory response in the lungs that resembles responses seen in intestinal infections in
humans; furthermore, Shigella bacteria can invade the alveolar epithelial cells. By leveraging the
power of mouse genetics, the model has been transformative in furthering our understanding of
specific factors and cells of the immune system that are involved in overcoming Shigella
infections (155). Another potential adult mice model for vaccine development is the intra-
peritoneal model, in which animals develop intestinal pathology and almost all mice succumb to
infection; despite the ability to test vaccines using this model, which can protect mice from lethal
infection, this model has not been widely adopted for vaccine testing (156). Finally, human
challenge studies are still common and viable options for testing leading vaccine candidates, and
these clinical trials have been very informative for Shigella vaccine development (126, 157—
159).

Apart from humans, higher NHPs, e.g. rhesus macaques (160), chimpanzees (161),
gibbons, and gorillas (162), are the only other animals that can naturally develop shigellosis and
spontaneous cases of shigellosis have been reported in zoo animals. Experimental infection of
NHPs with Shigella has contributed substantially to our understanding of the intestinal pathology
caused by infection and provided a platform for the development of early vaccines. However,
due to their high cost, NHPs are not feasible models of Shigella infection that can be used to
study nuanced and detailed aspects of pathogenesis or test additional vaccine candidates.
Furthermore, while NHPs can spontaneously contract shigellosis, in experimental settings, NHPs
require very large inoculation doses to reliably develop disease. This is in stark contrast to the
situation in humans, where even healthy adults can develop disease from an extremely low dose,

e.g. one report demonstrated that =100 organisms can cause disease in 40% of volunteers, while
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~1000 organisms resulted in a disease rate >50% (76). The human-specific nature of Shigella
infections likely contributes to the challenge of developing small animal models of infection. The
surprisingly small dose required for human disease strongly suggests that there is a specific
molecular basis for host restriction, yet despite decades of research it remains largely unknown.
Recent evidence has shed some light on this issue by demonstrating that a human-specific
intestinal factor, an antimicrobial peptide that is a member of the defensin family of proteins
(defensin 5), may dramatically stimulate adhesion of Shigella to intestinal epithelial cells. In
doing so, this process greatly promotes cellular invasion and disease, and permits lower doses of

Shigella to cause disease in an animal model (intra-rectal guinea pig model) (39).

Conclusions

Bacterial pathogens cause various infectious diseases in a range of hosts through multiple
different mechanisms utilizing diverse virulence factors. Understanding these host-pathogen
interactions holds potential to deepen our understanding of basic biological processes and to
develop strategies to tackle these infections. Necessarily, this research requires thorough
investigation of the nature and regulation of virulence factors as well as the use of relevant small
animal models that accurately mimic disease in the original host. More than ever, such research
requires interdisciplinary approaches.

In this thesis, I discuss our discoveries on host-pathogen interactions of two globally
important bacteria, Streptococcus equi subspecies zooepidemicus (SEZ) and Shigella. In chapter
2, I discuss our findings regarding virulence regulation in SEZ and discovery of a conserved
locus that defines a group of pathogenic streptococci whose composition crosses traditional

taxonomic classifications. In chapter 3, I discuss the development of a new small animal model
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of Shigella infection involving oral inoculation of infant rabbits and insights gained regarding
pathogenesis using defined mutant strains. In chapter 4, I summarize our results and discuss

attractive potential future directions based on our work.
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Abstract

Streptococcus equi subspecies zooepidemicus (SEZ) are group C streptococci that are
important pathogens of economically valuable animals such as horses and pigs. Here, we found
that many SEZ isolates bind to a monoclonal antibody that recognizes poly-N-acetyl-
glucosamine (PNAGQG), a polymer that is found as a surface capsule-like structure on diverse
microbes. A FACS-based transposon insertion sequencing (Tn-seq) screen coupled with whole
genome sequencing was used to search for genes for PNAG biosynthesis. Surprisingly,
mutations in a gene encoding an M-like protein, szM, and the adjacent transcription factor,
designated sezV, rendered strains PNAG-negative. SezV was required for szM expression and
transcriptome analysis showed that SezV has a small regulon. SEZ strains with inactivating
mutations in either sezV or szM were highly attenuated in a mouse model of infection.
Comparative genomic analyses revealed that linked sez}” and szM homologues are present in all
SEZ, S. equi subspecies equi (SEE) and M18 group A streptococcal genomes in the database, but
not in other streptococci. The antibody to PNAG bound to a wide-range of SEZ, SEE and M 18
GAS strains. Immunochemical studies suggest that the SzZM protein may be decorated with a
PNAG-like oligosaccharide although an intact oligosaccharide substituent could not be isolated.
Collectively, our findings suggest that the szM, sez} locus defines a subtype of virulent
streptococci and that an antibody to PNAG may have therapeutic applications in animal and

human diseases caused by streptococci bearing SzM-like proteins.
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Significance

M proteins are surface-anchored virulence factors in group A streptococci, human
pathogens. Here we identified an M-like protein, SzM, and its positive regulator, SezV, in
Streptococcus equi subspecies zooepidemicus (SEZ), an important group of pathogens for
domesticated animals, including horses and pigs. SzM and SezV homologues were found in the
genomes of all SEZ and S. equi subspecies equi and M18 GAS strains analyzed, but not in other
streptococci. Mutant SEZ strains lacking either sezV or szM were highly attenuated in a mouse
model of infection. Collectively, our findings suggest that SezV-related regulators and the linked

SzM family of M-like proteins define a new subset of virulent streptococci.
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Introduction

Streptococcus equi subspecies zooepidemicus (SEZ) is a Lancefield group C
Streptococcus (GCS) that is a constituent of the normal upper respiratory tract flora of
domesticated animals such as horses (1). SEZ is also an opportunistic pathogen, and infections in
a wide range of animals including pigs, cows, dogs, and horses, have been reported (1, 2).
Epizootic outbreaks in livestock (e.g. swine in China) can be widespread and severe, resulting in
significant economic loss (3, 4). Infection of horses with another S. equi biovar, S. equi
subspecies equi (SEE), causes the severe, contagious respiratory infection known as strangles
(5). SEZ infection of humans, who typically acquire the pathogen through contact with infected
animals or contaminated milk or cheese, typically causes meningitis and can be fatal (6, 7).
Several virulence factors and protective antigens have been identified in SEZ/SEE, including two
M-like proteins, referred to as SzM/SeM and SzP/SzPSe (8-10).

The M/M-like protein family is a class of surface-associated streptococcal proteins that
includes M protein, a classical virulence factor of group A Streptococcus (GAS, S. pyogenes)
(11). Proteins in the group are anchored to the cell-wall, share several features including a
primarily alpha-helical/coiled-coil structure, polar cytoplasmic C-terminal tail, extracellular
distal N-terminus, and function in modulating the host immune response to the pathogen. The
diverse immunomodulatory functions of M/M-like proteins include but are not limited to
fibrinogen binding, inhibition of complement activation, anti-phagocytic activity, and binding to
Fc portions of immunoglobulins (11, 12). M/M-like proteins are typically key streptococcal
virulence factors that can be targets of protective antibody responses (11-13). The flexible set of
criteria for M/M-like protein classification has led to ambiguity in the field since various types of

M-like proteins have different designations, functions, and sequences (11).
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The SzM M-like protein in SEZ has been shown to bind fibrinogen, activate
plasminogen, inhibit phagocytosis, and to serve as a protective antigen for vaccination (9, 14).
However, the contribution of SzM to SEZ virulence in vivo has not been determined. SzP, a
second SEZ M-like protein, has been shown to contribute to SEZ virulence in an animal model
(8, 15). A SzM ortholog in SEE, SeM (also called FgBP (16)), has also been shown to be an
important virulence factor when evaluated in mice (16, 17). Dale et al. (18) noted that certain
strains of GAS, particularly of the M18 type, encode a SzM ortholog, called Spa (streptococcal
protective antigen), which is linked to virulence (19). In the M 18 strain studied, a Spa deletion
mutant was more attenuated in mice than a mutant deleted for the canonical M 18 protein and Spa
was a protective antigen as well (19). Although homologs of SzM have been found in several
SEZ, SEE, and GAS strains, the distribution and extent of conservation of SzZM homologs in
strains of these species and in other streptococcal species is unknown. Furthermore, factors
governing the expression of SzM or its homologs have not been described. In contrast, the
regulation of M protein and two classes of M-like proteins (M related protein [Mrp] and M-like
protein [Enn]) in GAS by the central virulence regulator, Mga (multiple gene activator) is well-
described (11, 20, 21).

In addition to M/M-like proteins, capsular polysaccharides and other surface
polysaccharides are also important streptococcal virulence factors and protective antigens (22—
26). For example, the group A Streptococcus carbohydrate is critical for GAS virulence (22, 23).
Poly-N-acetyl-D-glucosamine (PNAG) is a surface polysaccharide found on numerous Gram-
positive and -negative bacteria and fungi (27, 28), that can serve as a virulence factor and a
protective antigen (27, 28). Surface PNAG has been identified in S. pneumoniae, S. pyogenes,

and S. dysgalactiae (27), but the loci encoding PNAG biosynthesis have not been described in
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streptococci. Also, the chemical bases of the association of PNAG with the microbial surface
have not been elucidated and it is unknown whether PNAG is physically linked to the cell
membrane or cell wall.

Here, we found that SEZ is bound by a monoclonal antibody to PNAG and performed a
FACS-based transposon-insertion sequencing (Tn-seq) screen to identify genes required for
surface production of PNAG by SEZ. Unexpectedly, the screen identified SzM and a conserved
adjacent locus (termed here SezV, SEZ Virulence) that promotes szM expression. An anti-PNAG
monoclonal antibody was found to directly interact with SzM, suggesting that this M-like protein
may be decorated with a PNAG-like glycan. SEZ mutants lacking either sez) or szM were highly
attenuated in a mouse model of infection. Comparative genomics revealed that szM, seM, and/or
spa (here referred to as szM/seM/spa) is linked to sezV in all SEZ and SEE strains in the database
as well as in all M18 GAS, but not in other streptococci. Thus, our findings suggest that SezV-
related regulators and the linked SzM family of M-like proteins define a new subset of virulent

streptococci.

Results
Tn-seq screen for loci required for surface PNAG expression

We observed that a porcine SEZ isolate (ATCC 35246) (referred to as SEZ) was bound
by a human anti-PNAG monoclonal antibody (MAb F598) (Figure 2.1A) and we set out to
identify loci that contribute to PNAG synthesis in SEZ. First, we developed a flow cytometry-
based system for high-throughput analysis of the PNAG phenotype of single bacteria, using

fluorescently conjugated F598 (AF488-F598). There was a considerable range of fluorescence
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Figure 2.1. Tn-seq and WGS screens for identification of loci required for surface PNAG
expression in SEZ.

A. (Left) Flow cytometry of SEZ stained with an AF488 conjugated monoclonal antibody to
alginate (F429, negative control) or PNAG (F598). (Right) Microscopy of SEZ stained with
DAPI and either AF488-F429 or AF488-F598. The white scale bar in micrographs represents 10
pum.

B. Schematic for Tn-seq screen for genes required for expression of surface PNAG.

C. AF488-F598 (anti-PNAG) binding to SEZ Tn library at different stages of the Tn-seq screen.
Flow cytometry data are taken from screen B. Round 1 = after first round of selection, Round 3 =
after third round of selection. Dotted lines are included to help guide the eye.

D. (Left) Pie chart of the percentage of all reads mapping to a single site in gene RS01795 in the
last round of screen A. (Right) Table of selected potential candidate genes required for PNAG
expression from Tn-seq screen.

E. AF488-F598 binding phenotype and gene mutated based on WGS of indicated strains.
Bracket indicates that strain ARS00930 + RS00930 (2), which was derived from strain
ARS00930 (2), has the exact same mutation in sez} as is found in ARS00930 (2). Tnl contained
a transposon insertion in sezV; Tn2 contained a transposon insertion in szM.

F. Location of mutants and domain organization of sezV. HTH = helix-turn-helix. Domains in
SezV were predicted using HHphred (29, 30) and Phyre2 (31).

G. Comparison of the read count distributions of transposon insertions in szM and sezV in the
input library and in the last round of the screen reveals uniform enrichment of insertions across

these genes.
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Figure 2.1 (Continued)
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intensities among a population of AF598 bound stationary phase cells, but this range had
minimal overlap with that of cells bound by an AF488-labeled isotype control antibody (F429)
(Figure 2.1A). Notably, although F429 was raised against an unrelated carbohydrate, it was
engineered to include IgG1 heavy and light chain constant region amino acid sequences identical
to those of F598 (32). Fluorescence microscopy using these two labeled antibodies confirmed
that F598, but not F429 bound to SEZ cells (Figure 2.1A), consistent with the idea that SEZ
expresses surface PNAG.

To generate a genetically heterogeneous population of SEZ containing easily mappable
mutations, we developed a method to generate a complex transposon-insertion (Tn) library in
SEZ. Using the recently developed pMar4s mariner-based transposon delivery vector (33), a
library containing transposons in >50% of potential insertion sites was created (Figure 2.2AB). A
fluorescence-activated cell sorting (FACS) based screen of the Tn library with several rounds of
selection for bacteria with low fluorescent intensity after staining with AF488-F598 was carried
out (Figure 2.1BC). We performed the screen with outgrowth in either liquid (screen A) or solid
(screen B) media; more modest gating thresholds were applied in the latter, with the aim of
identifying genes with weaker phenotypes. Despite the low (background) fluorescence intensity
of all bacterial cells after the final rounds of selection (Figure 2.1C), Tn-seq of the selected
libraries revealed few genes (screen A: 2, screen B: 16; with average TA sites hit in the input >
5, log 2 fold change [L2FC] > 2, p-value < 0.05) with statistically significant increased ratios of
insertions (fold change values) in the sorted versus the input population (Figure 2.1D). Notably,
after the final round of selection in screen A there was marked enrichment of only a single Tn
insertion (in RS01795, Figure 2.1D), suggesting that a jackpot event occurred at some point in

the screen. Single gene deletions in two of the top hits (RS01795, WP_014622330.1, L2FC =

63



Figure 2.2. Transposon library construction in SEZ and binding of anti-PNAG antibody to
mutants identified in Tn-seq screen.

A. Schematic of construction of transposon insertion library in S. equi subspecies zooepidemicus
strain ATCC 35246. pMar4s (33) is a transposon delivery vector that contains the Himar1
mariner C9 transposase, a transposon with a Kanamycin resistance cassette, and an additional
Spectinomycin resistance cassette. pMar4s has a temperature sensitive origin of replication in
SEZ, and will only be propagated at the permissive (cooler) temperature. pMar4s is introduced
into WT SEZ via electroporation, and transformants are selected by growing on THY + Spc +
Km for 3 days at the permissive temperature of 28°C. 100 colonies are then patched onto THY
plates with antibiotics and temperature as indicated to identify colonies in which the transposon
vector has not integrated into the genome and verify that there was still a replicating pMar4s
plasmid. From the resistance profiles of the 100 colonies, the transposition and integration
frequency can be estimated. As indicated, colonies with the desired resistances were picked from
a second THY + Spc + Km plate grown at 28°C and frozen stocks were made from these
colonies. The transposon library was generated by thawing a frozen stock and spreading it over
several large square THY + Km plates that were subsequently grown at 37°C, yielding ~5.4 x
10° colonies. The colonies were scraped off the plate with THY media, and after adding glycerol
were stored as frozen aliquots of the transposon library.

B. Genome and SEZ transposon library statistics. Insertions were identified in 75,610 (52%) of
the 146,048 potential Tn insertion sites (i.e. TA dinucleotides).

C. Flow cytometry of indicated strains labeled with AF488-F598. ARS00930 (1) and ARS00930
(2) are independently derived strains containing deletions of RS00930; ARS00930 (2) +

RS00930 is the deletion mutant complemented with RS00930.
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Figure 2.2 (Continued)
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6.8, 1/p-value = 3.3; and RS00930, WP_014622184.1, L2FC = 4.9, 1/p-value = 416.2) were
created, but neither lost MAb F598 binding (Figure 2.2C). A second independently generated
ARS00930 gene deletion strain lacked MAb F589 binding (Figure 2.2C), but complementation
with RS00930 did not restore F598 binding, suggesting that RS00930 is not required for F598
binding. The preservation of F598 binding in the single gene deletion mutants suggested that the
Tn insertions did not account for the absence of F598 binding in the screen hits.

Whole genome sequencing was used to identify mutations that were shared by SEZ mutants
deficient in F598 binding. Several strains were sequenced, including a few Tn mutants and the
RS00930 gene deletion strain that lacked F598 binding. Comparative analyses of these genome
sequences revealed that 4 out of 5 F598 negative strains contained one of three distinct mutations
in a single gene, RS09465 (WP _038674722.1, old locus tag SeseC 02416), which we have
termed sezV (for SEZ Virulence, Figure 2.1EF). The amino acid sequence of SezV is predicted to
contain two domains, an N-terminal sensor kinase-like domain and an AraC helix-turn-helix
(HTH) DNA binding domain, suggesting that the protein is a transcriptional regulator. The
remaining F598 negative strain sequenced contained a mutation in the gene coding SzM
(RS09460, WP_014623570.1, old locus tag SeseC 02415), a gene adjacent to and divergently
transcribed from sezV (Figure 2.1EG). None of the three F598-positive strains sequenced
contained a mutation in either sezV or szM. Furthermore, Tn-insertions in both sezV and szM
were hits in the Tn-seq screens (Figure 1.1D & G), suggesting that these linked loci play roles in

presentation of PNAG related epitopes in SEZ, and thus facilitate F598 binding.

66



Figure 2.3. Inactivation of sezV or szM leads to loss of SEZ reactivity with anti-PNAG
antibody and to reduction in surface material.

A. Flow cytometry of indicated strains with AF488-F598. The WT strain was also stained with
the negative control antibody AF488-F429.

B. Microscopy of SEZ strains stained with DAPI and AF488-F598. The WT strain was also
stained with AF488-F429. Rightmost panels provide zoomed view of the merged image. Scale
bar in white represents 10 um.

C. Transmission electron microscopy of SEZ strains. Red arrows indicate surface material
present on select strains. Scale bar in black represents 500 nm.

D. Scanning electron microscopy of indicated SEZ strains at lower (20K, left) and higher (40K,

right) resolutions.
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Figure 2.3 (Continued)
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Phenotypic characterization of strains lacking sezV or szM

A AsezV mutant was created and this strain did not bind AF488-F598 either in flow
cytometry or fluorescence microscopy (Figure 2.3AB). Complementation with sez} restored the
F598 binding activity, establishing that this putative transcription factor is required for binding of
this anti-PNAG MAD. We were unable to construct a AszM mutant, but found that
complementation of the Tn-szM mutant (a strain isolated with a transposon insertion in szM) with
szM restored F598 binding activity (Figure 2.3AB).

Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) were
used to compare the surfaces of WT, AsezV, and Tn-szM mutant cells. In TEM, the Asez) and
Tn-szM mutants had smoother outer surfaces than the WT, sez}) complemented, and a AhasB
strain, which does not produce the SEZ hyaluronic acid capsule (34) (Figure 2.3C).The surface
structures in the WT, AsezlV complemented strain, and AhasB strain resemble the electron dense
surface “fuzzy coat” attributable to M protein fibers on the surface of GAS (35, 36). In SEM, the
surfaces of the Asez) and Tn-szM mutants also appeared smoother than the other strains (Figure
2.3D). Together, these observations suggest that sez})” and szM are required for the production of

a major surface associated component in SEZ.

sezV activates expression of szM

Expression of M/M-like proteins in GAS is activated by mga, a gene that is generally found
upstream of and transcribed in the same direction as the gene encoding the M/M-like protein.
However, no regulator of szM (aka seM/fgbp, spa) has been described. Although sez)V bears no
similarity to mga, its predicted domain architecture suggests that it is a transcriptional regulator

(Figure 2.1F) and the sez) gene is adjacent to the szM gene in the SEZ genome (Figure 2.4A).
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Figure 2.4. sezV is required for expression of szM and SEZ virulence.

A. (Top) Genomic context of szM (RS09460) and sezV (RS09465) loci in the SEZ ATCC 35246
genome. (Bottom) Relative expression of szM and nrdl, in the AsezV and AsezV complemented
(AsezV + sezV) strains compared to the WT strain.

B. Volcano plot of RNA-seq results comparing WT and Asez) strains. The most differentially
expressed genes, szM and three genes from the same fimbriae operon (the cne-homolog-
containing Fim1 pilus locus), are labeled. Genes whose expression requires sez} have a positive
fold change.

C. RNA-seq data for a selected set of genes that includes those with the highest log2 fold change
[log2(FC); WT / AsezV]. Adjusted p-value (adj p) from DESeq2. Genes found in gene clusters or
operons are highlighted in the same color.

D. Kaplan-Meier survival curves of mice IV inoculated with indicated SEZ strains. Curves were
compared using the log-rank (Mantel-Cox) test. Numbers in parentheses refer to animals that
died and total animals inoculated.

xR p <0.0001, ** p<0.001, * p <0.05; Comparisons that are non-significant are not labeled.
E. SEZ Burden recovered from brains of infected animals 24 hours post infection. Colors of
strains are the same as in D. Open circles represent animals for which no colony forming units
were recovered. Groups were compared using a Kruskal-Wallis test with Dunn’s multiple
comparisons test.

*HEE p <0.0001, ** p<0.001, * p <0.05; Comparisons that are non-significant are not labeled.
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Figure 2.4 (Continued)
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Quantitative RT-PCR showed that there were reduced levels of szM transcripts in the AsezV’
background, and this deficiency was complemented by exogenous SezV, strongly suggesting that
sezV promotes szM expression (Figure 2.4A). The transcriptomes of the WT and AsezV strains
were compared to identify other loci regulated by sezV (Figure 2.4BC). This comparison
revealed that sez) has a relatively small regulon; only one gene, szM, had expression reduced
>5-fold in the mutant background and only 3 genes, all within a fimbriae operon encoding a
Fim1 pilus that includes a cne (collagen binding protein of S. equi) homolog (37, 38), had
expression increased >10-fold in the absence of sezV. Expression of the gene encoding SzP, the
other M-like protein in SEZ, was largely unaffected in the absence of sez} (log> fold change 0.8;
WT/AsezV). Thus, sezV appears to primarily activate expression of szM and repress expression of
a Fim1 pilus locus that encodes a cne homolog; notably, Cne has been explored as a candidate

component of a vaccine for SEE (39-41).

sezV and szM both contribute to SEZ virulence

A murine model of SEZ virulence (42) was used to test whether sezV or szM contribute to
SEZ pathogenicity. In this model, I.V. inoculation of female adult C57B6/J mice with WT SEZ
results in 100% mortality by 48 hours post infection (hpi) (Figure 2.4D). The AsezV strain was
highly attenuated and exhibited both delayed kinetics of mortality (0% death at 48 hpi) and
diminished absolute lethality (30% dead one week after infection). Plasmid-based
complementation of the AsezV mutant, largely restored virulence, indicating that sezV is a key
regulator of SEZ virulence. The Tn-szM mutant was also attenuated in this model, revealing that
szM contributes to SEZ pathogenicity. There was no difference between the Kaplan-Meier

curves of the AsezV and Tn-szM mutants, raising the possibility that the virulence defect of the
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Figure 2.5. Growth of SEZ strains in culture and in vivo.

A. Growth curves of indicated SEZ strains.

B-F. Burden of indicated strains 24 hours post IV inoculation. Open circles represent animals for
which no colony forming units were recovered. Results are from the same experiment displayed
in figure 2.4E. Groups were compared using a Kruskal-Wallis test with Dunn’s multiple

comparisons test. Comparisons that are non-significant are not labeled.
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Figure 2.5 (Continued)
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sezV mutant is largely explained by defective szM expression in this strain. In addition, the WT,
AsezV and Tn-szM mutant strains grew similarly in culture, suggesting that the attenuation of the
mutant strains is not due to growth defects caused by these mutations (Figure 2.5A).

Given the rapid mortality induced by the WT SEZ strain, organs were collected 24 hpi to
measure the bacterial burdens of the four strains in infected host tissues. As observed previously,
the highest burden of the WT SEZ strain was found in the brain, reflecting the neurotropism of
this pathogen (42). Strikingly, in most mice, no Asez/ CFU were recovered from the brains of
infected mice and this marked virulence defect was corrected by genetic complementation
(Figure 2.4E). The burden of the Asez} mutant in the blood and other organs was also reduced
compared to the wild type strain (Figure 2.5B-F), but the magnitude of the defect was not as
pronounced as observed in the brain. The burden of the Tn-szM mutant in the brain was also
reduced, but not as dramatically as the Asez} mutant; however, the burden of these two mutants

was similarly reduced in other organs (Figure 2.4E, Figure 2.5B-F).

Monoclonal antibody to PNAG binds SzM

Our observations that the Tn-szM mutant was not recognized by MAb F598 in either flow
cytometry or by fluorescence microscopy (Figure 2.3) and that F598 binding was restored by
expression of szM strongly suggest that surface presentation of SzM and PNAG are linked.
Immunoblots confirmed this linkage. In western blots of lysates from WT SEZ, a band of ~60
kD, slightly greater than the predicted molecular weight of the mature form of SzM (~57 kD,
after N and C terminal processing) was detected with the F598 MAb to PNAG (Figure 2.6A).
This band was not detected in lysates derived from strains with the transposon insertion in szM

(Tn-szM) or the deletion of sezV, but was restored by complementation of the respective
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Figure 2.6. SzM is directly bound by an anti-PNAG antibody.

A. Western blot of bacterial lysates from SEZ strains. Electrophoresed lysates from the indicated
strains were run in duplicate on a single SDS-PAGE gel, transferred to single membrane, which
was cut into two parts and each half was blotted with the indicated antibody.

B. Western blot of immunoprecipitated SzM from SEZ WT and Tn-szM strains after SDS-Page.
C. Western blot of bacterial lysates of SEZ, SEE strain CDL, or purified PNAG carbohydrate
with (+) or without (-) periodate treatment.

D. Western blot of bacterial lysates of SEZ, SEE strain CDL, or purified PNAG carbohydrate

with (+) or without (-) treatment with either the dispersin B or proteinase K enzymes.
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Figure 2.6 (Continued)
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mutations (Figure 2.6A); moreover, a band of apparently the same molecular weight was
observed in the same lysates (run on the same SDS-PAGE gel) when antisera raised against
recombinant SEE M-like SeM protein (anti-SeM sera) was used (Figure 2.6A). When the blots
were probed with MAb F429, an isotype control that was used at the same concentration as
F598, bands were not detectable, though they became faintly detectable with longer exposure
times (Figure 2.7A). Together, these observations suggest the possibility that SzM is decorated
by some form of PNAG. However, PNAG is ordinarily an extended capsule-like polymer that
barely enters polyacrylamide gels such as the purified material used in Figure 2.6A (and Figure
2.7B).

To confirm that the antibody to PNAG and the antibody to M-protein bound to the same
protein, SzM was purified using anti-SeM sera; no protein was purified from lysates of Tn-szM
using the same protocol (Figure 2.7C). The purified protein was bound by F598 as well as anti-
SeM (Figure 2.6B). Mass spectrometry analysis of the peptides produced by trypsin digestion of
the protein immunoprecipitated with the anti-SeM antisera confirmed that it was SzM; peptides
were detected that span the majority of the predicted processed form of the protein (i.e., lacking
the signal sequence and extreme C-terminus, which is presumably cleaved as a result of sortase
mediated attachment of SzM to the cell wall) (Figure 2.7D). Together, these observations
establish that the MAb F598 to PNAG binds to SzM. F598 also bound to a single band
recognized by anti-SeM in lysates of SEE strain CDL (Figure 2.6C), suggesting that a PNAG-
like molecule may decorate SzM homologs in other species.

To further investigate the chemical bases of the epitopes of SzM and SeM bound by F598,
lysates of SEZ and SEE were treated with sodium periodate. This reagent opens the rings

between vicinal hydroxyl groups generating aldehydes and is known to disrupt the structure of
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Figure 2.7. Analysis of SzM binding to isotype control antibody F429, immunoprecipitation
of SzM, and glycan mass spectrometry of purified SzM

A. Western blot of bacterial lysates from SEZ strains after SDS-PAGE with Mab F429.

B. Western blots of bacterial lysates from SEZ strains or purified PNAG carbohydrate after SDS-
PAGE with Mab F429. Purified PNAG carbohydrate is not recognized by the isotype control
antibody F429.

C. Coomassie blue stained SDS-PAGE gel of immunoprecipitated SzM. Anti-SeM sera was used
to immunoprecipitate SzM from the indicated strains. IgG heavy and light refer to the antibody
fragments of the anti-SeM sera. * refers to an unrelated protein present in WT and Tn-SzM
strains that was enriched after immunoprecipitation.

D. Mass spectrometry analysis of polypeptide sequence of SzM from SEZ. After immune-
precipitation of SzM, the band corresponding to SzM was cut out and digested with trypsin prior
to performing mass spectrometry. Amino acids underlined and in green correspond to regions to
which a peptide mapped; no peptide mapped to amino acids in black. We did not expect to obtain
coverage of the extreme N- and C-termini because these are predicted to be cleaved off in the
processed, mature form of SzM. The predicted signal sequence [ YF]SIRKxxxGxxS[VIA] and
cell-wall anchoring motif LPxTG are underlined in black.

E. Glycan mass spectrometry plots of immunoprecipitated SzM (M protein) and control
glycoprotein, fetuin (a eukaryotic glycoprotein). Proteins were analyzed for O-glycans (left) and
N-glycans (right). No masses corresponding to carbohydrate modifications were found in the O-
glycan fraction. In the N-glycan fraction, SzM (M protein) only contained background
carbohydrate signals, which were also present in the control sample and do not represent

glycosylation of a protein. Expected N-glycans were recovered from the fetuin sample. In both
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Figure 2.7 (Continued)
the O- and N-glycan samples of SzZM (M protein), no unique carbohydrates were found that were

not also found in fetuin.
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PNAG such that it is no longer recognized by F598 (27) (Figure 2.6C). Periodate treated
bacterial lysates of SEZ and SEE were no longer bound by F598, but retained anti-SeM binding;
however, the molecular weight of the proteins recognized by the anti SeM antisera shifted to
slower migrating forms, suggesting that the periodate treatment may have led to the formation of
higher-order oligomers of SzM and SeM (Figure 2.6C). These lysates were also treated with
dispersin B, an enzyme that specifically cleaves the B-1,6 linkage between glucosamines in
PNAG (43). After prolonged treatment with this enzyme, there was a marked reduction in F598
binding with only a minor reduction in binding of the anti-SeM antibody (Figure 2.6D). Protease
treatment ablated reactivity with both F598 and anti-SeM sera, but had minimal effect on
purified PNAG polysaccharide. Together, these immunochemical experiments with
carbohydrate- and protein-specific degradative enzyme’s effects on binding of F598 suggest that
SzM and SeM are modified by a carbohydrate with a chemical composition similar to PNAG.
Importantly however, we did not detect either O- or N- linked glycans in mass spectrometry
analyses of purified SzM protein (Figure 2.7E). Thus, we cannot definitively conclude that these

M-like proteins are glycosylated.

Conservation of and variation in sezV and szM/seM/spa

Given the importance of sez) and szM in SEZ virulence, we investigated whether
orthologs of these virulence-linked genes exist in publicly available streptococcal genomes.
Notably, homologs of szM/seM/spa or sezV, based on DNA sequence, were restricted to SEZ and
SEE in GCS, and a subset of GAS strains. We did not find szM or sez} homologs in any other
streptococcal species or Lancefield groups, nor in Lactococcus or Enterococcus, two related

genera (Figure 2.8A). All strains with szM orthologs harbored an adjacent and divergently
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Figure 2.8. Conservation of szM/seM/spa and sezV.

A. Conservation of sezV and szM/seM/spa across various streptococcocal species and Lancefield
groups, and closely related genera. The cladogram is for illustrative purposes and show a
qualitative representation of the relatedness of the species and genera, and was constructed based
on Gao et al. (44) and Hug et al. (45). Branch lengths are not to scale nor a representation of the
true genetic distances between species and strains. Genomes analyzed indicates the number of
genomes queried in each species; +X represents number of strains newly sequenced in this study.
Alignment to sezV and szM indicates species that have similarity to both genes. Lancefield
groups are as in Facklam (46) and Okura et al. (47); *S. suis was formerly classified as Group D
(47).

B. Three classes of SzZM/SeM/Spa-related proteins encoded adjacent to sezV. Visualization of
multiple sequence alignment between representative members of each of the three protein
clusters demonstrates large differences between clusters and similarity within clusters. Lines
represent gaps in the multiple sequence alignment, blocks represent continuous sequences.

C. Amino acid sequence variation in SzM/SeM/Spa proteins. (Top) Similarity plot of amino
acids at each position in the protein across all variants of the protein. Similarity (y-axis)
represents the relative sequence conservation over a set of adjacent residues; a higher value
indicates more conservation. (Middle) Schematic of SzM/SeM/Spa with labeled and shaded
domains and regions. SS = Signal sequence, which contains YSIRK motif; Rep A/B = repeat
A/B; CC = predicted coiled-coil domain; W = cell wall and cell membrane spanning region,
which contains LPXTG motif. Delineations of regions taken from refs (16, 48, 49); coiled-coil
domain determined by MARCOIL (50). (Bottom) Multiple sequence alignment of representative

SzM/SeM/Spa variants demonstrates various domain/region architectures present across the
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Figure 2.8 (Continued)
variants. Lines represent gaps in the multiple sequence alignment, blocks represent continuous

sequences.
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Figure 2.8 (Continued)
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Figure 2.9. Analyses of SzZM/SeM/Spa conservation and variants

A. Distance between start sites of szM/seM/spa and sezV in strains containing the two genes. In 6
strains with draft genomes, the two genes were located on different contigs. We excluded these
genes from the distance and orientation analyses.

B. Relative orientation of szM/seM/spa and sezV in strains containing the two genes. The 6
strains in which the two genes were not found on the same contig were excluded from this
analysis.

C. Strains in group A Streptococcus (GAS) that contain both spa (szM ortholog) and sezV.

D. N- and C-terminal truncated SzM/SeM/Spa variants discovered in several strains. Translated
protein sequences of these genes were not included in additional analyses of szM/seM/spa due to
the deletion of the signal sequence or cell wall anchoring motif, which will likely render them
non-functional or not expressed on the cell surface. Species (SEZ, SEE, or GAS) and strain name
or WGS identifier is indicated on the left.

E. Distribution of total numbers of strains containing szM/seM/spa included in our analyses, and
distribution of number of SeM/Spa variants per species. There were a total of 66 SzM/SeM/Spa
variants identified. Although the largest percentage of variants belong to SEE, there were ~10x
fewer SEZ strains than SEE strains and the percentage of variants within SEZ is higher than the
percentage of SEZ strains in the database analyzed. Hence, the results suggest that SEZ is a more
diverse subspecies than SEE.

F. Number of SzM/SeM/Spa variants in each species. The diagonal indicates the number of
SzM/SeM/Spa variants in each species. The off-diagonal indicates the number of SzZM/SeM/spa
variants in two species, specified by the row and column header. No variants are shared across a

pair of species, or across all three species.
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Figure 2.9 (Continued)
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oriented sezV (Figure 2.9AB), suggesting that SezV regulation of SzM is conserved. Among
GAS strains, we found that all 15 M18 strains in the database and 1 M36 strain contained the
szM ortholog (spa) and sezV (Figure 2.9C).

The amino acid sequences of SzM/SeM/Spa and SezV from all strains in the database as
well as from 13 newly sequenced strains (see below) were compared. There was considerable
variation in the 289 SzM/SeM/Spa amino acid sequences analyzed. These M-like sequences
could be divided into 3 classes (Figure 2.8B). Most of the sequences (274) were similar to SzM
from SEZ ATCC 35246; the 2 other classes, of 7 and 8 proteins respectively, were primarily
found in SEZ strains and also encoded adjacent to a sez} ortholog. Some strains with truncated
SeM/Spa variants were identified (Figure 2.9D), which may contribute to persistence of these
strains in their hosts (51), but these were not included in the analyses below.

There were 66 variants found among the 264 full-length class I SzZM/SeM/Spa proteins
(Figure 2.9EF). No variants were found in common between species (Figure 2.9F). Multiple
sequence alignment of the amino acid sequences of the SzZM/SeM/Spa variants revealed that
most of the variation was found in their respective N-termini beginning after their signal
sequences (SS) (Figure 2.8C), concordant with observations regarding SeM proteins in several
SEE strains (49, 52). The highest similarity in the SzZM/SeM/Spa proteins was found in their
signal sequences, coiled-coil domains, and C-terminal cell-wall and cell-membrane spanning
regions (W) (Figure 2.8C). The coiled-coil domains contain recognizable A and B repeats,
regions of short repeated sequences previously identified in SeM/SzM proteins found in SEE and
SEZ (9, 16).

In general, the 289 SezV proteins analyzed exhibited more conservation than the

SzM/SeM/Spa proteins (Figure 2.10A), and have similar domain organization and lengths as

88



Figure 2.10. Analysis of SezV conservation

A. Variation in SezV polypeptide sequences. (Top) A similarity plot of amino acids at each
position in the protein across all variants. (Bottom) Schematic of SezV with labeled domains.
HTH = helix-turn-helix.

B. Distribution of total numbers of strains containing sez} included in our analyses, and
distribution of number of SezV variants per species. There were a total of 39 SezV variants
identified. The greatest number of variants were found among SEZ strains. The percentage of
variants belonging to SEZ or GAS was greater than the percentage of the representation of these
strains in the database, suggesting that these species have more SezV diversity than found in
SEE.

C. N- and C-terminal truncated sez} variants identified in several strains. Translated protein
sequences of these genes were not included in additional analyses of SezV. Species (SEZ, SEE,
or GAS) and strain name or WGS identifier is indicated on the left.

D. sezV variants interrupted by an insertion sequence transposase.
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Figure 2.10 (Continued)
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SezV from SEZ ATCC 35246. Thus, sezV appears to be a conserved transcriptional regulator.
However, 39 variants with single amino acid substitutions or small deletions were identified

(Figure 2.10B) along with several loci that contained more severe changes (Figure 2.10CD).

SzM/SeM/Spa is recognized by the antibody to PNAG in SEZ, SEE, and M18 GAS

Given the presence of szM and sez} orthologs in SEZ, SEE, and M18 GAS strains, we
investigated whether MADb F598 to PNAG recognized SzM-related proteins from additional
strains. Western blots of bacterial lysates derived from eight SEZ and SEE strains isolated from
horses with anti-SeM sera detected proteins of ~50 to 60 kD in all strains but longer exposures
were needed to detect the reactive band in some SEZ isolates (e.g. SEZ 14102 and 17006, Figure
2.11A, Figure 2.12A), whose SzM/SeM amino acid sequences differed more from that of SEZ
ATCC 35246 (WT) than those from the other SEE isolates. Notably, F598 recognized a protein
of size similar to that of the SzM reactive band in all strains tested except for SEZ 14102, an
isolate whose SzM sequence contained a 59 aa deletion (Figure 2.11A, Figure 2.12B). Thus, the
anti-PNAG F598 antibody is broadly reactive with diverse SzM/SeM proteins from equine SEZ
and SEE isolates.

We also investigated the expression of M and Spa proteins in M18 GAS isolates and
whether MADb F598 bound to any of these proteins. The genomes of five clinical M 18 isolates
were sequenced and assembled (Figure 2.13A). All five of these M 18 strains contained linked
and divergently oriented sezV and szM orthologs (spa). The locus containing sezV and spa was
not linked to the locus encoding the canonical M18 M protein (emm) or its associated regulator,
mga (Figure 2.11B). Western blotting of lysates from these five strains with the F598 MAb

revealed an ~60 kD band, whereas blots with the isotype control MAb F429 were negative
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Figure 2.11. Anti-PNAG antibody binds SzM/SeM/Spa in several SEZ, SEE, and GAS
strains.

A. Western blots of bacterial lysates of indicated SEZ and SEE strains after SDS-PAGE with
anti-SeM or F598 antibodies.

B. Genomic context of the sezV, spa (the szM ortholog) and mga loci in a canonical M18 GAS
strain, MGAS8232 (53).

C. Western blots of bacterial lysates of indicated SEZ and newly sequenced M 18 GAS strains
with F598, anti-SeM or anti-GAS M antibodies. The anti-GAS M serum was sera raised against
a purified, canonical GAS M protein. Lower bands in GAS strains may be indicative of M

protein degradation products, as seen in (18).
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Figure 2.11 (Continued)
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Figure 2.12. SzZM/SeM from several SEZ and SEE strains

A. Western blot of bacterial lysates from SEZ and SEE strains. Longer exposure of the
membrane demonstrates expression of SzM in SEZ 14102 and 17006. This is the same
membrane shown in Figure 2.11A (left).

B. Multiple sequence alignment of SzM/SeM from the indicated strains demonstrates that the
14102 strain has two large deletions in the relatively well conserved C-terminal region of the

protein.
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Figure 2.12 (Continued)
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(Figure 2.11C, Figure 2.13B). A very similar sized band was also detected in blots using anti-
SeM serum; this serum also weakly reacted with bands of ~46 and 34 kD, which likely
correspond to the M18 protein because bands of these sizes were seen in blots using anti M 18
antisera (Figure 2.11C). Notably, however, these two bands (likely corresponding to the M18
protein) were not detected with the anti-PNAG antibody. Thus, these M18 GAS strains appear to
express at least two M-like proteins, the canonical M18 M protein, which is not recognized by

F598, and Spa, which is bound by this anti-PNAG monoclonal antibody.

Discussion

Our investigation of genes required for surface PNAG reactivity in a porcine SEZ isolate
led to the identification of szM, which encodes an M-like protein and its linked activator sezV.
SzM/SeM/Spa (also called FgBP), is representative of a class of M-like proteins distinct from M,
Mrp, and Enn. SzM/SeM/Spa proteins appear to be decorated with a PNAG-like oligosaccharide,
although this conclusion is based on immunochemical analysis rather than definitive chemical
isolation of an oligosaccharide associated with these M-like proteins. Both szM and sezV are
required for robust SEZ virulence and homologues of these linked virulence genes were
identified in all SEZ, SEE and M18 GAS genomes in the database. Thus, the szM/seM/spa, sezV
locus appears to define a subtype of virulent streptococci.

We used labeled MAb F598 to PNAG to carry out a FACS-based screen of a Tn library in
SEZ strain ATCC 35246 to identify insertion mutants that were deficient in surface expression of
PNAG. The screen appeared to work well, and even after one round of selection, mutants lacking
F598 binding were identified (Figure 2.1C); after three rounds of selection, the population was

nearly uniformly PNAG negative. However, the library diversity was compromised by Tn

96



A Emm type (or subtype) B L
oy D

A N o

GAS M18 87-282 emm 18.1 1 AL AL AT 9Dk
# contigs 59 %?’ %6 55 %% %1 QQ
Total length 1850575
NS0 71739
GAS M18 9003 emm 18.1
# contigs 95
Total length 1888727
N50 38025
GAS M18 §5-77 emm 18
# contigs 64
Total length 1835639
NS0 74541

MAb F429
GAS M18 55-734 emm 18.17
# contigs 51
Total length 1849878
N50 85574
GAS M18 55-1272 emm 18.1
# contigs 49
Total length 1850497
N50 74220

# contigs refers to contigs >= 500 bp

Figure 2.13. Assembly statistics for newly sequenced GAS strains and lack of binding of the
isotype control antibody F429.

A. Assembly statistics for newly sequenced GAS strains. emm type and/or subtype indicated on
right determining via blastp for the M protein and typing via the CDC emm blast server.
Subtypes are indicated only if the queried M protein had 100% identity over 100% of the subject
typing sequence.

B. Western blot of bacterial lysates from SEZ and newly sequenced M 18 GAS strains.
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jackpots. Linkage between the phenotype (the absence of F598 binding to the Tn insertion
mutant) and the genotype (the site of transposon insertion) was not established for several
insertions. Whole genome sequencing led to the identification of mutations in the sezV, szM
locus that were shared among independently derived PNAG-negative SEZ mutants. We were
unable to enrich for PNAG negative cells when a WT (non-mutagenized) SEZ culture was FACS
sorted and it is not clear why PNAG negative mutants were easily detected in the Tn library.

Although SezV lacks sequence similarity to Mga, it appears to be a functional analogue
of this central GAS virulence activator. In GAS, Mga activates expression of virulence-
associated and linked M and M-like proteins (Mrp, Enn) (54, 55). Like Mga, SezV proved to be
a critical activator of SzM expression and to be required for SEZ virulence in mice. The SezV
regulon was relatively small as szM was the only locus with >5-fold reduction in transcript levels
in the absence of sezV. SezV does not appear to regulate expression of SzP, the other M-like
protein in SEZ/SEE, suggesting that there are additional SEZ virulence regulators that have yet
to be identified. SezV also appears to down regulate (directly or indirectly) the expression of
several genes, including an operon coding for the synthesis of a cne-containing fimbrial Fim 1
pilus. It is tempting to speculate that the SezV coordinated induction of SzM expression and
repression of pilus expression corresponds to a SEZ virulence program that facilitates the
organism’s dissemination from sites, such as the oropharynx, where it is a commensal, to sites
such as the blood stream, lungs, and brain, where it is pathogenic. The presence of the predicted
sensor kinase-like domain in SezV suggests the possibility that there may be host-derived stimuli
that trigger SezV activity.

The key role of SzM in SEZ virulence was not known, but a SzM homologue in SEE

(SeM) has been linked to virulence (16, 17). In addition, McLellan et al. (19) found that Spa, a
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SzM homolog in M18 GAS, appears to play a more substantial role in pathogenicity than the
canonical M 18 protein. Similar to canonical M proteins, SzM proteins likely promote virulence
through their immunomodulatory functions. Timoney and colleagues have demonstrated that
SzM from SEZ strain NC78 can inhibit phagocytosis and bind to and modify the activity of
components of the coagulation cascade such as plasminogen (9, 14). In addition to roles in
pathogenicity, SzM/SeM/Spa proteins from SEZ, SEE and M18 GAS have found to be effective
immunogens eliciting protective immune responses (9, 14, 16, 18). Our analysis of
SzM/SeM/Spa sequences from ~300 strains revealed that the highest variability is present in the
N-terminal regions, whereas the C-terminal coiled-coil domains are more conserved. There
appears to be greater variability in SEZ vs SEE, consistent with the idea that SEZ as a whole is
more genetically variable than SEE (Figure 2.9E).

Unexpectedly, SzM and its activator SezV answered the screen for mutants that were not
bound by a MAb (F598) to PNAG. Two observations lend support to the idea that SzM is
decorated by a PNAG-like carbohydrate. First, purified SzM was bound by F598, whereas F429,
an isotype matched control antibody that includes identical constant regions as F598, bound with
much lower affinity. Second periodate and dispersin B, reagents that cleave carbohydrates,
ablated SzM’s reactivity with MAb F598, but not to anti-SeM sera. Specific glycosylation of
proteins with oligomers of PNAG (or a related oligosaccharide) has not been described, but O-
glycosylation of a streptococcal adhesin has been reported (56). However, it is premature to
conclude that SzM is decorated by a PNAG-related oligosaccharide. We did not identify N- or
O-linked oligosaccharides bound to SzM by mass spectrometry and the transposon screen did not
yield genes obviously implicated in synthesis of a polysaccharide. Regardless of whether F598 is

recognizing an oligosaccharide-linked to SzM, our observation that this antibody binds to a
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wide-range of SEZ, SEE and M18 GAS strains raises the possibility that immunity to PNAG
may have therapeutic applications in animal and human diseases caused by streptococci bearing

SzM-like M proteins.
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Materials and Methods

Bacterial strains and growth

Streptococcal bacteria were routinely grown aerobically in THY (Todd Hewitt Broth + 0.5%
Yeast extract) media with shaking or THY agar at 37°C. For GAS strains, liquid cultures were
grown aerobically without agitation at 37°C. Antibiotics, when used, were included at the
following concentrations: Spectinomycin (Spc) 100 pg/mL, Kanamycin (Km) 300 pg/mL. E.
coli bacteria were routinely grown in lysogeny broth (LB) media or agar. Antibiotics were used
at the following concentrations: Carbenicillin (Carb) 100 pg/mL, Km 50 pg/mL.

For growth curves, a fresh colony was picked, inoculated in THY media, and grown to log-phase
(4-6 h) at 37°C. After harvesting by centrifugation, the supernatant was discarded and each pellet
was resuspended in fresh THY to OD600 = 0.50, and then diluted 10x with the same medium to
an OD600 ~ 0.05. 200 pL of culture was then added per well of a honeycomb plate, with 5
replicates for each sample. A Bioscreen C (Growth Curves USA) growth curve machine was

used to measure the OD600 over 24h with measurements every 10 min.

Immunofluorescence Microscopy

Stationary phase bacteria were labeled with F598 or F429 conjugated to AF488 at room
temperature for 4 h after being fixed in ice cold methanol for 1 min. Widefield microscopy was
performed on a Nikon Eclipse Ti microscope. Slides were fixed in ProLong Diamond Antifade

Mountant with DAPI (Invitrogen).
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Transposon library construction

A transposon library was constructed in SEZ ATCC 35246 using the pMar4s transposon
plasmids by modifying a method used for Tn library construction in GAS (33, 57). A detailed
graphical depiction of the method can be found in Figure 2.2A. Briefly, 1 ug of purified pMar4s
plasmid was electroporated into SEZ. Transformants were resuspended in 5 ml THY+10%
sucrose recovery broth and cultured at 28°C for 4 h. Bacteria were spread on a THY plate with
Km and Spc after dilution and incubated at 28°C for 3 days. More than 100 individual colonies
were screened to verify that pMar4s was present as an independent plasmid (i.e. had not yet
undergone integration or transposition). Each colony was streaked onto 6 different plates with
various antibiotics and grown at 28°C for 3 days or overnight at 37°C as shown in Figure 2.2A.
Colonies that were unable to grow on a THY+ Spc plate at 37°C were collected from Spc and
Km THY plates, and frozen stocks were made (25% glycerol). After re-verifying the antibiotic
resistance profile of the frozen stock strains, a final Tn library was constructed by spreading >
5.4 x 10° colonies from a frozen stock onto 245 cm? square plates (Corning) of THY media, and
incubating at 37°C overnight. Colonies were scraped from the plate with THY broth and mixed,

and after adding glycerol (25% final concentration) the library was frozen at -80°C.

FACS-based PNAG screen

Flow cytometry and FACS was performed on a Sony SH800S Cell Sorter. For routine
measurement of antibody binding, live bacteria were labeled with MAb F598 or F429 conjugated
to Alexa Fluor 488 (AF488). FACS enrichment of the SEZ transposon library was conducted as
follows. An aliquot of the library was stained with AF488-F598 prior to loading on the FACS.

Bacteria whose fluorescence intensity was below a specified threshold, the lowest ~10% (screen
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A) and ~20% (screen B) of AF488-F598 labeled bacteria were collected. After enrichment,
bacteria were outgrown overnight in either (A) liquid THY + 1% dextrose media or (B) solid
THY plates prior to re-enrichment on the FACS using a similar threshold as the first round. For
bacteria grown on solid THY, prior to FACS sorting, the bacteria were scraped from the plate
and resuspended in THY media. With each round, the percentage of bacteria that were below the
threshold increased. There were 2 rounds of selection for screen A and 3 for screen B. Bacteria
from each round and the input were collected and genomic DNA was extracted for Tn-seq.
Several individual bacterial colonies from the final round of each screen were also picked and
stored as frozen stocks. Some of these non F598 binding strains were subjected to WGS, leading

to bacterial strains with transposon insertions in RS01795, sezV (RS09465), and szM (RS09460).

Tn-seq analysis

Tn-seq library construction and data analysis was performed as previously described (58—60);
briefly, genomic DNA was extracted, transposon junctions amplified (a custom primer,
Himmer3outMar, was designed for the pMar4s transposon plasmid), sequencing was performed
on an [llumina MiSeq, and data was analyzed using a modified ARTIST pipeline. Sequence
reads were mapped onto the SEZ ATCC 35246 genome. Reads at each TA site were tallied and
assigned to annotated genes. We sequenced the original Tn library as well as the input Tn library
used for the FACS screen (a thawed aliquot of the original Tn library) and the output Tn libraries
after FACS selection for absence of F598 binding. For each output sample, a multinomial
distribution based on the distribution in the output sample was used to re-sample reads in the
corresponding input sample multiple times and total reads in the simulated inputs was adjusted to

match that of the respective output sample. A Mann-Whitney U (MWU) test was used to identify
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genes that have significantly different insertion profiles and read distributions between the output
and simulated input samples; note that only sites in which there were nonzero reads in either the
simulated input and/or output were used, as has been previously described (58). The log2 fold
change was also calculated for each gene based on the reads in the output and simulated input
library. Genes were filtered based on their containing at least 5 TA sites with a representative

mutant in the input library, a log2 fold change of at least 1, and MWU p-value of at least 0.05.

Whole Genome Sequencing

Genomic DNA was purified from stationary phase cultures of bacteria using the Masterpure
Gram Positive DNA Purification Kit (Epicentre cat. MGP04100). DNA concentration was
adjusted prior to library preparation and sequencing at the Biopolymers Facility at Harvard
Medical School. Libraries were constructed using the Nextera XT kit (Illumina) and paired-end
sequencing was performed on a MiSeq (Illumina) with dual-indexing and 2x75 bp reads. Reads
were mapped to the SEZ ATCC 35246 reference genome using bwa (61). Nucleotide variants
were called as previously described (60), using GATK (ver 3.5) (62), annotated using
ANNOVAR (63), and filtered and compared using vcftools (64). For identification of transposon
insertions in WGS reads, reads were processed as for Tn-seq analysis. Putative mutations that
result in loss of MAb F598 binding were found by identifying mutations present in the strains
that could not bind F598 and absent from strains that could bind F598. For newly sequenced
GAS strains, libraries were prepared and sequenced as for SEZ strains. However, in this case,
[llumina reads were trimmed with sickle (ver 1.33) (65) and assembled using SPADES (ver

3.11.1) (66). Quast (ver 5.0.2) (67) was used to determine the assembly statistics.
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Strain construction

Single gene deletions in SEZ ATCC 35246 were constructed as previously described (42) using
the temperature sensitive shuttle plasmid pSET4s (68). Upstream and downstream regions of
each gene were cloned into pSET4s, which confers Spc resistance. The constructed plasmids
were introduced into competent SEZ cells via electroporation using the following settings:
voltage: 2500V, Capacitance: 25uF, Resistance: 200Q2. The transformed bacteria were grown at
37°C in THY broth + Spc to generate, single-crossovers. Double-crossover mutants were
generated by repeatedly passaging the single-crossover strains at 28°C on THY without Spc. The
gene deletions were verified by PCR and Sanger sequencing.

To construct complementation plasmids, the sezV and szM genes were amplified by PCR
from SEZ ATCC 35246 genomic DNA and inserted into the pSET2 plasmid (69). For the szM
gene, the constructed plasmid was amplified in E. coli DH5a before electroporation into SEZ.
For the sezV gene, a dialyzed Gibson assembly production of pSET2 and sez) was used to
directly transform SEZ. For complementation with RS00930, the RS00930 gene, containing a
synonymous amino acid mutation, was cloned into pSET4s and used to restore the RS00930
gene in its native chromosomal locus.

PCR was routinely performed using Phusion High-Fidelity DNA Polymerase (NEB) and
plasmids were constructed via Gibson assembly using the NEBuilder HiFi DNA Assembly

Master Mix (NEB).
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Electron Microscopy

Bacterial samples were submitted to the Electron Microscopy Facility at Harvard Medical School
as colonies grown on solid media THY plates. Scanning EM (SEM) was performed on bacterial

samples fixed via glutaraldehyde.

Quantitative Reverse Transcriptase PCR

RNA was isolated from 3 ml log-phase cultures of bacteria. After harvesting bacteria via
centrifugation, 50 mg of 0.1 mm glass beads were added to the tube along with 1 ml TRIzol
(Invitrogen). After homogenizing the mixture vigorously for 2 min, chloroform extraction was
performed followed by purification using the RNEasy Kit (Qiagen). The RNA was subject to
DNAase treatment and then reverse transcribed using SuperScript II RT (Invitrogen). Fast SYBR
Green Master Mix was used for qPCR reactions, and all reactions were conducted with an ABI

StepOne real-time PCR system.

RNA sequencing

RNA was isolated from log-phase cultures of bacteria as described above for qPCR.

RNA-seq library construction and sequencing was performed by Genewiz, Inc
(www.genewiz.com). Briefly, RNA was depleted of rRNA using the Illumina RiboZero kit and
sequencing libraries were prepared using the NEBNext Ultra kit. Paired-end sequencing of
libraries was performed on a single lane of a HiSeq 4000 (Illumina) with single-indexing and
2x150 bp reads. Total reads per sample were ~40+ million, well above the number recommended
for bacterial differential gene analysis given the genome size of SEZ (70). Reads were mapped to

the SEZ ATCC 35246 genome using bwa-mem (61), and read counts per gene were generated

107



using the Rsubread package (ver. 1.34.6) (71) in the R computing environment. Differential gene
analysis was performed using the DESeq2 package (ver. 1.24.0) (72) in R. Genes were filtered
based on outputs of DESeq2, using a log2 fold change magnitude of 1 and an adjusted p-value of

0.05. A volcano plot was generated using the EnhancedVolcano package in R.

Animal Experiments

Female C57Bl/6J mice aged 6-8 weeks obtained from the Jackson Laboratory were used for all
experiments. Animal experiments were performed as previously described (42), using protocols
approved by the BWH IACUC. Mouse experiments were conducted according to the
recommendations of the National Institutes of Health Guide for the Care and Use of Laboratory
Animals. Adult mice were euthanized via isoflurane inhalation and subsequent cervical
dislocation. IV infections were performed via tail-vein injection of 1x107 cfu of log-phase
bacteria. For determination of tissue burdens, 24 hours after inoculation, the animals were
sacrificed, dissected, and tissues were homogenized, and serial dilutions of the homogenates
were plated on THY media to enumerate bacterial cfu. For bacterial burden in the blood, prior to
sacking, 20 uL of blood was drawn and serial dilutions were plated on THY media.

Data from animal experiments was analyzed in Prism (ver 8) (GraphPad). The Mantel-
Cox was used for statistical analyses of the Kaplan-Meier survival curves and the Kruskal-Wallis

was with Dunn’s multiple-comparison test used comparing the tissue cfu burdens.

Western Blots

LDS loading dye (NEB) was added to samples, which were then boiled at 95°C for 10 min prior

to running on SDS-PAGE gels. Either Novex Sharp Pre-stained Protein Standard (Invitrogen) or
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SeeBlue Pre-stained Protein Standard (Invitrogen) were used as molecular weight markers.
Transfer was performed using the iBlot2 (Thermo Fisher Scientific) system. Membranes were
blocked in 1% BSA, 5% powdered milk prior to blotting with primary antibodies. Antibodies
were used at the following concentrations: F598 (13 pug/ml), F429 (13 pg/ml)), anti-SeM sera
(1:1000), anti-M sera (1:1000), HRP conjugated goat anti-rabbit IgG antibody (1:10000, ab6858,
Abcam), HRP conjugated goat anti-human IgG antibody (1:10000, A4914, Sigma). The anti-
SeM and anti-M sera were both gifts from Gunnar Lindahl. The anti-SeM sera was raised against
the full length SeM protein. The anti-M sera (13) was raised against the C-terminal BCW-region,
which contains the B repeats, the conserved C repeat, and the conserved W (wall-spanning)
region of the S. pyogenes M5 protein. SuperSignal Chemiluminescent Substrates (Thermo Fisher
Scientific) was used as the HRP substrates. Gels and western blots were imaged with a

ChemiDoc Imaging Systems (Bio-Rad).

Immunoprecipitation

A 50 mL of overnight cultured bacteria was harvested by centrifugation at 16,000g for 2 min.
After discarding the supernatant and re-suspending the pellet in 1ml 0.5 M EDTA, the samples
were boiled for 5 min to lyse the cells and then centrifuged at ~ 20,000 g for 5 min and the
resulting supernatants was used as the bacterial lysates. The lysates were filtered through an
Amico Ultra-4 10K centrifugal filter device to remove EDTA, and mixed with PBS-T (PBS
pH7.4 with 0.01% Tween 20). Dynabeads Protein G (Invitrogen) were used for
immunoprecipitation. Briefly, 5 pg of F598 or 5 pl anti-M serum were diluted in 200 pl PBS-T
and rotated for 30 min with 50 pl magnetic beads at room temperature. The beads were washed

once with 200 ul PBS-T. After removing the supernatant with a magnet rack and adding 1ml of
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bacterial lysate with protease inhibitors, the mixture was incubated with rotation for 1 h at room
temperature or overnight at 4°C to allow the antigen to bind to the magnetic bead-Ab complex.
Beads were washed 3 times with PBS-T, and then eluted by adding 20 pul of 50 mM glycine

pH2.8 and incubating at 70°C for 10 min.

Periodate & Dispersin B Treatments

Bacterial lysates or purified PNAG polysaccharide were mixed with 0.4 M periodate dissolved in
PBS at 1:1 (v/v) and incubated at 37°C for 1 h. The final concentration of Dispersin B used for
bacterial lysate or PNAG polysaccharide treatment was 500 pg/ml, and samples were incubated

at 37°C for 24 h.

Computational analyses

The nucleotide sequence of the sezV-szM locus from ATCC 35246 plus additional flanking
sequence was used as a query in blastn searches of the NCBI complete and WGS prokaryotic
genomes to identify strains of streptococci and related genera that contain the two genes
szM/seM/spa and sezV. Thresholds for identifying homologs were an alignment of >200
nucleotides for szM and an alignment of >300 nucleotides for sezV. These settings yielded only
one homolog in each strain that contained a homolog. SzZM homologs were not identified in some
strains using more stringent settings; these strains were subsequently identified as containing
class II or III szM homologs. Protein sequences were aligned using MUSCLE (ver 3.8.31) (73).
Sequence alignments were visualized in Seaview (ver 4.7) (74) and Genome Workbench (ver

3.0.0) (NCBI).
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Protein sequences were clustered with MMSeqs2 (29, 75), using the normal/slow
sensitive settings. For identification of representative alleles, 80% minimum sequence identity
and 80% minimum alignment coverage was used; for identification of distinct classes of
szM/seM/spa, the thresholds were both adjusted to 50%. Similarity of amino acids across a
multiple sequence alignment was conducted using plotcon (76). Similarity (y-axis) represents the
sequence conservation over a set of adjacent residues. The similarity at one position is calculated
as the average of all possible pairwise substitution scores (taken from a similarity matrix) of the
residues at the position. The average of position similarities over a set of adjacent residues is
graphed in Figure 2.8C and 2.10A.

Distance between genes szM/seM/spa and sezV was determined as the distance between
the first base of either gene that occurred first in the strain’s genome and the first base of the
second gene. Orientation of transcription of the szM/seM/spa and sezV genes was determined
based on genomic annotations and subsequently compared, taking into account the order in
which the genes occurred in the genome.

Identification of the loci in newly sequenced and assembled streptoccocal strains was
performed using blastn from blast+ (ver 2.7.1) (NCBI). Open reading frames were identified
using ORFfinder (NCBI). emm (M protein) typing was performed by identifying the annotated M
protein in the strain and the CDC emm blast server (Streptococci Group A Subtyping Request
Form Blast 2.0 Server; https://www2a.cdc.gov/ncidod/biotech/strepblast.asp). For newly
sequenced GAS strains, the M protein was identified using blast+ (tblastn), the top hit was
chosen, and the sequence was then input into the CDC emm blast server to type the strain.

M18 strains were identified among the GAS strains using tblastn. The M protein from

MGAS 8232 was used as the query sequence to identify additional M18 strains. Thresholds for
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e-value and percent identity were lowered until the aligned M protein sequence began to be
mapped to a different emm type, which was determined manually by inputting the M protein
sequences into the CDC emm blast server. Based on the final thresholds, a total of 15 M18

strains were identified among the GAS strains analyzed.

Mass spectrometry

Mass spectrometry of immunoprecipitated and gel-purified SzM was carried out at the Taplin
Biological Mass Spectrometry Facility, Harvard Medical School. In-gel trypsin digestion was
performed prior to mass spectrometry analysis. Analysis of O-linked and N-linked glycans on
SzM was performed at the National Center for Functional Glycomics. Briefly, N- and O- linked
glycans were obtain from SzM and fetuin, a control glycosylated protein, by treating proteins
with PNGaseF, to obtain the N-link glycans, and then subsequently with sodium borohydride

(NaBHa4), to obtain the O-linked glycans.

Data availability

[llumina reads for the WGS and RNA-seq experiments have been uploaded to the NCBI Short
Read Archive (SRA) with the following BioSample accession numbers: SAMN12770224-25,

SAMNI12772038-42, and SAMN12784884-89.
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Abstract

Shigella species cause diarrheal disease globally. Shigellosis is typically characterized by
bloody stools and colitis with mucosal damage and is the leading bacterial cause of diarrheal
death worldwide. Following oral ingestion, the pathogen invades and replicates within the
colonic epithelium through mechanisms that rely on its type III secretion system (T3SS).
Currently, oral infection-based small animal models to study the pathogenesis of shigellosis are
lacking. Here, we found that oro-gastric inoculation of infant rabbits with S. flexneri resulted in
diarrhea and colonic pathology resembling that found in human shigellosis. Fasting animals prior
to S. flexneri inoculation increased the frequency of disease. The pathogen colonized the colon,
where both luminal and intraepithelial foci were observed. The intraepithelial foci likely arise
through S. flexneri spreading from cell-to-cell. Robust S. flexneri intestinal colonization, invasion
of the colonic epithelium, and epithelial sloughing all required the T3SS as well as IcsA, a factor
required for bacterial spreading and adhesion in vitro. Expression of the proinflammatory
chemokine IL-8, detected with in situ mRNA labeling, was higher in animals infected with wild-
type S. flexneri versus mutant strains deficient in ics4 or T3SS, suggesting that epithelial
invasion promotes expression of this chemokine. Collectively, our findings suggest that oral
infection of infant rabbits offers a useful experimental model for studies of the pathogenesis of

shigellosis and for testing of new therapeutics.
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Importance

Shigella species are the leading bacterial cause of diarrheal death globally. The pathogen
causes bacillary dysentery, a bloody diarrheal disease characterized by damage to the colonic
mucosa and is usually spread through the fecal-oral route. Small animal models of shigellosis
that rely on the oral route of infection are lacking. Here, we found that oro-gastric inoculation of
infant rabbits with S. flexneri led to a diarrheal disease and colonic pathology reminiscent of
human shigellosis. Diarrhea, intestinal colonization and pathology in this model were dependent
on the S. flexneri type 111 secretion system and IcsA, canonical Shigella virulence factors. Thus,
oral infection of infant rabbits offers a feasible model to study the pathogenesis of shigellosis and

to develop and test new therapeutics.
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Introduction

Shigella species are Gram-negative, rod-shaped bacteria that cause bacillary dysentery, a
severe and often bloody diarrheal disease characterized by inflammatory colitis that can be life-
threatening (1). This enteric pathogen, which is spread by the fecal-oral route between humans,
does not have an animal reservoir or vector (1). Annually, Shigella infections cause tens of
millions of diarrhea cases and ~200,000 deaths (2, 3). It is likely the leading cause of diarrheal
mortality worldwide in individuals older than 5 years (2, 3). Most Shigella infections are
attributable to S. flexneri, one of the four Shigella species, although in developed nations the
prevalence of S. sonnei is higher (4-7).

The pathogen primarily causes colonic pathology that usually includes mucosal
ulceration and erosion due to sloughing of epithelial cells, and is typically characterized by acute
inflammation, with recruitment of neutrophils and plasma cells, congestion of blood vessels,
distorted crypt architecture, and hemorrhage (8, 9). While inflammatory responses to Shigella
invasion of colonic epithelial cells were thought to be the underlying cause of epithelial cell
destruction and hemorrhage, recent evidence suggests that pathogen-mediated destruction of
epithelial cells also plays a role in the development of pathology (10).

Shigella pathogenesis is attributable to a multifaceted set of virulence factors that enable
the pathogen to invade and proliferate within the cytoplasm of colonic epithelial cells and evade
host immune responses. The pathogen can also infect and rapidly kill macrophages (11). Most
known virulence factors are encoded on a large (>200 kbp) virulence plasmid, which is required
for Shigella pathogenicity (12—14). Key virulence determinants include a type III secretion
system (T3SS) and its suite of protein effectors that are injected into host cells (15), and the cell

surface protein IcsA, which directs polymerization of host actin and enables intracellular
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movement (16, 17). The force generated by intracellular actin-based motility allows the pathogen
to form membrane protrusions into neighboring uninfected cells, which the pathogen
subsequently enters. Cell-to-cell spread is thought to promote pathogen proliferation in the
intestine and evasion of immune cells (11). The ~30 T3SS effector proteins encoded by Shigella
strains have varied functions, but primary roles include facilitating invasion of epithelial cells
and suppression of host immune responses including cytokine production.

Among animals used to model infection, only non-human primates develop shigellosis
from oral inoculation (18); however, the expense of this model limits its utility. Several small
animal models of Shigella infection have been developed, yet none capture all the features of
natural human infection. Historically, the Sereny test was used to identify Shigella virulence
factors required for induction of an inflammatory response (19); however, this ocular model
bears little resemblance to natural infection. The adult rabbit ligated ileal loop model has proven
useful for the study of Shigella virulence factors (20). However, this model bypasses the normal
route of infection and challenges the small intestine, which is not the primary site of pathology in
human infections. Intra-rectal guinea pig infection induces colonic pathology and bloody
diarrhea (21), and has been used to dissect the contribution of Shigella and host factors in several
aspects of pathogenesis (22—-24). Adult mice, the most genetically tractable mammalian model
organism, are recalcitrant to developing disease when inoculated orally (25). As an alternative to
oral inoculation, an adult mouse pulmonary model of Shigella infection involving intranasal
inoculation of mice with Shigella has been developed (26); this model provides a platform to
investigate host immune responses and vaccine candidates (27, 28), and has improved
understanding of the innate immune response to Shigella infection (29). In contrast to adult mice,

infant mice are susceptible to oral inoculation within a narrow window of time after birth, and
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inoculation with a high dose of the pathogen leads to mortality within a few hours; however,
pathology is evident in the proximal small intestine rather than the distal small intestine or colon,
and infected suckling mice do not develop diarrhea or intestinal fluid accumulation (30, 31). A
zebrafish larvae model, in which the Shigella T3SS is required for pathogen virulence, has been
useful for characterizing cell mediated innate immune responses to Shigella due to the ability to
image infection in vivo (32, 33). Recently, an infant rabbit intra-rectal inoculation model was
described in which animals develop disease and rectal pathology reminiscent of natural
infections (10). The lack of a robust, oral inoculation-based, small animal model of shigellosis
has limited understanding of the role of virulence factors in pathogenesis, particularly of the
importance of such factors for enabling intestinal colonization and for generating pathology and
clinical signs.

Here we found that oro-gastric inoculation of infant rabbits with S. flexneri results in
severe disease resembling human shigellosis. Orally infected animals develop diarrhea and
colonic pathology marked by damage to the epithelial cell layer and edema. Furthermore, the
pathogen invaded and appeared to spread between colonic epithelial cells. We found that both
the T3SS and IcsA were required for signs of disease, intestinal colonization and pathology. In
addition, invasion of the pathogen into the epithelial cell layer was required for induction of host
IL-8 expression. In situ mRNA labeling revealed that induction of IL-8 transcripts occurs
primarily in cells adjacent to invaded epithelial cells, and not in the infected cells. Thus, our
findings suggest that the oro-gastric infant rabbit model provides a powerful and accessible small
animal model for further investigation of factors contributing to Shigella pathogenesis and for

testing new therapeutics.
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Figure 3.1. Clinical signs and gross pathology of infant rabbits following oro-gastric
inoculation of S. flexneri.

A. Clinical signs in infant rabbits infected with S. flexneri or isogenic mutant strains. Statistical
significance for development of diarrhea between the animals in the WT group and in each of the
other groups was determined using a Fisher’s exact test.

B-C. Hind regions of animals inoculated with the WT strain (B) or an uninfected animal (C).
Arrows indicate liquid feces stuck on anus and hind paws.

D. Colons from animals inoculated with the WT strain (left) or of an uninfected animal (right).
Arrowheads point to regions of liquid feces and arrows indicate solid fecal pellets.

E. Body temperature of animals inoculated with the indicated strains 36 hpi or when they became
moribund. Standard error of the mean values are superimposed. Disease +/- indicates whether or
not animals developed diarrhea or became moribund early; all groups were compared to the WT
(diarrhea +) group using a Kruskal-Wallis test with Dunn’s multiple-comparison. p-values:
<0.05, *; <0.01, **; <0.001, ***,

F. Percentage change in weight of infant rabbits infected with the WT strain, grouped by whether
or not they developed disease (+/-). Percentage change in weight is calculated as difference
between the final weight of the animal at 36 hpi or the last weight measurement taken when they
became moribund (final) and the initial weight of the animal upon arrival in the animal facility
(initial). Means and standard error of the mean values are superimposed. Groups were compared

with a Mann-Whitney U test. p-values: <0.05, *.
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Figure 3.1 (Continued)
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Results
Infant rabbits develop diarrhea following oro-gastric inoculation with S. flexneri

In previous work, we found that oro-gastric inoculation of infant rabbits with
Enterohemorrhagic Escherichia coli (EHEC), Vibrio cholerae, and V. parahaemolyticus (34-36)
leads to diarrheal diseases and pathologies that mimic their respective human counterparts. Here,
we explored the suitability of oro-gastric inoculation of infant rabbits to model Shigella
infection. S. flexneri 2a strain 2457T, a human isolate that is widely used in the research
community as well as in challenge studies in humans (37), was used in this work. We utilized a
streptomycin resistant derivative of this strain for infections to facilitate enumeration of pathogen
colony forming units (cfu) in samples from the rabbit intestine. This strain, which contains a
point mutation resulting in a K43R mutation in the small (30S) ribosomal subunit protein RpsL,
retains the full virulence plasmid and grows as well as the parent strain.

In order to investigate infant rabbits as a potential Shigella host, we orally inoculated two
to three-day-old rabbits that were co-housed with their dam and then monitored for signs of
disease. There was considerable variability in the development of diarrhea and colonization in
initial studies using suckling rabbits fed ad libitum. Previous work using four-week-old rabbits
suggested that a milk component could protect animals from disease by degrading the Shigella
T3SS components (38, 39); consequently, additional experiments were performed with infant
rabbits separated from their lactating dam for 24 hours prior to inoculation. Using this protocol,
we obtained more reliable clinical disease and robust intestinal colonization. By 36 hours post
infection (hpi), the majority (59%) of animals developed diarrhea, which was grossly visible as
liquid fecal material adhering to the fur of the hind region of the rabbits (Figure 3.1A-C), and

high levels of intestinal colonization; occasionally the diarrhea was frankly bloody. We chose the
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Figure 3.2. Factors influencing development of diarrheal disease in infant rabbits after oro-
gastric inoculation of S. flexneri.

A-B. Bacterial burden of S. flexneri in the indicated intestinal sections 36 hpi; SI = small
intestine. Each point represents measurement from one rabbit. Data plotted as log transformed
colony forming units (cfu) per gram of tissue. Means and standard error of the mean values are
superimposed. Open circles represent the limit of detection of the assay and are shown for
animals where no cfu were recovered. For each anatomical section, groups were compared with a
Mann-Whitney U test. p-values: <0.05, *; <0.01, **; <0.001, ***. (A) ‘disease +’ refers to
animals infected with the WT S. flexneri strain that developed disease (diarrhea or became
moribund early), ‘disease -’ refers to animals infected with the WT S. flexneri strain that did not
develop disease. (B) ‘unfasted’ refers to animals fed ad libitum prior to inoculation, ‘fasted’
refers to animals separated from dams for 24 hours prior to inoculation.

C. Initial body weights of infant rabbits inoculated with WT S. flexneri, grouped based on
whether animal developed disease (diarrhea or early mortality). Means and standard error of the

mean values are superimposed. Groups were compared with a Mann-Whitney U test.
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Figure 3.2 (Continued)
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36 hpi timepoint because from preliminary timecourse experiments we observed that all animals
that were going to develop diarrhea developed disease by this timepoint and there was significant
intestinal pathology at this time. Upon necropsy, the colon of infected animals was often bloody
and contained liquid fecal material, in contrast to that of uninfected animals, which contained
solid fecal pellets (Figure 3.1D). Furthermore, some infected rabbits (27%) succumbed to
infection rapidly and became moribund prior to 36 hpi, though not all of these animals developed
diarrhea (Figure 3.1A). Infected animals had highest bacterial burdens in the colon as well as the
mid and distal small intestine (Figure 3.2AB & 3.3A). The development of disease was
associated with higher pathogen burdens in the colon (Figure 3.2A). Separation of kits from the
dam prior to inoculation led to a statistically significant elevation in intestinal colonization
(Figure 3.2B).

Although not all S. flexneri inoculated animals developed signs of disease, infected
rabbits that developed diarrhea or died early displayed additional disease signs. The animals that
developed disease had significantly lower body temperatures than uninfected animals (8-9°C
lower than uninfected, Figure 3.1E), and they had significantly smaller gains in body weight than
infected animals without disease (-2% vs 13%) (Figure 3.1F) over the course of the experiment.
Despite the relatively large intra- and inter-litter variation in body weight, with a constant
pathogen dose per animal (1x10° colony forming units, cfu), a lower initial body weight did not
appear to be a risk factor for the development of disease (Figure 3.2C).

Histopathologic examination of the intestines from infected rabbits revealed colonic
pathology reminiscent of some of the features observed in infected human tissue, including
substantial edema (Figure 3.3B) as well as sloughing of colonic epithelial cells (Figure 3.3C). In

unusual cases, there was massive hemorrhage in the colonic tissue of infected rabbits (Figure
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Figure 3.3. Intestinal colonization and colonic pathology in infant rabbits infected with S.
flexneri.

A. Bacterial burden of S. flexneri in the indicated intestinal sections 36 hpi; SI = small intestine.
Each point represents measurement from one rabbit. Data plotted as log transformed colony
forming units (cfu) per gram of tissue; mean values are indicated with bars. Open circles
represent the limit of detection of the assay and are shown for animals where no cfu were
recovered.

B-D. Representative haematoxylin and eosin-stained colonic sections from infected animals
(B,C) 36 hpi or uninfected animals (D). Arrowheads in (B) indicate areas of edema in the lamina
propria. Arrowheads in (C) indicate areas where the epithelial cell layer is absent. Arrows in (D)
point to the intact layer of epithelial cells seen in the colon. The dashed lines indicate the

presence (inset, D) or absence (inset, C) of the epithelial cell layer. Scale bar is 100 pm.
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Figure 3.3 (Continued)
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Figure 3.4. Examples of severe colonic pathology in infant rabbits inoculated with S.
flexneri infection.

A-B. Haematoxylin and eosin-stained colonic sections of severe hemorrhage in lamina propria
and colonic lumen from animals infected with the WT strain at 36 hpi. Arrowheads in (A)
indicate either an area of hemorrhage in the lamina propria or hemorrhage spreading to the
lumen (inset, A). (B) Hemorrhage and epithelial cell sloughing in colonic lumen. Scale bar is 100

um.
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Figure 3.4 (Continued)
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3.4). Uninfected rabbits, which were similarly fasted, did not display colonic pathology and had
no edema or disruption of the surface layer of epithelial cells (Figure 3.3D). Notably, although
the bacterial burden in the colon was similar to that of the distal small intestine (Figure 3.3A),
substantial pathology was not observed in the distal small intestine, suggesting organ-specific

host factors influence the development of intestinal pathology.

S. flexneri invades colonic epithelial cells after oro-gastric infection

Tissue sections from the colons of infected rabbits were examined with
immunofluorescence microscopy to determine the spatial distribution of S. flexneri in this organ.
The pathogen, which was labeled with an anti-Shigella antibody, was detected in the intestinal
lumen and in many scattered foci within the epithelium (Figure 3.5AB). At low magnification,
the signal from the immunostained pathogen appeared to overlap with epithelial cells (Figure
3.5A-C). At high magnification, immunostained S. flexneri was clearly evident within the
boundaries of epithelial cells, which were visualized with phalloidin staining of actin and an
antibody against E-cadherin (Figure 3.5D). Several S. flexneri cells were frequently observed
within an infected epithelial cell. In some infected epithelial cells, we observed S. flexneri cells
associated with phalloidin stained actin tails (Figure 3.5E), and in other foci, we observed S.
flexneri in protrusions emanating from a primary infected cell with many cytosolic bacteria
(Figure 3.5F, asterisk), similar to structures seen in Shigella infections of tissue cultured cells
(40, 41). The detection of actin tails and protrusions supports the hypothesis that the pathogen is
actively spreading within the epithelial cell layer in the colon. S. flexneri cells were primarily
localized to the epithelial cell layer and were infrequently observed in the lamina propria, the

region of the intestinal wall directly below the epithelial cell layer. We did not find bacteria in
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Figure 3.5. Localization of S. flexneri in the colons of infected infant rabbits.

A-F. Immunofluorescence micrographs of S. flexneri in colonic tissue of infected rabbits 36 hpi.
(A) S. flexneri bacteria were found in large numbers in epithelial foci (A, arrowheads point to
selected foci). Scale bar is 500 pm. (B) S. flexneri bacteria in the lumen of the colon; the
intestinal lumen and intestinal wall are labeled. Scale bar is 500 um. (C) Arrowheads show
infection foci where multiple neighboring cells contain intracellular S. flexneri. Scale bar is 100
um. (D) Immunofluorescence z-stack micrograph of S. flexneri within colonic epithelial cells.
Scale bar is 10 um. Left (square) panel shows xy plane at a single z position, indicated by the
horizontal axis of the cross-hairs in the yz projection. Right (rectangular) panel shows yz
projection along the plane indicated by the vertical axis of the cross-hairs in the xy plane. Scale
bar is 10 um. (E) Immunofluorescence micrograph of S. flexneri associated with actin tails
within colonic epithelial cells. Arrows point to poles of S. flexneri bacterial cells from which the
actin tail is formed. Scale bar is 10 um. (F) Immunofluorescence micrograph of S. flexneri
forming protrusions during cell-to-cell spread between colonic epithelial cells. Asterisk marks a
likely primary infected cell. Scale bar is 10 um. Panels show zoomed region of phalloidin or
anti-Shigella channels. Scale bar is 5 um. Arrow points to actin surrounding the bacterial cell in a
protrusion, arrowheads indicate the actin tail and actin cytoskeleton inside the protrusion at the
pole of the bacterial cell and at the base of the protrusion. Blue, DAPI; green, FITC-conjugated
anti-Shigella antibody; red (A-C or magenta in D-F), phalloidin-Alexa 568; and when present,
red (D), anti-E-cadherin.

G. Bacterial burden of S. flexneri WT strain in the indicated intestinal sections 36 hpi. Each point
represents measurement from one rabbit. Data plotted as log transformed colony forming units

(cfu) per gram of tissue; means and standard error of the mean values are superimposed. Open
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Figure 3.5 (Continued)
symbols represent the limit of detection of the assay and are shown for animals where no cfu
were recovered. Statistical significance was determined with a Kruskal-Wallis test with Dunn’s

multiple comparison. p-values: <0.05, *; <0.01, **,
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Figure 3.5 (Continued)
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the deeper layers of the intestine (Figure 3.5A). Hence, following oro-gastric inoculation of
infant rabbits with S. flexneri, the pathogen appears to proliferate both within the colonic lumen
and in epithelial cells without penetration into deeper tissues.

We also measured the burden of intracellular S. flexneri in the colon using a modified
gentamicin protection assay previously used to study the intracellular burden of Listeria
monocytogenes and Salmonella enterica serovar Typhimurium in murine intestinal tissues (42—
46). After dissecting intestines from infected infant rabbits, colonic tissue was incubated with
gentamicin, an antibiotic that selectively kills extracellular (i.e. luminal) bacteria. We observed
an ~2 log decrease in bacterial burden after gentamicin treatment (Figure 3.5G), suggesting that

only a small portion of S. flexneri in the colon are intracellular.

IL-8 transcripts are often observed in epithelial cells near infected cells

We next investigated aspects of the infant rabbit host innate immune response to S.
flexneri infection. IL-8, a proinflammatory CXC family chemokine that recruits neutrophils (47),
has been shown to be elevated during Shigella infection in animal models (10, 21, 48) and in
humans (49, 50). However, in preliminary experiments it was difficult to detect significant
elevations of IL-8 transcripts in bulk colonic tissue using a qPCR-based assay. Due to the
patchiness of the infection foci observed through immunofluorescence imaging of colonic tissue,
we wondered whether a localized response to infection might be masked when analyzing bulk
intestinal tissue specimens. Local expression of IL-8 mRNA in S. flexneri-infected tissue was
assessed using RNAscope technology, a sensitive, high-resolution in situ mRNA imaging
platform that permits spatial analysis of mRNA expression. In the colon, we detected localized

expression of IL-8 mRNA in colonic epithelial cells near infection foci (Figure 3.6AB). In
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Figure 3.6. Colonic IL-8 mRNA in rabbits infected with S. flexneri.

A-C. Immunofluorescence micrographs of colonic sections from infant rabbits infected with WT
S. flexneri (A, B) or uninfected control (C). Sections were stained with an RNAscope probe to
rabbit IL-8 (red), an antibody to Shigella (FITC-conjugated anti-Shigella green), and with DAPI
(blue). (A) Colon section infected with WT S. flexneri. Inset on right of A depicts magnified
view of boxed area on left image. Scale bar is 200 pm. (B) High magnification of colonic
epithelium infected with WT S. flexneri. Sections were also stained with anti-E-cadherin
antibody (magenta). Scale bar is 10 um. (C) Uninfected colon section. Scale bar is 100 um.

D. Percentage of IL-8 expressing cells in each field of view from colonic tissue sections stained
with probe to rabbit [L-8 from rabbits infected with the indicated strain. See methods for
additional information regarding the determination of these measurements. Mean values are
indicated with bars. All groups were compared to the sections from the uninfected animals.
Statistical significance was determined using a Kruskall-Wallis test with Dunn’s multiple

comparison. P-values: <0.001, ***,
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Figure 3.6 (Continued)
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contrast, very few IL-8 transcripts were detected in the colons of uninfected kits (Figure 3.6CD).
Combined detection of IL-8 and S. flexneri demonstrated that IL-8 expressing cells were
typically near cells containing S. flexneri, but not themselves infected with the pathogen (Figure
3.6A, B & D, & 3.7). The majority (>90%) of infected epithelial cells did not express I1L-8
mRNA, while >40% of these infected cells were adjacent to uninfected cells that did express IL-
8 mRNA. Several T3SS effectors from S. flexneri, e.g. IpgD (51) and OspF (52), have been
shown to reduce IL-8 expression in infected cells, which may explain the weak or absent IL-8
production in infected cells. There was a wide range in the prevalence of IL-8 producing cells in
infected animals (Figure 3.6D & 3.7). The variability of IL-8 expression after infection may
reflect the patchiness of S. flexneri invasion along the colon (Figure 3.5A). Together, these
observations suggest that S. flexneri infection induces IL-8 mRNA expression (and perhaps

additional cytokines as well) in infant rabbits.

Narrow bottleneck to Shigella infection of the infant rabbit colon

We attempted to use transposon-insertion sequencing (TIS) to identify genetic loci
contributing to S. flexneri colonization and pathogenesis, as we have done with V. cholerae (53,
54), V. parahaemolyticus (55), and EHEC (56). Initially, a high-density transposon mutant
library in S. flexneri was created using a mariner-based transposon that inserts at TA
dinucleotide sites in the genome. The library included insertions across the entirety of the
genome, including the virulence plasmid. Infant rabbits were inoculated with the transposon
library and transposon mutants that persisted after 36 hpi were recovered from the colon.
Comparison of the frequencies of insertions in the input and output libraries revealed that the

output transposon libraries recovered from rabbit colons only contained ~20% of the
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Figure 3.7. Range of IL-8 expression in colons of infected infant rabbits.

(Top left, plot) Percentage of IL-8 expressing cells in each field of view from colonic tissue
sections stained with probe to rabbit IL-8 from individual rabbits infected with the WT strain or
from uninfected rabbits. Colored dots correspond to micrographs with similar colored borders.
Mean values are indicated with bars.

(Micrographs) Immunofluorescence micrographs of colonic sections from uninfected animals or
infant rabbits infected with WT S. flexneri strain. Sections were stained with a RNAscope probe

to rabbit IL-8 (red), and an antibody to Shigella (green), and with DAPI (blue).
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Figure 3.7 (Continued)
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transposon mutants that were present in the input library. These observations suggest that there is
a very narrow bottleneck for S. flexneri infection in rabbits, leading to large, random losses of
diversity in the input library. These random losses of mutants confound interpretation of these
experiments and precludes accurate identification of genes subject to in vivo selection.
Modifications to the in vivo TIS protocol will be necessary to apply TIS to identify additional S.

flexneri colonization factors.

Canonical S. flexneri virulence factors are required for intestinal colonization and pathogenesis
Next, we investigated the requirement for canonical Shigella virulence factors in
intestinal colonization and disease pathogenesis. First, we tested a strain that lacked the entire
virulence plasmid, which contains most of the known virulence factors encoded in the S. flexneri
genome, including the T3SS. As anticipated, this strain was avirulent; animals inoculated with
the plasmidless (plasmid -) S. flexneri strain did not die or develop diarrhea or reduced
temperature (Figure 3.1A & E). We also tested isogenic mutants that lack one of two key
virulence factors: IcsA (AicsA strain), which is required for intracellular actin-based motility and
cell-to-cell spreading, and MxiM (AmxiM strain), which is a T3SS structural component (57).
MxiM deletion mutants do not assemble a functional T3SS, do not secrete T3SS effectors, and do
not invade tissue-cultured epithelial cells (57-59). Like the plasmidless strain, the Aics4 and
AmxiM strains did not cause disease; none of the rabbits infected with either of these two mutant
strains developed diarrhea, succumbed to infection, or had a reduction in body temperature
(Figure 3.1A & E). Additionally, none of the mutants induced colonic edema or epithelial cell

sloughing, pathologic features that characterized WT infection (Figure 3.3). Collectively, these
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Figure 3.8. Intestinal colonization of WT and mutant S. flexneri.

A-E. Bacterial burden of the indicated strains in the indicated intestinal sections 36 hpi. SI =
small intestine. Each point represents measurement from one rabbit. Data plotted as log
transformed colony forming units (cfu) per gram of tissue. Means and standard error of the mean
values are superimposed. Open symbols represent the limit of detection of the assay and are
shown for animals where no cfu were recovered. For each section, burdens from all strains were
compared to each other; statistical significance was determined using a Kruskal-Wallis test with

Dunn’s multiple comparison. P-values: <0.05, *; <0.01, **; <0.001, ***; <0.0001, ****,
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Figure 3.8 (Continued)
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data indicate that both IcsA and the T3SS are required for Shigella pathogenesis in the infant
rabbit model.

All three of the mutant strains had reduced capacities to colonize the infant rabbit
intestine (Figure 3.8). Notably, the reduction in the colonization of the ics4 mutant was at least
as great as the other two mutant strains, suggesting that cell-to-cell spreading or the adhesin
function of IcsA is critical for intestinal colonization. The colonization defects were most
pronounced in the small intestine, where up to 10*-fold reductions in recoverable S. flexneri cfu
were observed (Figure 3.8). Reductions in the colon were less marked and did not reach
statistical significance for the AmxiM strain (Figure 3.8).

Interestingly, the ics4 mutant led to an accumulation of heterophils (innate immune cells
that are the rabbit equivalent of neutrophils) in the colon that was not observed in animals
infected with the WT strain (Figure 3.9). Thus, IcsA may contribute to immune evasion by
limiting the recruitment of innate immune cells. The mxiM mutant also recruited more
heterophils to the lamina propria and epithelial cell layer than the WT strain (Figure 3.9A & C).
Unlike the Aics4 and AmxiM strains, the plasmidless strain did not recruit heterophils in the
colon. Thus, both IcsA and the T3SS appear to antagonize heterophil recruitment, perhaps by
facilitating pathogen invasion. However, the absence of heterophil influx in the plasmidless
strain challenges this hypothesis and suggests that another plasmid-encoded factor can counteract
the actions of IcsA and/or the T3SS in blocking heterophil infiltration.

Since colonic pathology was altered in the mutant strains, we investigated the intestinal
localization and IL-8 production induced by the mutants. All three of the mutant strains were
found almost exclusively in the lumen of the colon (Figure 3.10A & 3.11); in contrast to the WT

strain (Figure 3.5), it was difficult to detect infection foci in the epithelial cell layer in animals
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Figure 3.9. Colonic pathology in rabbits infected with WT or mutant S. flexneri.

A. Histopathological scores of heterophil infiltration in colonic sections of animals infected with
indicated strains of S. flexneri. Means and standard error of the mean values are superimposed.
Statistical significance was determined using a Kruskal-Wallis test with Dunn’s multiple
comparison; comparisons that are non-significant are not labeled.

B-D. Representative haematoxylin and eosin-stained colonic sections from rabbits infected with
the indicated strains 36 hpi. In B, the inset on the right displays the magnified version of the
boxed region of the larger micrograph. Arrowheads point to heterophils (pink cytoplasm, multi-
lobular darkly stained nucleus). Scale bar is 100 pm. In C (MxiM mutant), the inset on the right
displays a magnified version of the boxed region of the larger micrograph. Arrowheads point to

heterophils. Scale bar is 100 um.
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infected with mutant strains (Figure 3.10). The ics4 mutant was occasionally observed inside
epithelial cells (Figure 3.10B), but larger foci were not detected. As expected, we observed very
few cells expressing IL-8 mRNA in the colons of rabbits infected with any of the three mutant S.
flexneri strains (Figure 3.6D & 3.10B), supporting the idea that induction of IL-8 expression

requires S. flexneri invasion of the epithelial cell layer in this model.

Discussion

Small animal models of shigellosis that rely on the oral route of infection have been
lacking. Here, we found that oro-gastric inoculation of two to three-day-old infant rabbits with S.
flexneri led to a diarrheal disease and colonic pathology reminiscent of some aspects of human
disease. Fasting animals prior to inoculation reduced the variability in infection outcomes, but
not all inoculated animals developed disease. The pathogen robustly colonized the colon, where
the organism was found primarily in the lumen; however, prominent infection foci were also
observed within the colonic epithelium. Robust S. flexneri intestinal colonization, invasion of the
colonic epithelium and colonic epithelial sloughing required IcsA and the T3SS, which are both
canonical S. flexneri virulence factors. Despite the reduced intestinal colonization of the ics4 and
mxiM mutants, these strains elicited more pronounced colonic inflammation (characterized by
infiltration of heterophils) than the WT strain. IL-8 expression, detected with in situ mRNA
labeling, was higher in animals infected with the WT versus the mutant strains, suggesting that
epithelial invasion promotes expression of this chemokine. Interestingly, IL-8 expression was
greater in uninfected cells near infected epithelial cells than in infected epithelial cells
themselves. Collectively, our findings suggest that oral infection of infant rabbits offers a useful

experimental model for investigations of the pathogenesis of shigellosis.
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Figure 3.10. Intestinal localization and IL-8 transcripts in colons from animals infected
with an icsA mutant.

A. Immunofluorescence micrograph of AicsA4 in colonic tissue of infected rabbits 36 hpi. Blue,
DAPI; green, FITC-conjugated anti-Shigella antibody; red, phalloidin-Alexa 568. Scale bar is
500 pm.

B. Immunofluorescence micrograph of sections stained with a RNAscope probe to rabbit IL-8
(red), antibodies to Shigella (green) and E-cadherin (magenta), and DAPI (blue). Panels on right
depicts channels of merged left image. Arrows point to multiple ics4 bacteria in the cytoplasm of

two infected cells. Scale bar is 10 um.
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Figure 3.10 (Continued)
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Fasted animals developed disease more frequently and had elevated intestinal
colonization compared to animals who fed ad libidum prior to inoculation. The presence of
inhibitory substances in milk, such as lactoferrin, which degrades components of the Shigella
T3SS apparatus (39), may limit bacterial establishment in the intestine, but have less potent
effects once colonization is established. Mean colonic colonization was higher in animals that
developed disease than those that did not (Figure 3.2A). However, high bacterial burdens are not
the only factor predictive of disease; several animals with high pathogen burdens did not exhibit
signs of disease (Figure 3.2A). Also, initial rabbit body weights did not strongly influence
clinical outcomes (Figure 3.2C). Several additional factors likely modulate Shigella colonization
and disease manifestation in infant rabbits. For example, variations in the intestinal microbiota of
the infant rabbits may limit or potentiate S. flexneri virulence and/or colonization, as described
for infections caused by other enteric pathogens, including Clostridium difficile (60), L.
monocytogenes (61), and V. cholerae (62). Differences in dam feeding patterns also likely
influence colonization and disease outcomes. Further elucidation of factors that modulate
outcomes will be valuable to improve this model because they may point to ways to elevate the
fraction of animals that develop clinical signs of infection.

A high inoculum dose (10° cfu) was required to achieve reliable disease development
following oral inoculation of two to three-day-old infant rabbits. Animals inoculated with lower
doses (e.g., 107 cfu) of S. flexneri developed disease and robust intestinal colonization at lower
frequencies. Interestingly, even in oral non-human primate models, the standard inoculum dose
(10'° cfu) to ensure consistent development of disease (63, 64) is orders of magnitude greater
than the dose used in human challenge studies (typically 10°-10* cfu) (37, 65, 66). The reasons

accounting for these marked differences in infectious doses warrant further exploration. It is
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Figure 3.11. Localization of S. flexneri mutants in infected infant rabbits.

A-C. Immunofluorescence micrographs of S. flexneri mutants in colonic tissue of infected rabbits
36 hpi. (A) Inset and white arrows show individual S. flexneri AicsA closely associated with the
colonic epithelium. Blue, DAPI; green, FITC-conjugated anti-Shigella antibody; red, phalloidin-

Alexa 568. Scale bar is 500 um (A-C).
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unlikely that older rabbits infected via the oral route will be susceptible to colonization and
disease, since our findings with other pathogens (35) suggest that infant rabbits become resistant
to oral inoculation with enteric pathogens when they are ~5 days old.

In human infections, Shigella causes colonic pathology characterized by an acute
inflammatory response with mucosal ulceration and erosions, neutrophil infiltration, congestion,
and hemorrhage (8, 9). In the oral infant rabbit model, the WT strain caused edema and
sloughing of epithelial cells in the colon, but we did not observe recruitment of heterophils,
suggesting that colonic pathology is not primarily attributable to an acute inflammatory response
characterized by heterophil infiltration. Instead, the pathology may be driven by invasion and
replication of the pathogen within colonic epithelial cells. Oro-gastric inoculation of infant
rabbits with EHEC induces heterophil infiltration in the colon (34), indicating that these animals
are capable of mounting an acute inflammatory response in this organ.

The marked colonization defect of the AicsA strain, matching that observed for the
AmxiM (T3SS -) and plasmidless strains, was unexpected. It seems unlikely the Aics4 mutant’s
colonization defect is entirely attributable to the mutant’s deficiency in cell-to-cell spreading.
Zumsteg et al. found that IcsA can also serve as an adhesin (67). Since distinct regions of IcsA
are required for its adhesive versus cell spreading activities (67), it may be possible to genetically
dissect which of these IcsA functions plays a dominant role in colonization, using S. flexneri
strains producing mutant versions of IcsA. Passage of the pathogen through the upper
gastrointestinal tract may be required to reveal IcsA’s adhesive activity, because a AicsA strain
had only a modest colonization defect after intra-rectal instillation (10). It was also surprising
that the animals infected with the AicsA strain recruited heterophils to the colon despite little

induction of IL-8 expression. These observations suggest that there are additional factors
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contributing to heterophil recruitment to the rabbit colon. Moreover, since there is minimal
heterophil recruitment in animals infected with the WT strain, IcsA-mediated pathogen
adherence to colonic epithelial cells (and potentially concomitant increased invasion) may
increase delivery of T3SS effectors into host cells, thereby repressing a host-derived heterophil
recruitment factor.

Our attempts to utilize TIS to identify novel genetic loci contributing to S. flexneri
colonization in the infant rabbit intestine were stymied by a narrow infection bottleneck. The
tight bottleneck leads to large, random losses of genetic diversity of the input library. The
underlying causes of in vivo bottlenecks vary and may include stomach acidity, host innate
immune defenses, such as antimicrobial peptides, the number of available niches in the intestine,
and competition with the endogenous commensal microbiota (68). Modifications to either the
inoculation protocol or library generation could facilitate future in vivo TIS screens. For
example, the diversity of the inoculum could be reduced by generating a defined library of
transposon mutants with only one or two mutants per gene (e.g. as has been done in
Edwardsiella piscicida (69)). Regarding the infection protocol, it is possible that the fraction of
the inoculum that initially seeds and colonizes the intestine could be elevated by reducing the
number of commensal organisms in the intestine that may compete for a niche similar to that
occupied by S. flexneri. Similar strategies have been utilized to facilitate studies of other enteric
pathogens (61, 70).

The intra-rectal infant rabbit model of shigellosis reported by Yum et al. has some
beneficial features compared to the oral infection model. Using this route, Yum et al. reported
that all animals developed bloody diarrhea and colonic pathology that included substantial

recruitment of heterophils (10). As noted above, for unknown reasons, oral inoculation of WT .
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flexneri did not lead to heterophil recruitment to sites of damage in the colon. An additional
difference is that intra-rectal instillation of a Aics4 mutant led to induction of cytokine
expression, heterophil recruitment, and only slightly reduced colonization of the strain, whereas
following oral inoculation, a AicsA4 S. flexneri exhibited a marked colonization defect and did not
induce IL-8 mRNA expression. Additional studies are required to elucidate the reasons that
account for the differential importance of IcsA in these models. While some features of the intra-
rectal model are attractive, Yum et al. used 2 week old rabbits that were carefully hand reared in
an animal facility from birth using a complex protocol that may prove difficult for others to
adopt (10). In addition to the physiologic route of infection, the oral infant rabbit model requires
far less specialized animal husbandry than the intra-rectal model and may therefore prove more
accessible.

In summary, oral inoculation of infant rabbits with Shigella provides a feasible small
animal model to study the pathogenesis of this globally important enteric pathogen. The model
should also be useful to test new therapeutics for shigellosis, an issue of increasing importance
given the development of Shigella strains with increasing resistance to multiple antibiotics (71—

74).
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Materials and Methods

Bacterial strains and growth

S. flexneri were routinely grown aerobically in Miller lysogeny broth (LB) or LB agar at
30°C or 37°C. Antibiotics, when used, were included at the following concentrations:
Streptomycin (Sm) 200 pg/mL, Kanamycin (Km) 50 pg/mL, Carbenicillin (Carb) 100 pg/mL,
Chloramphenicol (Cm) 10 pg/mL. To check for the presence of the virulence plasmid, bacteria
were grown on media with Congo red added at 0.1% w/v.

E. coli were routinely grown in LB media or agar. Antibiotics were used at the same
concentrations as S. flexneri except for Cm, which was 30 pg/mL. When required, di-

aminopimelic acid (DAP) was added at a concentration of 0.3 mM.

Strain construction

S. flexneri 2a strain 2457T and BS103 (a derivative lacking the virulence plasmid) were
gifts of Marcia Goldberg. A spontaneous streptomycin resistant strain of S. flexneri 2a strain
2457T was generated by plating overnight LB cultures of S. flexneri 2a 2457T on 1000 pg/mL
Sm LB plates and identifying Sm resistant (Sm¥) strains that grew as well as the parent strain.
The SmR strain was used as the wild type strain for all subsequent experiments, including animal
experiments and construction of mutant strains. Primers were used to amplify the rpsL gene in
the strain and Sanger sequencing was performed to determine the nature of the mutation resulting
in streptomycin resistance. The streptomycin resistance allele was transferred from the Sm® wild
type strain into strain BS103 by P1 transduction, yielding a Sm® plasmidless (plasmid -) strain.

Single gene deletion mutants were generated in the WT Sm® strain using the lambda red
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recombination method, as previously described (75). Resistance cassettes used in the process
were amplified from pKD3 (Cm). Mutations generated by lambda red were moved into a clean
genetic background by transferring the mutation to the Sm® wild type strain via P1 transduction.
Subsequently, antibiotic resistance cassettes were removed via FLP-mediated recombination
using pCP20. Retention of the virulence plasmid throughout P1 transduction of the mutation into
the parental WT Sm® strain was monitored by plating bacterial mutants on LB + Congo Red to
identify red colonies, and by performing multiplex PCR for various genes spread across the

virulence plasmid.

Animal Experiments

Rabbit experiments were conducted according to the recommendations of the National
Institutes of Health Guide for the Care and Use of Laboratory Animals, the Animal Welfare Act
of the United States Department of Agriculture, and the Brigham and Women’s Hospital
Committee on Animals, as outlined in Institutional Animal Care and Use Compliance protocol
#2016N000334 and Animal Welfare Assurance of Compliance number A4752-01.

Litters of two to three-day-old New Zealand White infant rabbits with lactating adult
female (dam) obtained from a commercial breeder (Charles River, Canada or Pine Acres
Rabbitry Farm & Research Facility, Norton, MA) were used for animal experiments.

Infant rabbits were administered a subcutaneous injection of Zantac (ranitidine
hydrochloride, 50 mg/kg; GlaxoSmithKline) 3 hours prior to inoculation with the wild type
(SmR®) or isogenic mutants. We attempted to utilize a bicarbonate solution to administer bacteria,
but found that S. flexneri do not survive when re-suspended in a sodium bicarbonate solution.

For initial experiments, a day after arrival, infant rabbits were oro-gastrically inoculated with 1e9
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cfu of log phase S. flexneri suspended in LB. To prepare the inoculum, an overnight bacterial
culture grown at 30°C was diluted 1:100 and grown at 37°C for 3 hours. The bacteria were
subsequently pelleted and re-suspended in fresh LB to a final concentration of 2e9 cfu/mL.
Rabbits were oro-gastrically inoculated using a PE50 catheter (Becton Dickson) with 0.5 mL of
inoculum (1e9 cfu total). In later experiments, infant rabbits were first separated from the dam
for 24 hours prior to inoculation, after which they were immediately returned to the dam for the
remainder of the experiment.

The infant rabbits were then observed for 36-40 hours post-inoculation and then
euthanized via isoflurane inhalation and subsequent intracardiac injection of 6 mEq KCl at the
end of the experiment or when they became moribund. Animals were checked for signs of
disease every 10-12 hours. Body weight and body temperature measurements were made 1-2
times daily until the end of the experiment. Body temperature was measured with a digital
temporal thermometer (Exergen) and assessed on the infant rabbit chest, in between the front
legs. Temperatures reported in Figure 3.1E are the final temperatures prior to euthanasia and
change in body weight in Figure 3.1F is a comparison of the final to initial body weight.
Diarrhea was scored as follows: no diarrhea (solid feces, no adherent stool on hindpaw region) or
diarrhea (liquid fecal material adhering to hindpaw region). Animal experiments with isogenic
mutants were always conducted with litter-mate controls infected with the WT Sm® strain to
control litter variation.

At necropsy, the intestine from the duodenum to rectum was dissected, and divided into
separate anatomical sections (small intestine, colon) as previously described (54, 76). 1-2 cm
pieces of each anatomical section were used for measurements of tissue bacterial burden. Tissue

samples were placed in 1x phosphate buffered saline (PBS) with 2 stainless steel beads and

165



homogenized with a bead beater (BioSpec Products Inc.). Serial dilutions were made using
1xPBS and plated on LB+Sm media for enumeration of bacterial cfu. For processing of tissue for
microscopy, 1-2 cm pieces of the tissue adjacent to the piece taken for enumeration of bacterial
cfu were submerged in either 4% paraformaldehyde (PFA) for frozen sections or 10% neutral-
buffered formalin (NBF) for paraffin sections.

For gentamicin tissue assays, a 1-2 cm portion of the colon was cut open longitudinally
and washed in 1X PBS to remove luminal contents and then incubated in ImL of IXDMEM with
100 pg/mL gentamicin for 1 hour at room temperature. The tissue was subsequently washed 3x
with 20x volumes of 1x PBS for 30 min with shaking. The tissue was then homogenized and
serial dilutions were plated on LB+Sm media for enumeration of bacterial burden.

For Tn-seq experiments, aliquots of the transposon library were thawed and aerobically
cultured in LB for 3 hours. The bacteria were pelleted and resuspended in fresh LB to a final
concentration of 1€9 cfu per 0.5 mL inoculum. A sample of the input library (1e10 cfu) was
plated on a large LB+Sm+Km plate (245 cm?; Corning). Bacterial burdens in infected rabbit
tissues were determined by plating serial dilutions on LB+Sm+Km plates. The entire colon was
homogenized and plated onto a large LB+Sm+Km plate to recover transposon mutants that
survived in the colon. Bacteria on large plates were grown for ~20-22 hours at 30°C, scraped off
with ~10 mL fresh LB, and ~ 1 mL aliquots were pelleted. The pellets were frozen at -80°C prior
to genomic DNA extraction for Tn-seq library construction.

Data from animal experiments were analyzed in Prism (ver. 8; GraphPad). The Mann-
Whitney U test or the Kruskal-Wallis test with Dunn’s post-test for multiple comparisons were
used to compare the tissue bacterial burdens. A Fisher’s exact test was used to compare the

proportion of rabbits that developed diarrhea after infection with various bacterial strains.
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Immunofluorescence MiCI'OSCODV

Immunofluorescence images were analyzed from 20 wild-type and at least 4 rabbits
infected with each of the various mutant bacterial strains, or uninfected rabbits; 2-3 colon
sections per rabbit were examined. Tissue samples used for immunofluorescence were fixed in
4% PFA, and subsequently stored in 30% sucrose prior to embedding in a 1:2.5 mixture of OCT
(Tissue-Tek) to 30% sucrose and stored at -80°C, as previously described (35). Frozen sections
were made at 10 pm using a cryotome (Leica CM1860UV). Sections were first blocked with 5%
bovine serum albumin (BSA) in PBS for 1 hour. Sections were stained overnight at 4°C with a
primary antibody, diluted in PBS with 0.5% BSA and 0.5% Triton X-100: anti-Shigella-FITC
(1/1000; #0903, Virostat); anti-E-cadherin 1:100 (610181, BD Biosciences). After washing with
1xPBS - 0.5% Tween20 (PBST), sections were incubated with 647 phalloidin (1/1000;
Invitrogen) for 1 hour at room temperature, washed and stained for 5 min with 4',6-diamidino-2-
phenylindole (DAPI) at 2 pg/mL for 5 min, and covered with ProLong Diamond or Glass
Antifade (Invitrogen) mounting media. Slides were imaged using a Nikon Ti Eclipse equipped
with a spinning disk confocal scanner unit (Yokogawa CSU-Xul) and EMCCD (Andor iXon3)

camera, or with a sSCMOS camera (Andor Zyla) for widefield microscopy.

Histopathology

Tissue samples used for histopathology analysis were fixed in 10% NBF and
subsequently stored in 70% ethanol prior to being embedded in paraffin, as previously described
(36). Formalin fixed, paraffin embedded (FFPE) sections were made at a thickness of 5 um.
Sections were stained with hematoxylin and eosin (H&E). Slides were assessed for various

measures of pathology, e.g. heterophil infiltration, edema, epithelial sloughing, hemorrhage, by a
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pathologist blinded to the tissue origin. Semi-quantitative scoring for heterophil infiltration were
as follows: 0, no heterophils observed; 1, rare heterophils; 2, few heterophils; 3, many
heterophils; 4, abundant heterophils. Brightfield micrographs were collected using an Olympus

VS120.

In situ RNA hybridization

Freshly cut FFPE sections (5 pm) were made of the indicated anatomical sections and
stored with desiccants at 4°C. Subsequently, sections were processed and analyzed using the
RNAscope Multiplex Fluorescent v2 Assay (Advanced Cell Diagnostics USA-ACDbio)
combined with immunofluorescence. Briefly, sections were processed following ACDbio
recommendations for FFPE sample preparation and pretreatment using 15-minute target retrieval
and 25-minute Protease Plus digestion using the RNAscope HybEZ oven for all incubations. An
RNAscope C1 probe (OcIL8) to rabbit CXCL8 was developed and used to stain intestinal
sections for CXCL8 mRNA expression. C1 probe was detected with Opal 570 dye (Akoya
Biosciences) diluted 1:1000 in Multiplex TSA buffer (ACDbio). Sections were also stained with
DAPI (2 pg/mL), anti-Shigella FITC (1/1000, Virostat), and anti-mouse E-cadherin (1/100;
#610181, BDbiosciences). Slides were imaged using a Nikon Ti Eclipse equipped with a
spinning disk confocal scanner unit (Yokogawa CSU-Xul) and EMCCD (Andor iXon3) camera
for high magnification images. Slides were imaged using a widefield Zeiss Axioplan 2

microscope through the MetaMorph imaging system for RNAscope signal quantification.
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Quantitative Image Analysis

Images of mid colon tissue sections stained with RNAscope OcIL8, DAPI, and FITC-
conjugated anti-Shigella antibody were acquired and analyzed using the MetaMorph (7.1.4.0)
application. Briefly, tiled 10x images covering the entire length of the tissue section were
collected using Multi-Dimensional Acquisition. For analysis of the percentage of IL-8 mRNA
expressing cells that were adjacent to infected cells, we analyzed 86 foci of infection at 100x
magnification. Exclusive threshold values were set for the DAPI channel or the rhodamine
channel independently and applied to all images in the data set. The threshold values for DAPI or
rhodamine were used to create a binary mask of each image. The total area under the binary
mask was recorded and used to calculate the percent of total tissue (DAPI area under mask)
expressing CXCL8 mRNA (rhodamine area under mask) by dividing the values for rhodamine
area by the DAPI area for each image. Percentages were graphed using Prism version 8

(GraphPad).

Transposon library construction and analysis

A transposon library was constructed in S. flexneri 2a 2457T Sm® (WT SmR®) using
pSC189 (77), using previously described protocols (54, 78) with additional modifications.
Briefly, E. coli strain MFDpir (79) was transformed with pSC189. Conjugation was performed
between WT Sm® and MFDpir pSC189. Overnight LB cultures of WT Sm® (grown at 30°C) and
MFDpir (grown at 37°C) were mixed and spotted onto 0.45 um filters on LB+DAP agar plates.
The conjugation reaction was allowed to proceed for 2 hours at 30°C. Subsequently, the bacterial
mixtures were resuspended in LB and spread across four 245 cm? LB+Sm+Km square plates to

generate single separate colonies for a transposon library. The square plates were grown at 30°C
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for 20 hours. The colonies that formed (~800,000 total) were washed off with LB (8 mL per
plate) and the bacteria from two plates were combined. Two separate 1 mL aliquots of the two
combined mixtures were used to start two 100 mL LB+Km liquid cultures. The cultures were
grown aerobically at 30°C with shaking for 3 hours. For each flask, the bacteria were pelleted
and resuspended in a small amount of LB before being spread across two 245 cm? LB+Sm+Km
square plates and grown at 30°C for 20 hours. The resulting bacteria on the plate were washed
off with LB and resuspended. The OD was adjusted to 10 with LB and glycerol so that the final
concentration of glycerol was 25%. 1 mL LB + glycerol aliquots were stored at -80°C for later
experiments. In addition, 1 mL aliquots were also pelleted, to generate bacterial pellets to serve
as sources of genomic DNA for the initial characterization of the transposon library. The pellets
were stored at -80°C prior to genomic DNA extraction for Tn-seq library construction.

Tn-seq library construction and data analysis was performed as previously described (54, 55,
80); briefly, genomic DNA was extracted, transposon junctions were amplified, sequencing was
performed on an Illumina MiSeq, and data were analyzed using a modified ARTIST pipeline
(54, 55). Sequence reads were mapped onto the S. flexneri 2a strain 2457T chromosome (Refseq
NC _004741.1) and S. flexneri 2a strain 301 virulence plasmid (Refseq NC 004851.1). Reads at

each TA site were tallied.
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Chapter 4

Discussion



In this thesis, I have described our work on the virulence mechanisms of several bacterial
pathogens enabled by high-throughput next generation sequencing (NGS) approaches and the
development of a small animal model of infection. Research on host-pathogen interactions and
microbial pathogenesis increasingly relies on interdisciplinary approaches to identify and
characterize various aspects of infection. I have specifically demonstrated how through using a
multi-modal approach we have identified novel virulence factors in an important pathogen of
domesticated animals and described a relevant infection model for the leading bacterial cause of
diarrheal deaths worldwide. Our findings have given rise to numerous additional interesting
questions and we are hoping to pursue these areas of research in the future. The remainder of this
chapter summarizes the results and places them in the larger context of their respective fields by

addressing some future directions for each of the projects described in the previous chapters.

Virulence regulation in the S. equi group

In Chapter 2, I described how we discovered a novel, conserved virulence regulator in a
key pathogen of farmed animals, Streptococcus equi subspecies zooepidemcus (SEZ). We also
described an unusual reactivity of an antibody that recognized a surface polysaccharide, poly-N-
acetylglucosamine (PNAG), with a highly prevalent cell-wall anchored surface protein in SEZ,
SzM, which is a member of the M/M-like protein family. Through a combination of multiple
NGS technologies, including transposon insertion sequencing (Tn-seq, TIS), whole genome
sequencing (WGS), and RNA-sequencing (RNA-seq), we identified and characterized a novel
virulence regulator, which we termed Sez Virulence (SezV), that activated expression of a

neighboring gene that encoded SzM (Figure 4.1). We found that SezV primarily activated
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Figure 4.1. Putative model of SezV activitation of szM.

Putative model for SezV activation of transcription of szM. SezV contains two domains, a ligand
binding domain (light blue) and a helix-turn-helix domain (dark blue), which likely binds DNA.
In this proposed model, binding to a ligand (red circle), whose identity is unknown, is required

for binding of SezV to the promoter of szM.

expression of only one gene, szM, and repressed expression of genes in a specific pilus operon.
Using a mouse model of infection, we found that both sez}” and szM mutant strains were
attenuated in virulence and had reduced colonization of the brain, a primary site of infection in
the model. The survival curves between the two mutant strains were not statistically different,
which may suggest that the loss of virulence in the sez} mutant was due to absent expression of
szM. Through large-scale genomic analyses of publicly available genomes and new genomes of
strains that we sequenced, we found that the sezV-szM locus was restricted to strains of the S.
equi group (which includes SEZ and Streptococcus equi subspecies equi [SEE]) and group A
streptococci (GAS). Furthermore, the locus was found to be conserved in every strain of the S.
equi group and in a small fraction of GAS strains, notably all strains of the M 18 type contained

the locus.
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We also discovered that szM expression was required for whole bacterial reactivity to an
anti-PNAG antibody, and subsequently found through biochemical experiments that the anti-
PNAG antibody directly recognized the SzM protein. This led us to explore whether PNAG
decorated SzM, and selective ablation of PNAG through chemical or enzymatic means led to a
loss of reactivity of SzM with the anti-PNAG antibody, providing evidence for a glycosylation of
SzM with PNAG (Figure 4.2). However, glycan mass spectrometry did not detect any glycans
liberated from SzM, and thus we could not definitively conclude that SzM was glycosylated.

Hence, our findings extended our knowledge of virulence regulation in streptococci and
the immunochemical properties of M-like proteins, which are important virulence factors in

streptococci (1). These discoveries have led to several additional questions regarding regulation

PNAG

Figure 4.2. Putative model of PNAG association with SzM in SEZ bacteria.

Putative model of how a PNAG-like polysaccharide (possibly a shorter oligosaccharide form) is
linked to the SzM protein, which is anchored to the cell wall in SEZ. We do not yet have direct
evidence to support glycosylation of SzM as glycan mass spectrometry did not detect any
glycans on SzM, but immunochemical experiments provide support for a glycan modification.

Brown ring: cell wall; blue ring: cell membrane; light blue circle: cytoplasm.
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of virulence in SEZ and the role of specific surface proteins.

Upon describing SezV, a previously uncharacterized protein, we found that it contained
two predicted domains — a ligand binding domain (LBD) similar to those found in sensor kinases
and an AraC type helix-turn-helix (HTH) domain. We hypothesized that the HTH domain bound
DNA, and in our work found evidence that SezV is a virulence regulator. The function of the
LBD is unclear and it is unknown whether it even binds a ligand. The identity of any putative
ligand remains to be discovered as well as the activities of the bound and un-bound forms of
SezV. A potential ligand that modulates the activity of a transcriptional regulator would suggest
that SezV activity can be post-translationally regulated. However, it is not known whether SezV
activity is regulated at the transcriptional level as well, e.g. via auto-regulation or by other,
unknown regulators. Future work can serve to illuminate the dynamics of the expression and
activity of sezV in vivo using small animal models of infection to understand the spatial (i.e.
specific tissue or organ) and temporal (i.e. kinetics) regulation of SezV activity, as has recently
been done for in vivo virulence regulation of other pathogens (2).

One of the surprising findings we made when studying the function of SezV was that in
its presence, the expression of a specific pilus operon in SEZ was severely repressed. The operon
has been previously shown to produce a pilus (3, 4), and the major pilus subunit has been utilized
as a component in a candidate vaccine (5). While the role of this pilus in vivo is unknown, we
hypothesized that its expression may hinder widespread dissemination by constraining the
bacteria to adhere to specific tissues and promote commensal colonization (Figure 4.3). Once
sezV is activated, reduced expression of the pilus may facilitate development of invasive disease.
It is likely that the expression dynamics of the pilus are the inverse of sez} dynamics in vivo.

The expression of the pilus may increase bacterial adherence to specific tissues and prevent
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widespread dissemination. Thus, it would be interesting to explore whether constitutive
expression of the pilus operon, for example through expression from a stable plasmid or
promoter replacement, prevents dissemination in an animal model.

M and M-like proteins are important virulence factors in pyogenic streptococci such as S.
pyvogenes and S. equi group strains. S. equi strains are thought to contain only two M-like
proteins, SzM/SeM and SzP/SzPSe. Both play roles in the virulence of S. equi strains (6-8). In S.
pyogenes, all the M/M-like proteins are regulated by a single protein, Mga (multiple gene
activator), which is found in the same locus as the M/M-like proteins (9). In S. equi strains, prior
to our work, no regulator for either of the two M-like proteins (SzM or SzP) had been
discovered. We discovered that SezV activates expression of SzM and that they are genetically
linked. Surprisingly, SezV does not affect expression of SzP and the gene encoding SzP is
located at a site in the genome that is distant from the sez} locus. Hence, we discovered that
regulation of M-like proteins in SEZ, which is likely conserved in SEE, is not coordinated by a
single activator. Furthermore, it is also likely that in strains of GAS that contain sez} and an szM
ortholog, Mga does not activate the szM ortholog. An unresolved question is the identity of the
regulator of SzP expression. Similar to the activity of SezV, the function and activity of the SzP
regulator in vivo will be exciting to explore. During our genomic analyses, we have also
surprisingly discovered that strains of the S. equi group contain a single mga homolog, and the
gene is not located near szM nor szP in the genome. It is interesting to consider the possible role
of the mga homolog in S. equi group strains and implications for understanding the evolution of

the S. equi group and S. pyogenes, which is a streptococcal species closely related to S. equi (10).
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Figure 4.3. Putative model of SEZ pilus regulation and pathogen spread.

In the proposed model, SEZ bacteria can exist in one of two states.

In state 1, SezV activity is off (cannot bind DNA) so SzM is not expressed while the pilus is
expressed, since SezV cannot repress expression of the pilus locus. This restricts the pathogen’s
colonization to that of the animal’s nasopharynx and oropharynx.

In state 2, SezV activity is on (binds DNA) so SzM is expressed while the pilus is not expressed,
since SezV is bound to its ligand and represses expression of the pilus locus. The absence of the
pilus permits bacteria to spread, via the bloodstream, and seed other organs such as the brain,
kidneys, and liver.

In this model, SezV activity requires binding to a ligand. The signal that switches the SEZ
bacteria from state 1 to state 2 may be a potential ligand for SezV, e.g. a host-derived small
molecule or metabolite.

Pilus locus spans from cnz to srtC1; Cnz: collagen binding protein in SEZ and homolog of Cne,
SrtC1: sortase C. Circles in middle represent SEZ bacteria: larger brown ring: cell wall; smaller
blue ring: cell membrane; smaller light blue circle: cytoplasm; black wavy lines: pili; blue rods

decorated with green hexagons: SzM protein.
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Figure 4.3 (Continued)

State 1 State 2
pilus on, SzM off pilus off, SzM on
Sezvp
Pilusllocus Signal Pilusllocus
g SezV '
cnz L—) cnz srtC1
RS04310 RS04315 RS04320 RS504310 RS04315 RS04320
RS509460 R509465 RS09460 RS09465
Pharyngeal colonization Disseminated infection
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Advancing small animal models of Shigella infection

In Chapter 3, I described the development of an oro-gastric small animal model of
Shigella infection that utilized infant rabbits. In this project, we demonstrated that two to three-
day-old infant rabbits could serve as useful models for Shigella infection, since infected animals
developed disease, e.g. diarrhea, as well as intestinal pathology, and were robustly colonized by
the pathogen (Figure 4.4). Surprisingly, we found that infant rabbits fed ad libitum prior to
inoculation were relatively resistant to being colonized and developing disease, however, fasting
rabbits prior to inoculation led to more robust development of disease and colonization. In the
colon, infected animals developed pathology reminiscent of aspects of pathology seen in human
infections, such as epithelial cell sloughing and edema. Notably, animals infected with the WT
strain did not recruit heterophils (rabbit neutrophil equivalent) to the intestine; human infections
are marked by substantial recruitment of neutrophils to colon. Immunofluorescence microscopy
of tissue from infected animals demonstrated large areas of infected epithelial cells in the colon
and substantial bacteria in the intestinal lumen. With three-dimensional confocal microscopy of
tissue sections, we confirmed intracellular localization of S. flexneri bacteria within epithelial
cells in the colon. Furthermore, by staining polymerized actin, we visualized actin tails at the
poles of intracellular bacteria and the formation of membrane protrusions from primary infected
cells into neighboring uninfected cells. Both these observations suggest that the pathogen
undergoes intracellular movement in the infected cell and is spreading from cell-to-cell among
colonic epithelial cells. We also explored the host innate immune response to infection by
performing in situ measurements of the expression level of a key cytokine involved in acute

inflammatory responses, the CXC chemokine IL-8 (11). We found elevated expression of IL-8
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Figure 4.4. Model for oral inoculation of infant rabbits with S. flexneri.

Oro-gastric inoculation with S. flexneri bacteria (yellow) results in diarrhea and intestinal
pathology in the colon. Infection with the WT strain, which expresses the T3SS and IcsA at body
temperature (37°C), robustly colonizes the colon, invades epithelial cells, and causes pathology
(edema and sloughing of epithelial cells). The Aics4 mutant has reduced colonizing capacity,
does not cause pathology, and was very rarely found within colonic epithelial cells. The AmxiM
mutant, which represents a T3SS negative (T3SS -) strain, had reduced intestinal colonization,
did not cause pathology, and was not found in an intracellular location. Red wavy lines represent

connective tissue (e.g. collagen) in lamina propria.
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mRNA near infected epithelial cells and that while infected epithelial cells were less likely to
express IL-8, neighboring uninfected cells more frequently expressed the cytokine.

In addition, we demonstrated that two key virulence factors in S. flexneri, IcsA, a protein
required for cell-to-cell spreading and adherence to host cells, and the type III secretion system
(T3SS) are required for disease, pathology, and intestinal colonization (Figure 4.4). Surprisingly,
although mutants in IcsA and the T3SS did not induce epithelial cell sloughing and edema, they
did recruit heterophils to the intestine. Comparison of intestinal colonization of the IcsA mutant
strain with the WT strain demonstrated that there were statistically significant differences
between colonization in the small and large intestine. For the T3SS mutant strain, comparison
with the WT strain only demonstrated a statistically significant difference in the small intestine.
However, direct comparison of the IcsA mutant strain with the T3SS mutant strain did not
demonstrate a statistically significant difference in colonization between the two strains in either
the small or the large intestine. The absence of IcsA also led to loss of infection foci, and in
animals infected with the IcsA mutant strain, we only found rare isolated epithelial cells
containing intracellular bacteria. Absence of the T3SS prevented the bacteria from entering
epithelial cells in vivo.

We attempted to perform in vivo Tn-seq with S. flexneri to identify additional genes
required for colonization and pathogenesis but were limited by a narrow bottleneck for
colonization of the colon (Figure 4.5). Thus, the random loss in genetic diversity in the library
caused by the narrow bottleneck precluded any further identification of additional genes required
for colonization. Nevertheless, with modifications to the mutant library or inoculation protocol,
high-throughput identification of new genes involved in S. flexneri colonization of the intestine

may become feasible.
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Overall, our work addressed a key challenge in the field of Shigella pathogenesis —
translating findings made in tissue cultured cells, in which the lifecycle of the bacteria and

interactions with the host cell have been described in much detail, to in vivo models of infection.
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Figure 4.5. Model of magnitude of bottlenecks in intestinal colonization.

Bottlenecks result in a stochastic loss of genetic diversity in a population. Initial seeding and
colonization of the intestine requires passage through a bottleneck. (Left) When a transposon
(Tn) insertion library (multicolored bacteria) is used to inoculate an animal, narrow bottlenecks
result in loss of most Tn mutants. Hence, the mutants recovered from replicate experiments, e.g.
two animals, are different. This makes it challenging to determine whether Tn mutants are lost
due to the bottleneck or selective pressure in the intestine. (Right) In contrast, in wide

bottlenecks, most of the Tn mutants are able to seed the intestine and any subsequent loss of Tn

mutants can be attributed to selection in the intestine.
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Oral inoculation of infant rabbits may prove to be a versatile tool for studies on Shigella
pathogenesis and we expect it to be a useful platform for future research and drug development.

During our experiments, we found that rabbits infected with the WT strain developed
disease, such as diarrhea, reduced body temperature, and lack of weight gain. There are several
possible physiological and behavioral explanations for these clinical signs. Animals likely
develop diarrhea due to dysfunction and destruction of colonic epithelial cells that leads to
disruption of the normal functioning of the colon, which is largely to reabsorb water. This
colonic tissue dysfunction results in liquid feces and diarrhea, as less water will be reabsorbed
from the feces. Reduced body temperature in animals may arise from reduced metabolism in
infected animals secondary to nutritional deficiency caused by intestinal dysfunction, behavioral
adaptations reducing huddling with other kits or the dam leading to a reduction in warmth gained
from other animals, or neurogenic causes such as an altered central thermostat. Animals without
disease gained weight over the course of the experiment; the lack of weight gain in diseased
animals could be due to water loss from diarrhea and/or behavioral changes reducing feeding
frequency.

We also found that some animals succumbed to infection, which we think is likely due to
bacteremia with the infecting pathogen, S. flexneri. In preliminary animal experiments, we had
checked whether S. flexneri was found in the blood of inoculated animals by measuring bacterial
burden in the blood. We did not find S. flexneri in the blood of infected animals, regardless of
whether they had developed diarrhea or not, suggesting that in the infant rabbit model S. flexneri
does not typically enter the bloodstream and does not result in a disseminated infection. These
results are similar to those observed in human infections, where Shigella bacteremia and

disseminated infections are not characteristics of the disease and are rare. The pathogen’s
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susceptibility to complement (12) as well as destruction by neutrophils (13) may explain why the
pathogen cannot survive in the blood. However, in some of the few cases in our animal model
where infection resulted in mortality, we tested for bacterial burden in the blood and found
evidence for bacteremia.

In our project, we found that a majority, but not all rabbits infected with S. flexneri
developed diarrhea; there are numerous risk factors that may affect the development of diarrhea.
Infant rabbits have a microbiome with some diversity (14), and in other animals, the intestinal
microbiome has been shown to influence the development of disease during infection with other
enteric bacterial pathogens. Hence, it is possible that differences in the intestinal microbiota of
infant rabbits, e.g. among litters, may alter the probability for developing disease. Quality of dam
care and frequency of feeding of kits also may affect survival, as experiments we performed as
well as other published reports suggest that components in milk may inhibit colonization of the
bacteria. Furthermore, adequate feeding ensures that kits obtain nutrients that are required both
for basal growth and to mount productive responses to infections. Lack of feeding will also
directly contribute to reduced weight gain in the kits. We also found that, as a group, animals that
developed disease had statistically significantly higher bacterial burdens of S. flexneri in the
distal small intestine and colon; however, there was a wide spread of intestinal bacterial burden
such that, at the individual level, some infected animals without disease had higher absolute
burdens than animals with disease. We believe that intestinal bacterial burden is likely another
component that can increase the likelihood of disease development. One of the better predictors
of disease was the body temperature at 36 hours post inoculation, as both (1) almost all animals
with disease had low body temperatures and (2) the majority of animals with low temperatures

had disease. Overall, on their own, each of the factors discussed here as well as other unknown
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factors likely independently and variably increase the likelihood of developing disease upon
infection. Thus, animals that do not develop disease may still have some aspects of infection that
are traditionally seen in animals with disease, i.e. animals may be highly colonized with S.
flexneri but will not develop disease such as diarrhea. It is likely that the presence of several risk
factors for disease, some of which were not measured in our project, may be required to increase
the probability for disease to a high level. Identifying the factor(s) that contribute to disease in
infant rabbits could help improve the reproducibility of the model as well as deepen our
understanding of infections in humans, for example by aiding in the identification of people who
may have a high probability for developing severe disease and by informing treatment or
preventative measures for Shigella infections.

While our model examined the virulence properties of S. flexneri, which is the species
responsible for the greatest percentage of cases worldwide, the prevalence of another species, S.
sonnei, 1s rising. The majority of infections in developed nations are attributable to S. sonnei, but
more recently it is becoming a common cause of infections in transition nations and of travelers’
diarrhea (15). S. sonnei has unique features when compared with S. flexneri, such as a less stable
virulence plasmid with slightly different genetic content (16) and the presence of an active type
VI secretion system (T6SS) (17). Due to its growing importance, testing whether this species
also leads to disease in infant rabbits would be valuable for future research, particularly since the
majority of Shigella research over the past few decades has focused on S. flexneri. In addition,
very little research has and is being performed on S. dysenteriae, which is a rare cause of
sporadic infections, but still occasionally causes deadly outbreaks due to its potential to encode
Shiga toxin. It is known that Shiga toxin causes pathology and diarrhea in the infant rabbit

model, based on work performed using Enterohemorrhagic E. coli (EHEC), which encodes two
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Shiga-like toxins (18). However, the interplay between Shigella infection and Shiga toxin in
pathology and diarrhea in the infant model remains to be explored. In addition to analyzing
differences in disease and pathogenesis among each Shigella species, the infant rabbit model
may provide a straightforward approach to evaluate the relative virulence of different strains of a
single species. Such an approach is commonly used to test the virulence of strains of other
diarrheal pathogens, such as V. cholerae (19) and EHEC (20). We only tested one strain in the
infant model, S. flexneri serotype 2a strain 2457T, a strain that has been intensively researched
and is commonly used as a challenge strain in human studies on vaccine research (21). Since
multiple serotypes of S. flexneri and other species are currently circulating, multiple challenge
strains are required for testing the efficacy of a vaccine. Furthermore, for live-attenuated
vaccines, the starting virulent strain chosen should be sufficiently immunogenic to ensure the
vaccine stimulates a strong, protective immune response. One concern in Shigella vaccine
research has been the choice of a parental strain for developing a vaccine that is inadequately
virulent, as some strains are substantially less virulent and immunogenic in humans. The use of a
weakly virulent strain has led to an unintentional failure of a vaccine candidate, which could
have been avoided by pre-screening strains for virulence (22, 23). Overall, the infant rabbit
model could provide a potential platform to test both the development of disease and virulence of
various candidate strains.

Although we were unsuccessful in conducting in vivo Tn-seq with S. flexneri in the oral
infant rabbit model, the appeal of studying the role of bacterial genes in colonization and
pathogenesis remains attractive. For example, while we found that two key virulence factors in S.
flexneri, IcsA and the T3SS, were required for development of disease (e.g. diarrhea and

intestinal pathology) and intestinal colonization, the contribution of individual T3SS secreted
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effectors in each of these aspects of Shigella infection is unknown. Presumably with
modifications, Tn-seq or similar genome-scale methodologies (e.g. CRISPR interference
[CRISPRIi]) (24, 25) can be utilized in the oral inoculation model to perform high-throughput
genetic analysis of S. flexneri colonization. Testing of additional Shigella strains in the infant
rabbit model could also permit genome-scale analyses with these strains to identify species or
strain specific dependencies in vivo that may provide insights into unique physiological
differences among strains and species and/or the development of novel, targeted therapeutics,
e.g. for multi-drug resistant strains.

A surprising observation from our study was that certain mutant strains of Shigella
recruited large numbers of heterophils, a key immune cell of the acute inflammatory response, to
the intestine of infected animals. However, these strains did not induce high levels of the CXC
family chemokine IL-8, which is considered a primarily heterophil/neutrophil chemotactic factor.
These results suggested that during Shigella infection, there are other chemotactic factors that
recruit heterophils to the intestine and that IL-8 does not directly lead to heterophil recruitment.
Additional factors may include canonical neutrophil chemokines, such as complement
component C5a (26), or previously undescribed host or bacterial chemokines. Another
unexpected finding in our work was that the wild type (WT) Shigella strain did not robustly
recruit heterophils to the intestine. This is in contrast with both histological reports of human
biopsies taken during Shigella infection, which display large numbers of neutrophils (27, 28),
and most other animal models of Shigella infection, including the intra-rectal infant rabbit
model, in which WT infection induces massive heterophil recruitment to the intestine (29). We

do not have a good reason for why the WT strain does not induce heterophil recruitment in the
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oral inoculation infant rabbit model. However, our results may point to an interesting, unique
biological finding about the nature of host-pathogen interactions in the infant rabbit intestine.
Our oral infant rabbit model also provides a platform to investigate numerous aspects of
Shigella pathogenesis, prevention, and treatment. Our oral model could be used to study the
viability of new therapeutics as well as to better describe the function and outcomes after
treatment with existing therapeutics. While most Shigella infections are self-resolving and only
require supportive care without chemotherapy, in certain patient populations or to reduce the
duration of the disease, patients are administered antibiotics (30). Use of an animal model could
enable a much higher resolution analysis of changes in clinical outcome upon antibiotic
treatment and any differences in outcome attributable to different types of antibiotics. For
example, an animal model could enable a kinetic analysis of bacteria clearance and sites of
relative resistance in the intestine, and offer a detailed view of the resolution of pathology after
infection. In addition, the oral infant model provides a useful in vivo model to test the effect of
novel anti-bacterial compounds as well as to compare efficacy to existing compounds.
Furthermore, the model could be used to develop new types of non-destructive (i.e. not
bacteriostatic or bacteriocidal) anti-bacterial agents and therapeutics, such as those targeting
virulence factor expression, masking virulence factor binding sites, or interfering with intestinal
colonization. Apart from therapeutic development and testing, the oral model also provides a
useful system to investigate Shigella colonization of the intestine. For example, the role of
virulence plasmid and chromosomal genes in intestinal colonization could be monitored. The
oral model will also likely be suitable for in vivo genetic screens of factors required for
establishment and maintenance of colonic colonization. While we found that an in vivo genetic

screen using a large, pooled library of random transposon mutants of S. flexneri was not
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technically feasible, we believe that modifications of the inoculation protocol or transposon
library will facilitate an in vivo genetic screen. For example, we could construct a defined,
arrayed transposon library of smaller size and inoculate animals with the entire library or
subpools of the arrayed transposon library. Alternatively, we could use CRISPR interference
(CRISPRI) to conduct a genetic screen, as CRISPRi has recently been shown to be useful for
conducting genetic screens in bacteria (24, 25), and library size can be precisely controlled by
the user with this technology. Unlike other animal models of Shigella infection, our oral model
provides an opportunity to accurately model the natural infection process involving passage
through the upper gastrointestinal tract (e.g. esophagus and stomach), and seeding of the colon.
Hence, our oral model can be used to study genes that may affect passage through the
gastrointestinal tract. Furthermore, our detection of Shigella infection of colonic epithelial cells
after oral inoculation can be used to study aspects of the intracellular Shigella lifecycle in a more
native context, as most previous work has been done in tissue culture cells. In our model we
detected numerous infectious foci forming in the colon of infected animals as well as evidence of
cell-to-cell spreading, the formation of actin tails, and replication within colonic epithelial cells.
Hence, infection results in a substantial number of sites of infected colonic tissue that would
allow collection of sufficient amounts of data (for example with a more automated imaging
processing platform) to permit a more detailed quantitative analysis of various aspects of
infection of epithelial cells. This could include analysis of basic aspects of epithelial cell
infection such as the number of bacteria per cell and the number of epithelial cells in an infection
focus, as well as analysis of host proteins or mRNA (by using antibodies or in situ mRNA
hybridization) whose levels or localization are altered during infection. Finally, the oral model

provides a platform to study the effect of Shigella infection not only in the colon and rectum, but
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also in the small intestine. In the oral model, the small intestine is highly colonized but does not
display the pathology seen in the colon. However, whether infection alters the normal function of
the small intestine remains unknown.

Recently, an intra-rectal model of infection of infant rabbits has been reported (29).
Unlike our oral model, the intra-rectal model focuses on pathology and disease in the rectum
because the bacteria are directly inoculated into this location. The intra-rectal model has higher
reproducibility than the oral model, which is likely due to direct, rapid inoculation of the rectum
with a high dose of Shigella, and animals in the intra-rectal model develop grossly bloody
diarrhea. Furthermore, the rectal pathology observed in the intra-rectal model may be more
representative (than the oral model) of the colonic pathology of human patients, as the infected
animals develop ulcerations, influxes of heterophils (neutrophil equivalents), and elevated
expression of proinflammatory cytokines (e.g. IL-1p, TNF-a, and IL-8). Hence, the intra-rectal
model could be used to study the effect of various bacterial genes on the development of
pathology and diarrhea. It is unclear why the intra-rectal model results in pathology different
from that seen in the oral model. Unlike the oral model, the intra-rectal model cannot be used to
study the transit of the bacteria through the gastrointestinal tract and may not be an ideal model
to study intestinal colonization. Furthermore, the intra-rectal model requires involved,
specialized animal husbandry that may limit its widespread adoption and use. Finally, due to the
requirement to infect infant animals, neither the intra-rectal nor oral infant rabbit model can be
used to study adaptive immune responses to infection and long-term protective immunity
conferred by a vaccine.

Despite the existence of many useful animal models for Shigella infection, the field of

Shigella pathogenesis still faces a yet insurmountable hurdle. The key research priority is the
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development of a broad-spectrum Shigella vaccine, particularly to prevent infections with multi-
drug resistant strains. A prerequisite for development of such a vaccine will likely be a relevant
small animal model that contains a mature immune system and can be used to develop and test
vaccine candidates. Unfortunately, no such small animal model currently exists. While we and
others have recently demonstrated that infant rabbit models are useful small animal models of
disease, the small window in which they can be infected and lack of a mature immune system
limits their applicability to the study of Shigella pathogenesis and non-vaccine therapeutics. A
model to test vaccine candidates typically requires an individual animal to be immunized and
subsequently challenged with a virulent strain several days to weeks post immunization. The
current model utilized for vaccine experiments is the pulmonary adult mouse model, in which
intranasal delivery of virulent bacteria results in a lethal pneumonitis, with some histologic
similarities to intestinal infections, since the lungs are also mucosal tissues (31, 32). While this
model takes advantage of a robust phenotype and the power of mouse genetics, pulmonary
infections do not occur in humans and thus represents an unnatural site of infection. Thus,
disregarding the discrepancies arising due to the differences between mice and humans, findings
gleaned from the model regarding aspects of pulmonary immunity may not be accurate when
translated to the intestine. Testing vaccines in a more natural infection requires using higher non-
human primates (NHPs), or more typically, human challenge studies, but these typically end up
being early phase clinical trials (33), which are complex and labor-intensive to conduct. NHPs
are the only known animal to develop shigellosis upon oral inoculation as adults. However, their
use is highly restricted, which is in part due to their high cost. Human challenge studies are
valuable, yet in these studies, it is not as easy as in animal models to rapidly test multiple

approaches or acquire intestinal tissue. An attractive alternative to NHPs and human testing
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could be the intra-rectal adult guinea pig model. While the model has been successfully used
over the past several years for numerous studies on Shigella pathogenesis (34—36), in the original
paper, the model was shown to be useful for studying the efficacy of intestinally delivered
vaccines (37). The lack of its broader acceptance and use in Shigella vaccine research may be
attributable to its reliance on a non-traditional animal species, which makes adoption of the
model challenging. However, the intra-rectal adult guinea pig model may provide a much more
relevant, translatable model than the mouse pulmonary model for studies on Shigella vaccine

development.

Summary

Our work has resulted in several unexpected findings and advanced our knowledge of
disease pathogenesis in multiple bacterial pathogens, yet much remains to be uncovered about
these infectious agents and host responses to them. Future work will aim to deepen our
understanding of the myriad ways in which pathogens cause disease in their hosts and how we

can overcome these infections, through either innate approaches or novel therapeutics.
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