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Abstract
Title of Dissertation:

Characterization of Live, Attenuated Shigella flexneri Vaccine
Candidates

BreOnna C. DeLaine-Elias, Doctor of Philosophy, 2016
Dissertation Directed by: Dr. Eileen M. Barry, Professor of Medicine, Center for
Vaccine Development, Institute for Global Health, University
of Maryland School of Medicine
Shigella flexneri a leading causes of diarrheal disease in children under five in
developing countries, yet currently there is no licensed vaccine to prevent disease. The
aim of this study was to assess two new vaccine candidates, CVD 1213 and CVD 1215,
in combination with the clinically tested CVD 1208S as a multi-component broadspectrum vaccine. Additionally, the development of model systems for studying Shigella
pathogenesis and profiling host and bacterial responses served to advance our capacity to
characterize the vaccine candidates.
Host responses to the vaccine candidates were measured using macrophage
cytotoxicity assays, epithelial cell invasion assays, qRT PCR for transcriptional activity
and ELISAs for cytokine secretion. The CVD 1208S vaccine was further evaluated for its
impact on host gene expression using RNA sequencing. In addition to in vitro
experiments, in vivo guinea pig and infant mouse studies were performed to assess
Shigella specific antibody responses and protection against wild type challenge following
immunization with each vaccine individually and as a trivalent formulation.
In vitro studies demonstrated that the new vaccine strains have a similar profile as
the well-studied CVD 1208S vaccine. Guinea pig immunization studies revealed a robust

induction of Shigella serotype specific IgA and IgG antibodies following immunization
with each individual vaccine strain and a combined inoculum of all three. Challenge data
using the guinea pig Sereny test demonstrated protection against wild type S. flexneri
serotypes 2a, 3a and 6 following immunizations with a mixed immunization including
CVD 1208S, CVD 1213 and CVD 1215. Furthermore, the vaccines were safe and
immunogenic in infant mice and experiments are ongoing to assess protection against
wild type challenge. CVD 1208S was also used to evaluate three-dimensional and ex vivo
models for Shigella pathogenesis.
These data indicate that CVD 1213 and CVD 1215 are viable candidates for the
creation of a multivalent vaccine that could confer broad-spectrum protection against S.
flexneri infections. Moreover, global transcriptional analysis provides a wider view of
host response to the vaccines as well as the effects of vaccine attenuation on bacterial
gene expression. This data contributes to a broader profile of Shigella pathogenesis for
future vaccine development.
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Chapter 1: Introduction
Shigella Pathogenesis and Global Burden
Shigella is a genus of Gram negative bacteria that causes shigellosis, a severe
diarrheal disease characterized by severe abdominal cramping and bloody mucuscontaining diarrhea. The pathogen is transmitted via the fecal-oral route and symptoms
typically begin within three days of ingestion [1]. After ingestion, the bacteria survive the
harsh conditions of the stomach and travel to the colon. There, Shigella uses M cells to
traverse the epithelium to the basolateral surface where it encounters macrophages
(Figure 1) [2, 3]. Through a process called pyroptosis, Shigella kills the macrophage,
causes the release of pro-inflammatory cytokines (IL-1β and IL-18), then invades
intestinal epithelial cells from the basolateral side of the intestine using its type 3
secretion system (T3SS) encoded on a virulence plasmid [4-6]. Once inside intestinal
epithelial cells, Shigella replicates and utilizes the host cell actin to propel into
neighboring cells [7]. The pathogenic process causes the release of IL-8, another
inflammatory cytokine that triggers infiltration of neutrophils. Although an infection can
be cleared naturally by PMNs, the inflammation caused by them leads to destruction of
the epithelial cell junctions and further sub-mucosal invasion by Shigella [8, 9]. In
addition to inflammation, Shigella also releases enterotoxins that are associated with fluid
secretion. The combination leads to the abdominal cramps and bloody diarrhea
characteristic of shigellosis. As few as 10 to 100 bacteria can cause illness in humans
making it easily transmitted and contributing to its role as a public health burden [10].
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Figure 1: Shigella pathogenesis in colonic epithelial cells

Shigella species cause 150 million shigellosis cases per year in residents of
endemic regions, travelers, and military personnel, leading to hundreds of thousands of
deaths worldwide [11-14]. During the large scale Global Enteric Multicenter Study
(GEMS) conducted at seven sites in Africa and Asia, Shigella was identified as the most
predominant cause of moderate to severe diarrhea (MSD) in children ages two to five
years old at all sites and among the top four diarrheal pathogens in the younger cohorts
[15]. In addition to current calculations of disease burden based on rapid detection during
the large-scale studies, advanced molecular detection methods indicate that Shigella is the
cause of more MSD cases than previously estimated [16]. An extensive birth cohort
analysis project called the Etiology, Risk Factors, and Interactions of Enteric Infections
and Malnutrition and the Consequences for Child Health and Development Project, or
MAL-ED was conducted in Africa, Asia, and South America to identify the pathogens
causing the largest diarrheal burden in these populations [17]. In this study, Shigella was
found to be a significant cause of diarrhea in two-year-old children. Additionally, with
growing antibiotic resistance reducing therapeutic options and an increased appreciation
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for long term sequelae associated with MSD, there is great need for an effective vaccine
[18-20].

Immune Correlates
The natural immune response to Shigella includes a host of innate inflammatory
responses to the bacteria [21-23]. In addition to innate immune responses, the adaptive
immune system also plays a role in long-term protection. Shigella’s pathogenic process
allows it to evade destruction by macrophages. Despite this immune evasion tactic,
antigens from the bacterium are released by infected cells and taken up by dendritic cells
(DCs). The DCs loaded with antigen move to local mucosal lymph nodes where they
activate CD4+ TH2 cells; this activation leads to the differentiation of B-cells into
antibody secreting cells (ASCs) or B memory cells [24].
Based on data from epidemiologic, field and volunteer studies, mucosal IgA
antibodies to the serotype specific O-antigen on the LPS molecules of Shigella (measured
as anti-LPS IgA) are believed to correlate with protection [25-29]. In humans, O-antigen
specific serum IgG1 and IgG2, as well as mucosal IgA, increase about 1-2 weeks
following natural Shigella infection [30]. An increase in antibodies against invasion
antigen proteins (Ipa) encoded by Shigella also suggests they play a role in natural
immunity to the pathogen [31]. Sera collected from Shigella patients have complementmediated bacterial killing capacity and mediate killing by mononuclear cells indicating
the presence of functional antibodies [32, 33]. Shigella O-antigen specific IgA antibody
secreting cell (ASCs) from the GI tract and IgG ASCs from serum can also be found in
patients following both natural infection and vaccination; they serve as readouts for
immune priming in vaccination studies [34]. Cellular responses are also believed to play
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a role in immunity against this intracellular pathogen [25, 35]. There are most likely
multiple arms of the immune system that contribute to protection against Shigella [36,
37]. Relevant preclinical models that could predict such responses would greatly advance
the field.

Vaccine Development
Although there is currently no licensed vaccine for any Shigella species, many
vaccine strategies have been employed in attempts to combat shigellosis. As early as
1963, an auxotrophic live Shigella flexneri 2a vaccine candidate was tested in soldiers by
Dr. David Mel and his associates in a field study in Yugoslavia [38]. Although broad
protection was not achieved, the study showed prevention of serotype 2a associated
infection. The researchers noted “The organisms suitable for such trials seem to be those
from which stable auxotrophic mutants can be selected … Experimenting with live
vaccine strains appears to be an attractive approach” [38]. Since then, dozens of Shigella
vaccine candidates have moved through pre-clinical and clinical trials [39-52]. Each
strategy aims to find a balance between long lasting immunogenicity, safety in young
populations, and realistic distribution in high burden areas. Additionally, broad-spectrum
coverage across the prevalent Shigella species and serotypes is essential.
Among the vaccine candidates currently under development and in clinical trials,
conjugate, component, and synthetic strategies have demonstrated some success. A
Shigella O-polysaccharide linked to Pseudomonas aeruginosa exotoxin A conferred
serotype-specific protection in a field study of army recruits [39, 53]. Additionally,
during a clinical trial in Israel, a Shigella sonnei LPS-protein conjugate vaccine was
tested in young children. Though it was both safe and immunogenic, efficacy was lower
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in younger children [54]. A purified protein vaccine composed of T3SS proteins IpaB and
IpaD, which are conserved across all serotypes, is in pre-clinical development stages; it
could potentially confer broad spectrum protection against the Shigella species in both
adults and children based on pre-clinical data in animal models [55-57]. The Invaplex
vaccine further expands this method by including IpaC and LPS from S. flexneri 2a [45].
Invaplex has demonstrated efficacy in animal models and is currently being tested in
clinical trials. Among the many vaccine candidates administered via injection, a synthetic
carbohydrate vaccine has been developed and mimics the polysaccharide domain (the Oantigen) of LPS to induce serotype specific protection [41].
Following the success of the 1963 live vaccine trial by Mel and his colleagues,
live, attenuated strains with various virulence and metabolic enzyme deletions have
progressed to all stages of development [51, 58-73]. Live vaccines can be administered
orally. The benefits of this route include the potential distribution in low-income areas
where skilled health care workers are scarce and the priming of mucosal specific immune
responses, which are believed to be critical for protection. Genes such as virG (also
known as icsA), which encodes a protein involved in actin polymerization and motility,
and iuc, an aerobactin-encoding gene, are deleted in the clinically tested candidate
vaccine SC602 [40, 46, 71]. SC602, a live, attenuated oral vaccine, was the most recent
Shigella vaccination-challenge study that demonstrated protection in volunteers. This
vaccine was found to be reactogenic in US volunteers [40]. In contrast, a volunteer trial
with SC602 in Bangladesh demonstrated a lack of shedding and immune response in
descending age cohorts [71]. Killed, whole-cell vaccines may be considered safer than
live attenuated strains due to reduced reactogenicity, but their potential to induce long
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term immunity is debated [74, 75]. However, the advancement of potent mucosal
adjuvants, such as double mutant heat labile toxin (dmLT), may enhance the killed and
subunit formulations. In summary, researchers are exploring several available options to
reach the same goal: long-term broad spectrum protection against Shigella infections.

In vitro Systems and Animals Models
Cell lines and tissue culture studies have been invaluable to research surrounding
Shigella pathogenesis and vaccine development. Immortalized human and animal cell
lines, such as human intestinal cell lines Caco-2 and HT-29, and J774 mouse
macrophages, were used to elucidate Shigella invasion, macrophage killing, and PMN
transcytosis [59, 76-78]. Nevertheless, there are limitations to using immortalized cell
lines; the compounding effects of an immortal cell can mask accurate protein secretion or
gene expression data [79]. Physiologically relevant in vitro models are required to better
assess host cell responses.
There are very few animal systems that can be used to study the human clinical
diarrheal presentation of Shigella infections. Non-human primates develop shigellosis but
they require ingestion of more than 109 bacteria (compared to 10-100 CFU for humans)
to induce infection [36]. Swine studies have been conducted to study the effects of
Shigella vaccination, but gnotobiotic piglets are used and eliminate the compounding
effects of commensal bacteria [80]. Small animals such as rats, mice, rabbits and guinea
pigs are also accepted for use in pre-clinical studies, though not ideal as none mimic an
intestinal infection or result in diarrhea. The value of these models is often debated, and
continued research is being done to develop other physiologically relevant models. Mice
have also been used for intranasal and intraperitoneal immunization with live attenuated
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and conjugate vaccination studies [49, 55, 56, 81]. In the mouse model, an array of
immune responses can be measured and intranasal challenge can demonstrate pulmonary
protection in the mouse. However, correlation with immune responses in humans has not
been established. Several live attenuated vaccine strains have also been tested using the
guinea pig intranasal immunization model followed by the ocular Serény challenge [59,
76, 82]. This model measures systemic IgG, mucosal IgA, and protection from
keratoconjunctivitis. A promising recto-colitis model in guinea pigs is being developed as
a possible alternative to the Serény eye infection model [83]. In this model, animals
responded to intra-rectal inoculation of wild type (WT) Shigella with bloody dysenteric
stools and histologic evidence of colitis. Although an ideal animal system is still under
development, the models available have been instrumental in identifying promising
vaccine candidates for clinical trials and immune markers for protection.

Genetic and Genomic Data
The Shigella genome contains approximately 4.6 Mbp on the chromosome and an
additional 220 kb virulence plasmid [84, 85]. The Shigella chromosome contains
pathogenicity islands that encode virulence genes as well as genes for autotransporters,
antibiotic resistance, metal uptake, and an enterotoxin associated with fluid secretion
(ShET1) [86-89]. The T3SS, invasion plasmid antigens (Ipa), mxi and spa genes, and the
ShET2 enterotoxin are all encoded on the virulence plasmid. While the inclusion of the
chromosomal features varies between strains, all Shigella strains contain the virulence
plasmid factors [90].
Comparative genomic studies indicate that Shigella are a subspecies of
Escherichia coli resulting from 1.5% sequence divergence from strain K-12. Aside from
7

about 350 distinct genes and insertion elements, Shigella and E.coli have the same
genetic background [85, 91]. Nonetheless, Shigella species classification identifies four
species and about 50 serotypes. The Shigella species that cause human disease are S.
dysenteriae, S. flexneri, S. sonnei, and S. boydii. Within each species (except for S.
sonnei) there are multiple serotypes based on LPS O-antigen specificities [92]. In
addition, there are also variations in the virulence genes, such as the presence of set
enterotoxin gene found only in serotype 2a of S. flexneri. S. dysenteriae type 1
exclusively produces Shiga toxin unlike the other species within the classified genus [93].
Within the S. flexneri species, the primary differences between the serotypes are the LPS
molecules [37]. The antigens expressed on the LPS molecules are associated with
Shigella protection. Therefore, gaining a deeper understanding of variation between the
serotypes can provide additional target antigens for vaccine development. Elucidating
how genetic differences affect host response and how host factors impact bacteria gene
expression can help us identify additional correlates of protection.

Broad Spectrum Vaccine Strategy
Shigella flexneri, the most common of the Shigella species in endemic regions,
disproportionately affects young children [94, 95]. Given the fact that there are at least 15
S. flexneri serotypes and natural immunity is serotype-specific, vaccine development
must address the challenge of the multitude of Shigella serotypes [27-29]. Shigella
isolates collected during the GEMS were serotyped; 65% of the Shigella isolates were
comprised of the S. flexneri species, and three of the most commonly isolated S. flexneri
serotypes were 2a, 3a and 6 (of the 15 total) [96]. In addition to their prevalence as
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clinical isolates, together, these three serotypes express at least one type- or groupspecific antigen found in the 15 S. flexneri serotypes (Table 1).

Antigen

Table 1: Antigens expressed on Shigella flexneri serotypes.

Type I
Type II
Type IV
Type V
Type VI
Group 3,4
Group 6
Group 7,8

1a
+

1b
+

2a

2b

+

+

S. flexneri Serotype
3a 3b 4a 4b 4c 5a

+

+

5b

6

X

Y

+
+

+
+

+

+
+
+

+
+

+
+

+

+

+

+
+

+

+

Researchers at the Center for Vaccine Development have proposed a strategy to
create a broad spectrum, live attenuated S. flexneri vaccine including the three serotypes
2a, 3a and 6. Antibody cross-reactivity and animal studies support the potential for cross
protection using vaccines derived from these three specific serotypes [37, 97-99]. It has
been estimated that a vaccine composed of a combination of S. flexneri serotypes 2a, 3a,
and 6 could provide direct coverage against 41% of Shigella strains and cross protection
could extend this to 66% overall coverage [96]. Future work will include the addition of a
S. sonnei, which accounts for an additional 23% of Shigella infections in endemic
regions. Together, these vaccine components could potential achieve nearly 89%
protection against the most prominent causes of shigellosis.

Project Goals
The following studies outline the characterization of three S. flexneri vaccine
candidates using in vitro cell culture systems, in vivo animal models, and an ex vivo
9

three-dimensional intestinal cell culture systems (strains found in Table 2). Epithelial and
macrophage cell culture systems were used to assess host cell invasion, cytotoxicity, and
cytokine secretion as measures of pathogenic potential and host cell engagement. The
three vaccine candidates (CVD 1208S, CVD 1213, and CVD 1215) were evaluated for
attenuation of virulence, immunogenicity, and protection [59, 77, 100-103]. Animal
models were used to confirm vaccine attenuation, the induction of relevant immune
responses, and the ability to confer protection against wild type challenge in the Serény
Test.,Transcriptional profiles of host cells infected with the vaccine strains or parental
wild types strains were generated to determine differences in epithelial cell response to
the mutant strains. Additionally, the vaccine and their wild types strains were cultured
with a host cell factor (bile salts) to compare the expression profiles of each vaccine
component.
The culmination of this work demonstrates the potential for using these three live
attenuated strains as a vaccine to confer broad coverage against S. flexneri and provides
profiles of both the host and bacterial responses to be used in future vaccine development
studies.
Table 2: List of strains used in study.

Strain
2457T
CVD 1208S
J17B
CVD 1213
CCH060
CVD 1215
4243A

Description
Wild type S. flexneri 2a
ΔguaBA, Δsen, Δset S. flexneri 2a vaccine derived from 2457T
Wild type S. flexneri 3a
ΔguaBA, Δsen S. flexneri 3a vaccine, derived from J17B
Wild type S. flexneri 6
ΔguaBA S. flexneri 6 vaccine derived from CCH060
Plasmid cured S. flexneri 2a derived from 2457T
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Chapter 2: Characterization of a Multi-component Live, Attenuated
Shigella flexneri Vaccine 1
Rationale
CVD 1208S is a live attenuated Shigella flexneri 2a vaccine strain that has
advanced to clinical trials. It is derived from wild type strain 2457T and contains
deletions in the guaBA operon as well as set and sen genes. The guaBA operon encodes
enzymes essential for de novo guanine nucleotide biosynthesis and intracellular survival
in the host. The set and sen genes encode two enterotoxins, found on the bacterial
chromosome and the virulence plasmid respectively [42]. CVD 1208S was demonstrated
to be safe, well-tolerated, and highly immunogenic in volunteers during a Phase I study
[43]. Based on these promising results, the guaBA mutation was introduced into S.
flexneri serotypes 3a and 6 (wild type strains J17B and CCH060) to generate CVD 1213
and CVD 1215. CVD 1208S served as a reference vaccine candidate for the current
experiments characterizing in vitro attenuation and in vivo host responses to the new
vaccine candidates [43].
In these studies, the three vaccine strains were evaluated in vitro and in vivo for
attenuation of virulence, immunogenicity, and protection. Epithelial and macrophage cell
culture systems were used to assess host cell invasion, cytotoxicity, and cytokine
secretion as measures of pathogenic potential and host cell engagement [59, 77, 100103]. The guinea pig model was used to confirm the safety of the vaccines, the induction
of relevant immune responses, and the ability to confer protection against wild type
challenge in the Serény Test. Previous research provided evidence for cross-protection
1

Text and figures for this chapter have been adapted (from DeLaine et al., 2016, Pathogens and Disease)
for use with permission from the original publisher (see appendix for documentation).
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following vaccination with S. flexneri serotypes 2a and 3a indicating a basis for
heterologous protection using a multi-serotype vaccine [99]. This study included in vivo
studies of a tri-valent formulation of CVD 1208S, CVD 1213, and CVD 1215 in guinea
pigs to demonstrate the vaccines remain immunogenic and protective in a multi-valent
formulation. These results support the potential for using these three live, attenuated
strains as a vaccine to confer broad coverage against S. flexneri.

Materials and Methods
Bacterial strains. The S. flexneri strains used in these studies are listed in Table
2. Strains (wild type and vaccines) were grown on trypticase soy agar (TSA; Becton
Dickinson, Sparks, MD) and containing 0.01% Congo red dye and 0.005% guanine
(Sigma-Aldrich, St. Louis, MO).
Complementation studies. Complementation of guanine auxotrophy was
performed with pGuaBA containing a minimal fragment encoding guaBA controlled by
the lactose promoter (PlacZ) and a chloramphenicol cassette [70, 104]. The plasmid was
electroporated into competent CVD 1208S, CVD 1213, and CVD 1215. The bacteria
were plated on TSA with chloramphenicol (25 μg/ml) and incubated 18 hours at 37°C.
Resulting colonies were plated again on TSA with chloramphenicol, and incubated 18
hours at 37°C.
PCR analysis. Diagnostic PCR assays were performed to confirm the genetic
mutations introduced into each strain. Primers used for confirmation of each altered gene
in CVD 1208S, CVD 1213, and CVD 1215 were as follows. Primers Wu048 and Wu049
bind to sequences up- and downstream of guaBA respectively and amplify a 1.8 kb
product from wild type strains and a 1 kb product from the vaccines due to the deletion of
12

guaBA. Primers Wu060 and Wu061 bind sequences up- and downstream of sen
respectively and amplify a 1.8 kb product in WT and a 1.1 kb product due to the deletion
of sen in CVD 1213 (all primers listed in Table 12). Template DNA consisted of a single
bacterial colony added to the reaction mixture. Reactions were performed with
parameters specific for the primer length and composition as well as the length of the
product.
Growth Curves. To assess replication defects caused by guanine auxotrophy, all
vaccines and the parental wild type strains were grown in minimal media with and
without supplemental guanine. An initial inoculum of 107 colony forming units per ml
(CFU/ml) was generated by suspending bacteria isolated from TSA plates in minimal
media. Growth curve studies were performed using M9 Minimal Salts (Sigma-Aldrich)
with the addition of aspartic acid (0.05 g/L), L-serine (0.05 g/L), nicotinic acid (0.05
g/L), casamino acid (0.05/L), cysteine (0.05g/L), and glucose (0.05 g/L). The starting
concentration of each culture was adjusted to 107 CFU/ml and the optical density was
monitored over 8 h.
Macrophage Infections. THP-1 human monocytes (ATCC TIB-202) were
cultured in suspension in RPMI (Roswell Park Memorial Institute) medium (Invitrogen,
Carlsbad, CA) containing phenol red and supplemented with 10% FBS and 0.5% 2mercaptoethanol. One-ml of THP-1 cells, at a density of 106 cells per ml suspended in
RPMI with 10% FBS and 40ng/ml of phorbol 12-myristate 13-acetate (PMA), was added
to each well in 12-well tissue culture plates to allow the cells to differentiate into
macrophages and adhere to form a monolayer. The cells were incubated 48 h, washed
with Dulbecco’s phosphate buffered saline (DPBS) (Corning, NY), and fresh RPMI
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(without PMA) was added for an additional 24 hour incubation. For assays conducted
with J774 mouse macrophages (ATCC TIB-67), the cells were expanded in Dulbecco’s
Minimum Essential Medium (DMEM) (Invitrogen, Carlsbad, CA) supplemented with
10% FBS, seeded in 96-wells plates at a density of 5x105 cells per well, and incubated for
24 hours to allow the cells to adhere. To perform the assay, bacteria isolated from an
overnight TSA plate were suspended in RPMI or DMEM for a multiplicity of infection
(MOI) of 100 bacteria per macrophage. Bacterial suspensions were added to each well (1
ml for THP-1 cells and 100 μl for J774 cells), the plates were centrifuged five minutes at
1000 x g at room temperature, and incubated 30 minutes in 5% CO2 at 37ºC to allow for
bacterial uptake. The macrophages were washed two times with PBS then RPMI or
DMEM (without phenol red) (Corning), supplemented with 5% FBS and 4 µl/ml of cell
proliferation WST-1 reagent (Sigma-Aldrich), was added to each well (2 ml for THP-1
cells and 100 μl for J774 cells). WST-1 is a tetrazolium salt that is cleaved to a soluble
formazan by the glycolytic production of NAD(P)H in viable cells and is thus a measure
of cellular proliferation. The cells were incubated at 37ºC in 5% CO2 and the optical
density (calculated difference between OD450 nm and OD600 nm) was measured once an
hour for 5 h. In parallel, supernatants were removed to quantify cytokine secretion.
HT-29 cell invasion assays. Human HT-29 (ATCC HTB-38) monolayers were
cultured in DMEM supplemented with 10% fetal bovine serum (FBS) in 150 cm2 flasks
(Corning). The cells were incubated in 5% CO2 at 37ºC and passaged once a week. The
bacterial inoculum was prepared by resuspending colonies from a TSA plate in DPBS,
washed, and suspended in cell culture media adjusted for bacterial concentration of 5x107
CFU per ml. For the invasion assay, HT-29 cells were seeded at a density of 5x105 cells
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per well in a 12-well plate and incubated overnight. A 1 ml suspension of 5x107/ml
bacteria was added to the HT-29 cells in triplicate wells. The plates were centrifuged 5
minutes at 1000 x g at room temperature and then incubated at 37°C with 5% CO2 for 90
minutes. The cells were washed and incubated with media containing 50 µg/ml
gentamicin. At each time point, two replicates of each sample were washed with DBPS to
remove gentamicin and lysed with 1 ml/well of 1% Triton X-100 at each time point.
Serial dilutions were plated to determine the number of intracellular bacteria.
Cytokine assays. Prior to lysis, media from each well of the infected HT-29 cell
monolayers and THP-1 macrophages was collected for cytokine analysis using DuoSet®
enzyme-linked immunosorbent assay (ELISA) kits for human IL-8, CXCL-1, TNF-α, and
IL-1β (R&D Systems). Supernatants were collected at four hours and eight hours post
infection to quantify cumulative cytokine induction. To assess interval secretion, cell
supernatants were collected from the wells four hours post invasion; cells were washed
once with PBS and bathed in fresh DMEM (with gentamicin) for an additional four hours
(4 to 8 hour time point). The supernatant of uninfected cells was used as a control and
when cytokines values were below detectable levels, a value of “1” was assigned for
analysis.
Immunizations and sample collection. Female, Dunkin-Hartley guinea pigs (six
to eight weeks old) were sedated with a subcutaneous injection of ketamine HCl (40
mg/kg of body weight) and xylazine (5 mg/kg). The animals were immunized
intranasally with 100 µl of bacterial suspension containing 109 CFU of CVD 1208S,
CVD 1213 or CVD 1215 on day zero. The mixed inoculum contained an equal number of
CVD 1208S, CVD 1213, and CVD 1215 for a total of 1010 CFU per animal.
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Approximately two weeks later, an identical booster dose was administered. Prior to
immunization and approximately two weeks following each dose, tears and serum were
collected from each animal. Tears were collected from guinea pigs as previously
described in 50 µl capillary tubes [76]. Blood was collected from anaesthetized animals
via the anterior vena cava and processed to obtain sera.
Serény Test. The Serény test was performed [82] to assess the level of
attenuation of CVD 1213 and CVD1215 in comparison with wild type S. flexneri
serotypes 3a and 6 and protection against wild type challenge. This method was also used
to assess the protection against challenge with wild type S. flexneri serotypes 2a, 3a, and
6 following combined immunization with CVD 1208S, CVD 1213, and CVD 1215. Tenµl aliquots of each test strain were instilled into the guinea pigs’ right eye. Animals were
monitored daily for five days for signs of infection and inflammation and scored as
follows: 0 = normal eye indistinguishable from contralateral uninoculated eye; 1 =
lacrimation or eyelid edema; 2 = 1 plus mild conjunctival hyperemia; 3 = 2 plus slight
exudates; and 4 = full blown purulent keratoconjunctivitis. All animal procedures were
approved by the University of Maryland, Baltimore Institutional Animal Care and Use
Committee. Efficacy was calculated using the formula: Vaccine Efficacy= 100 *
(Unvaccinated attack rate – Vaccinated attack rate) / Unvaccinated attack rate. Animals
with a score of 2 or more were considered in the attack rate calculation.
ELISA assays for antibody titers. Antigens used in ELISAs included S. flexneri
LPS from serotypes 2a, 3a and 6 and purified invasion plasmid antigen B (IpaB) protein
(5 μg/ml). Specific IgG and IgA anti-LPS endpoint titers were determined from guinea
pig sera and tears. All samples were run in duplicate. Threefold dilutions of sera or tears
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in 10% non-fat dry milk in PBS with 0.05% Tween 20 (Sigma-Aldrich) were added to
pre-coated plates and incubated for one hour at 37ºC. Secondary peroxidase-labeled
antibodies were followed by TMB substrate (Kirkegaard & Perry Laboratories,
Gaithersburg, MD) at room temperature for 15 minutes. 100 µl of H2PO4 was used to
stop the reaction and the OD450 was determined in a micro plate reader (Versamax).
Linear regression curves were plotted and titers were calculated as the inverse of the
dilution that produced an OD450 of 0.2 above the blank.
Complement Mediated Serum Bactericidal Antibody Assays. Seventy-five
micro-liters of serum from immunized and control guinea pigs was added to a sterile,
round bottom 96-well plate and diluted two-fold (performed in duplicate). Baby rabbit
complement (25 μl) and wild type bacteria (diluted in PBS to approximately 5000 CFU
per 100 μl) was added to each well and incubated, shaking at 200 rotations per minute,
for one hour at 37°C. After the incubation, samples from each well were plated on TSA
to count CFU and calculate percent killing. The end point of the assay was the titer at
which 50% of the bacteria were killed and was determined with a line of best fit,
averaging the bacterial killing of the sera samples at each dilution.
Statistical Analysis. Three, independent replicate experiments were conducted
for the macrophage infections, epithelial cells invasion assays, and cytokine ELISAs.
Technical duplicates were performed for guinea pig antibody ELISAs. Differences
between groups were analyzed with Student’s t-test, or two-way ANOVA. Significance
was determined by P values < 0.05.
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Results
Shigella flexneri vaccine candidates are auxotrophic for guanine.
Following the successful attenuation of S. flexneri 2a strain CVD 1208S by
guaBA mutation, we applied a similar technique to create the new S. flexneri vaccine
candidates CVD 1213 and CVD 1215 from S. flexneri 3a strain J17B and S. flexneri 6
strain CCH060. The genes guaB and guaA are contained within an operon allowing a
single deletion to inactivate both genes. CVD 1208S contains three mutations, guaBA, set
and sen, that have each been confirmed with PCR. The guaBA and sen deletions in CVD
1213 and guaBA in CVD 1215 were confirmed using PCR with gene specific primers to
amplify chromosomal fragments demonstrating the targeted deletions (Figure 2 and Table
12)

Figure 2: PCR confirms deletions in vaccine strains.
Single colonies of vaccine or wild type strains were used as templates for amplification of the guaBA (A)
or sen (B) loci by PCR. (A) Lanes 1, molecular weight marker; 2, CVD 1208S; 3, 2457T; 4, CVD 1213;
5, J17B; 6, CVD 1215; 7, CCH060. The expected size of the guaBA band in the vaccine strains is ~900
bp and ~1800 bp in the wild type. (B) Lanes 1, molecular weight marker; 2, CVD 1213; 3, J17B. The
expected size of the sen band for CVD 1213 is ~1400 bp and ~1800 bp for J17B.

To confirm auxotrophy, the vaccine strains CVD 1213 and CVD 1215, were
grown in minimal broth cultures or on minimal agar with and without guanine. On the
minimal agar plates and in minimal media, the vaccines strains were unable to grow
without additional guanine (Figure 3 and Figure 4). The parental wild type strains for
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each vaccine grew efficiently regardless of the presence or absence of guanine. Although
optimal growth conditions for S. flexneri 6 also requires pantothenic acid, thymine, and
vitamin B, the strain was able to grow with guanine, albeit at a slower rate than serotypes
2a and 3a. The guaBA deletion was complemented by the plasmid pATGguaBA
containing the fragment of the guaBA operon [70, 104]. This plasmid confers
chloramphenicol resistance and allows the vaccines to grow on minimal agar without
guanine (Figure 3).

Figure 3: Guanine auxotrophy and complementation of vaccine strains.
The S. flexneri 2a, 3a and 6 vaccine strains CVD 1208, CVD 1213 and CVD1215 respectively, were
grown on minimal media to assess guanine auxotrophy and complementation. Panel A, strains were
grown on media without exogenous guanine. Panel B, strains were grown on media containing
exogenous guanine. Panel C, each vaccine strain contained the pATGguaBA plasmid to confirm
complementation and were grown on agar without guanine.

19

A
2a
2a
2a
2a

0 .6

V a c c in e
V a c c in e w /g u a n in e
W ild T y p e
W ild T y p e w /g u a n in e

0 .4

0 .2

0 .0
0

2

4

6

8

B
3a
3a
3a
3a

O D 600 n m

0 .8

V a c c in e
V a c c i n e w /g u a n i n e
W ild T y p e
W ild T y p e w /g u a n in e

0 .6
0 .4
0 .2
0 .0
0

C

2
6
6
6
6

0 .2 5
0 .2 0

4

6

8

6

8

V a c c in e
V a c c i n e w / g u a n in e
W ild T y p e
W i ld T y p e w / g u a n in e

0 .1 5
0 .1 0
0 .0 5
0 .0 0
0

2

4

H o u rs
Figure 4: Guanine auxotrophy is confirmed in growth curves.
Each vaccine strain and its parental wild type strain was grown in minimal media with and without
supplemental guanine. (A) S. flexneri 2a, (B) S. flexneri 3a, and (C) S. flexneri 6.
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Vaccine strains have a cytotoxic effect in human macrophages.
Based on previous results demonstrating the capacity of wild type Shigella to kill
macrophages, we tested the effects of the vaccines on differentiated human THP-1
macrophage-like cells [102, 105]. Wild type S. flexneri 2a strain 2457T and the vaccine
derivative, CVD 1208S, exhibited significantly higher macrophage cytotoxicity than the
plasmid cured strain, 4243A four to five hours following uptake (Figure 6); the viability
of macrophages exposed to 4243A was similar to that of uninfected cells. This was not
due to differences in initial uptake of bacteria as all strains were present at similar levels
within macrophages (Figure 5). CVD 1213 and CVD 1215 were equally cytotoxic as
their parental wild type strain on THP-1 cells (Figure 6). CVD 1215 and CCH060 as well
as CVD 1213 and J17B were similar to each other at all time points and significantly
reduced macrophage viability compared to uninfected macrophages at four and five hours
after uptake.
0 hour
2 hour

10 6
B a c te ria /m l

10 5
10 4
10 3
10 2
10 1
10 0
4243A 1208S

2457T

1213

J1 7 B

1215 CCH060

S tra in
Figure 5: Quantification of intracellular bacteria following phagocytosis by THP-1 derived
macrophages.
Bacterial strains were incubated with THP-1 cells for 30-minutes, washed in media with gentamicin and
lysed immediately (0 hour) or incubated for an additional two hours prior to lysis (2 hour) to count
intracellular CFU.
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Figure 6: Bacterial cytotoxicity in THP-1 cells.
Vaccine strains and the parental wild type strains have cytotoxic effects on THP-1 macrophages. THP-1
cells were infected with wild type or vaccine strains and cell viability was measured for five hours and
compared to uninfected cells: (A) S. flexneri 2a, (B) S. flexneri 3a, and (C) S. flexneri 6. Error bars
depict standard deviation of three biological replicates. Optical density readings represent the
colorimetric change associated with WST-1 reagent cleavage which correlates with cellular viability.
Optical density was calculated by subtracting the OD600 nm value from the OD450 nm value.

Cytotoxicity was also assessed in J774 mouse macrophages and revealed that S.
flexneri wild type and vaccine strain pairs were equally cytotoxic in this cell type. As has
been previously reported, wild type S. flexneri leads to rapid and complete cell death in
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mouse macrophages (Figure 7) [100]. This is unlike the effect in human macrophages in
which the vaccine and wild type strains decrease their viability at a slower rate.
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Figure 7: Vaccine strains and wild type strains have cytotoxic effects on J774 mouse
macrophages.
J774 mouse macrophages were infected with the CVD vaccine and wild type strains for 30 minutes,
washed in gentamicin-containing media and cell viability was measured for four hours. S. flexneri 2a
(A), S. flexneri 3a (B), and S. flexneri 6 (C). Each figure is a representative experiment based on three
independent replicates (p<0.001 between uninfected cells and infected cells by two hours after uptake
for S. flexneri 2a and by three hours after uptake for S. flexneri 3a and 6). Optical density readings
represent the colorimetric change associated with WST-1 reagent cleavage which correlates with
cellular viability. Optical density was calculated by subtracting the OD 600 nm value from the OD450 nm
value.
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The impact of vaccines on IL-1β and TNF-α cytokine secretion from infected
THP-1 cells was assessed as an in vitro marker of the inflammatory response [6]. IL-1β
secretion was elevated within two hours following infection with CVD 1208S and its
wild type strain when compared to uninfected cells and cells infected with a non-virulent
S. flexneri 2a derivative strain 4243A (Figure 8). Secretion of IL-1β from THP-1 cells
infected with CVD 1213 and CVD 1215 was also elevated compared to uninfected cells
(p<0.05 compared to uninfected cells), although not as much as the S. flexneri 2a infected
cells. TNF-α secretion also increased in cells infected with each vaccine strain relative to
uninfected cells, but TNF-α produced from 4243A-infected cells was significantly higher
than that produced by cells infected with all other vaccine and wild type strains (p<0.05).
TNF-α secretion from serotypes 3a and 6 infected macrophages was similar but higher
than serotype 2a-infected cells (p<0.05) (Figure 8).
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Figure 8: Vaccine infected THP-1 derived macrophages produce TNF-α and IL-1β within two
hours post invasion.
THP-1 cells were incubated with the indicated Shigella strains for 30 minutes, washed with
gentamicin-containing media and incubated for one to two hours. The supernatant surrounding
infected macrophages was collected and qualified via ELISA for TNF (A) or IL-1β (B). The
uninfected samples were below detectable range.

Vaccines display attenuated virulence in human cell culture systems.
Invasion and intracellular replication of the vaccine strains was measured in the
human intestinal epithelial cell line HT-29. Intracellular bacteria were quantified at
numerous time points after invasion by counting CFU in cell lysates. CVD 1208S and
CVD 1215 were able to invade cells at equivalent levels to their wild type parental strain,
while CVD 1213 was slightly less invasive than the wild type (p<0.05) (Figure 9). Wild
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type strains proceeded to replicate over the following eight hours. In contrast, the vaccine
strains did not replicate and remained at a constant concentration over the eight hour
period (Figure 9).
Upon entry into intestinal epithelial cells, Shigella triggers the production and
release of interleukin 8 (IL-8) [106, 107], which is associated with inflammation by
causing an influx of neutrophils to the site of infection. CXCL-1, or Gro-α, is also a
neutrophil chemoattractant secreted by intestinal cells [108]. For all strains tested, similar
patterns of induction of both cytokines were observed. During the initial four hour
incubation period, significantly greater amounts of IL-8 and CXCL-1 were secreted from
infected cells over uninfected cells, but secretion from wild type and vaccine-infected
cells was similar (p<0.05) (Figure 10). These levels increased over the following eight
hour period. The cumulative levels of IL-8 produced by the wild type S. flexneri 3a
(J17B) and 6 (CCH060) strains during the first eight hour period were higher than those
induced by their respective vaccine strain derivatives. To determine if a different
secretion pattern would emerge if time intervals were assessed, supernatants were
removed at the four hour time point, cells were washed and fresh media was added. This
provides information about the cell secretion response to intracellular bacteria without the
compounding effect of positive feedback on the cells from other secreted factors. When
the cells were washed at four hours and allowed to incubate an additional four hours,
there was a detectable difference in IL-8 secretion between cells infected with all vaccine
and wild type pairs which reached significance for S. flexneri 3a and 6 (Figure 10).
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Figure 9: HT-29 Bacterial invasion
S. flexneri vaccine or wild type strains were used to infect HT-29 cells (MOI of 100) for 90-minutes.
Cells were lysed to enumerate intracellular bacteria at zero, two, four, and eight hours post infection.
(A) S. flexneri 2a, (B) S. flexneri 3a, and (C) S. flexneri 6. Error bars represent deviation of biological
duplicates.
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Figure 10: HT-29 cytokine secretion following bacterial invasion
S. flexneri wild type and vaccine strains were used to infect HT-29 cells for 90 minutes and washed with media
containing gentamicin. Supernatants were collected at the indicated time points and concentrations of IL-8 (A,
C, E) or CXCL-1 (B, D, F) were quantified by ELISA. Each bar shows the mean of four biological replicates
and the standard deviation. Significant differences between wild type and vaccine strains (P < 0.05) are
indicated by *.

CVD 1213 and CVD 1215 are attenuated and immunogenic in vivo.
The guinea pig Serény test was used to assess attenuation of the new vaccine
strains. The guinea pig eye was inoculated with approximately 107 CFU of each wild type
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or vaccine strain and monitored for inflammation for 5 days [82]. Wild type S. flexneri
serotypes 2a, 3a and 6 induced inflammation in 100% of the animals by 24 hours post
inoculation which progressed to full blown keratoconjunctivitis by 48-72 h. Animals that
received CVD 1208S, CVD 1213, and CVD 1215 did not show signs of inflammation; all
animals maintained scores of “0” throughout the observation period.
Intranasal immunization of guinea pigs is used as a mucosal route and allows
measurement of vaccine-induced immune responses. Guinea pigs were immunized with
two doses of each vaccine strain spaced two weeks apart. Serum and tears were collected
prior to immunization and two weeks following each dose and assayed by ELISA to
quantify anti-serotype-specific LPS antibody responses. All of the animals immunized
with each individual vaccine developed anti-LPS mucosal IgA and serum IgG in
responses following the first vaccine dose and titers were boosted to higher levels
following the second dose (Figure 11). Following two doses, IgG titers in CVD 1208S
inoculated animals increased 20-fold compared to pre-immune levels and IgA titers
increased 1000-fold (Figure 11). The IgG titers of CVD 1213 inoculated animals
increased at least 65-fold in all animals and IgA titers increased greater than 2-fold in two
animals (Figure 11). Animals administered CVD 1215 responded with titers that were
100-fold over pre-inoculation IgA and IgG titers (Figure 11). The second dose yielded
increased anti-LPS IgG titers in all animals and an increase in IgA responses in 1208S
and 1215 inoculated animals (CVD 1213 titers remained the same as the second
collection). All immunized animals were challenged via intraocular inoculation with the
homologous wild type parent strain following two vaccine doses. When challenged via
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conjunctival inoculation with the homologous wild type strain, CVD 1208S, CVD 1213,
and CVD 1215 vaccinated animals were fully protected (Table 3).
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Figure 11: Antibody titers in guinea pigs immunized with S. flexneri vaccine strains.
Guinea pigs were immunized with two doses of CVD 1208S, CVD 1213 or CVD 1215. Antibodies to S.
flexneri serotype specific LPS were measured by ELISA in serum (IgG) and tears (IgA) prior to
immunization (labeled “Pre”) and two weeks following each dose.

Serum antibodies from immunized animals have bactericidal activity.
Sera collected from the immunized guinea pigs were used to determine the
functional characteristics of the Shigella specific antibodies. Antibody and complement
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mediated killing of wild type strains 2457T, J17B, and CCH060 (serotypes 2a, 3a, and 6)
was demonstrated in sera collected from individually immunized animals. Bactericidal
activity was reported as the serum titer at which 50% of the starting bacterial inoculum is
killed. There was no bactericidal activity in pre-immune serum samples. Animals
immunized with CVD 1208S, CVD 1213, and CVD 1215 had a 50% killing titers against
the homologous serotype of 1917, 1356, and 2700 respectively (Figure 12 and Table 3).
There was no bactericidal activity against heterologous S. flexneri serotypes.
We also investigated bactericidal activity against each parental strain in guinea
pigs immunized with CVD 1208S, CVD 1213, and CVD 1215 combined. Sera from these
animals also exhibited bactericidal activity against each of the wild type parental strains.
The average 50% bactericidal titers of serum from animals immunized with the mixed
inoculum were 4395, 2344, and 742 against S. flexneri 2a, 3a and 6 respectively (Figure
12 and Table 3).
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Figure 12: Serum from immunized guinea pigs has bactericidal activity
Sera from animals immunized with two doses of CVD 1208S, CVD 1213, or CVD 1215 or with two
doses of a mixture of CVD 1208S, CVD 1213, and CVD 1215 (Tri-valent) was assessed for the ability to
kill wild type strains of S. flexneri. The mean percent bactericidal activity against parental wild type
strains 2457T, J17B and CCH060 is shown for each serum dilution tested from immunized guinea pigs.
The horizontal dashed line indicates the 50% bactericidal titer.
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Combined immunization with CVD 1208S, CVD 1213, and CVD 1215 protects
against wild type challenge with each Shigella flexneri component.
A multivalent strategy can provide broad-spectrum coverage against Shigella
species. Ideally, the three vaccine candidates, CVD 1208S, CVD 1213, and CVD 1215,
would be components of a multi-valent vaccine. To determine if mixed immunization can
provide protection against the individual parental wild type strains, 11 guinea pigs were
given two doses of a mixture containing equal parts of each vaccine. IgG and IgA
specific for S. flexneri serotypes 2a, 3a, and 6 specific LPS were measured in serum and
tears respectively. All animals developed IgG and IgA to all three components of the
mixed inoculum in the following increasing order: serotype 2a, 6, and 3a LPS (Figure
13). Animal sera were also pooled to determine IgG antibody responses to IpaB, a type 3
secretion system antigen associated with immunity [55, 109]. Animals immunized with
the individual vaccines as well as the mixed vaccine inoculum responded with titers
greater than 10,000 to IpaB (pooled pre-immunization titers from animals given the
mixed vaccine was 33).
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Figure 13: Guinea pigs immunized with a mixture of CVD 1208S, CVD 1213 and CVD 1215
produce antibodies to all three serotypes
Guinea pigs were immunized with two doses of a mixture of CVD 1208S, CVD 1213, and CVD 1215.
Antibodies to S. flexneri serotype specific LPS were measured by ELISA in serum (IgG) and tears
(IgA) prior to immunization (labeled “Pre”) and two weeks following each dose.

The vaccinated animals were split into three groups for the challenge study; three
were given 5x107 CFU 2457T, four were given 2x108 CFU J17B, and four given 9x107
CFU CCH060. All animals challenged with S. flexneri 6 strain CCH060 or S. flexneri 3a
strain J17B were protected against keratoconjunctivitis, demonstrating 100% vaccine
efficacy (all control animals developed keratoconjunctivitis). Two of the four animals
challenged with J17B developed mild swelling (scored 1) 48 hours after challenge but
were protected against full-blown keratoconjunctivitis (Table 3). The mild inflammation
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was resolved by 72 to 96 hours following the initial challenge. Two of the three animals
challenged with S. flexneri 2a strain 2457T were protected against wild type challenge;
one animal developed a severe reaction (score 3) and was euthanized three days after
challenge (Table 3).
Table 3: Challenge attack rate, vaccine efficacy and complement-mediated bactericidal activity
following immunizations.

Vaccine

Challenge
Attack Rate

Protective Efficacy

50% Serum Bactericidal
Titer

S.
flexneri
serotype

2a

3a

6

2a

3a

6

2a

3a

6

1208S

0/3

-

-

100%

-

-

1917

-

-

1213

-

0/3

-

-

100%

-

-

1356

-

1215

-

-

0/3

-

-

100%

-

-

2700

Trivalent

1/3

0/4

0/4

67%

100%

100%

4395

2344

742

Discussion
Several recent studies have quantified the burden of Shigella, a significant
diarrheal pathogen in young children in low income regions [17, 110]. Specifically, S.
flexneri including all serotypes, along with S. sonnei, make up 89% of Shigella isolates
identified in children under five years of age in endemic regions [96]. Based on this data,
we proposed the use of a multi-species and serotype vaccine, composed of attenuated
strains of S. sonnei, and S. flexneri serotypes 2a, 3a, and 6, to confer broad protection
against multiple Shigella serotypes. Although protection against Shigella is based on Oantigen specificity, we believe this is a feasible strategy based on the pre-clinical
demonstration of cross protection between serotypes in guinea pigs [97]. In this study, we
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report the development of candidate strains for the S. flexneri component of a broadspectrum vaccine.
CVD 1208S is an ideal comparator for any new vaccine candidate against S.
flexneri because it has been extensively tested in vitro, in animals and in human adult
volunteers. The guaBA metabolic mutation is a proven attenuation method and was
therefore applied to S. flexneri 3a and S. flexneri 6. This mutation prevents vaccine
replication and intracellular spread, therefore decreasing the reactogenicity associated
with Shigella. By leaving the Type-3 Secretion System (T3SS) intact, the vaccines have
maximal interaction with macrophages and intestinal cells. We believe this interaction
increases the opportunity for Shigella antigen uptake by macrophages and dendritic cells,
and their subsequent interaction with T cells in lymphoid tissues. Because of their
conserved nature, T3SS antigens (i.e. IpaB) may also contribute to the induction of cross
protective immunity [55-57]. The data presented herein demonstrates that the new
vaccine strains are properly attenuated and still able to elicit cytokine responses in vitro
and functional antibody responses in vivo.
Host cell invasion of both macrophages and intestinal cells is a first and vital step
to achieve protective immunity. Several studies have shown that Shigella causes death of
macrophages following its escape from the phagosome [102]. It has been demonstrated
more recently that IpaB plays a role in caspase-1 activation and the subsequent release of
IL-1β that leads to an inflammatory response [6]. An additional T3SS protein called MxiI
also leads to downstream inflammasome activation [111]. In this study, the benchmark
strain CVD 1208S had a cytotoxic effect on human macrophages that was comparable to
2457T infected cells. CVD 1208S also induced similar levels of TNF-α and IL-1β release
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from THP-1 macrophages when compared to wild type infected cells. The increased
secretion of TNF-α from human monocyte derived macrophages following infection with
a non-virulent Shigella strain has been previously documented relative to wild type
Shigella [100]. Our results in human macrophages infected with the virulence plasmidcured strain 4243A as well as wild type S. flexneri 2a are consistent with previous report.
The observed secretion of cytokines from vaccine infected cells indicates the vaccines
induce responses similar to those of wild type, as opposed to non-virulent strains. The
new vaccine strains, CVD 1213 and CVD 1215, and their parental wild type strain had
the same effects on macrophage viability and cytokine induction patterns. This was
expected because the vaccine strains maintain virulence plasmid effectors that play a
dominant role in macrophage interaction.
Following escape from macrophages, the vaccines are expected to invade
intestinal epithelial cells. Epithelial cell invasion and cytosolic replication are key steps in
Shigella pathogenesis. For a live, attenuated oral vaccine, invasion or translocation across
the intestinal epithelial lining is likely necessary to stimulate mucosal O-antigen specific
IgA antibody secreting cells [36]. As shown in Figure 9, each of the three candidates was
able to invade intestinal HT-29 cells with similar efficiency to the wild type strain but
were unable to survive and/or replicate at wild type levels. Previous studies have
indicated that although vaccines cannot replicate, they should be able to invade the
epithelial cells to induce pro-inflammatory cytokine secretion and specific mucosal
immunity [112]. A key cytokine induced in epithelial cells following invasion by Shigella
is IL-8, a neutrophil chemoattractant and indicator of host cell activation. Although
neutrophil infiltration ultimately leads to the clearance of Shigella, IL-8 secretion is a
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useful marker of the host cell response to infection. In fact, IL-8 secretion in vitro is used
as a correlate of neutrophil recruitment to the colon in vivo. [113]. CXCL-1 (or Gro-α) is
a neutrophil recruiting cytokine similar to IL-8. Interestingly, the cumulative amount of
IL-8 (and CXCL-1) secretion measured after four hours of infection was similar between
CVD 1208S and wild type Shigella-infected cells (Figure 10). In contrast, during the four
to eight hour interval when cells are incubated in fresh media, there was a detectable
difference in IL-8 secretion between wild type and vaccine strains (Figure 10). The
decreased cytokine secretion in vaccine strain infected cells during this interval is most
likely due to gradual decreases in intracellular bacterial numbers. Similar results were
seen for CVD 1213 and CVD 1215 infected cells, suggesting that the new candidates
performed similarly to the benchmark strain CVD 1208S.
The guinea pig model is widely accepted for studying safety and protective
immunity of S. flexneri vaccine candidates. Using this model we demonstrate that the
new vaccines are safe and non-inflammatory in vivo. CVD 1213 and CVD 1215 were
equally immunogenic in guinea pigs; after two doses, 100% of the animals were
protected against wild type challenge with S. flexneri 3a or 6 respectively. CVD 1208S
has progressed through animal and clinical trials and was shown to be safe and
immunogenic in adult human populations.
When guinea pigs were given two doses of an equal mixture of CVD 1208S,
CVD 1213, and CVD 1215 all animals seroconverted (>4-fold increase over pre-immune
titers) for IgA and IgG specific to serotypes 2a, 3a, and 6 LPS. Although the responses to
each serotype-specific LPS varied, they were all robust and the combination of strains did
not impair the ability of the vaccine to confer protection against wild type challenge
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against any serotype. The demonstration of antibodies that mediate complement
bactericidal activity further strengthen the potential of this vaccine to induce functionally
active immune components that can mediate bacterial clearance and contribute to
protective immunity.
This study advances the field by reporting the creation of two new vaccine strains
as part of a broad-spectrum, multi-strain vaccine targeting the Shigella species. CVD
1208S, CVD 1213, CVD 1215 could be used as vaccine strains individually and
combined as a multivalent formula. Future studies will assess the new vaccines for use as
carriers of antigens from similar enteric pathogens for the possible creation of a broadspectrum diarrheal vaccine.
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Chapter 3: Efficacy and Immunogenicity of Multi-component Shigella
flexneri Vaccine in an Infant Mouse Model
Rationale
Shigella flexneri and other diarrheal pathogens disproportionately affect children
in less industrialized nations [110]. Given that the target population for a S. flexneri
vaccine would be children under five years of age and vaccination would be implemented
in children <1 year of age, we used an infant mouse model to evaluate safety,
immunogenicity, and protection of the CVD 1208S, CVD 1213, and CVD1215 vaccine
strains. Live, oral S. flexneri vaccines have been successful in healthy adults in the US
and abroad [43, 46, 71]. However, it is important to ensure their effectiveness in an
immature immune system model to assess how vaccine efficacy may be impacted in
young populations. The Pasetti lab at the Center for Vaccine Development has
established methods for intranasal immunization of infant mice, collecting samples for
immunological assessment, and pulmonary challenge. This model has been successfully
used to test the potential of live attenuated Salmonella – based vaccine candidates and
allows for the assessment of mucosal responses [49, 55, 56]. In collaboration with this
group, we tested the three S. flexneri vaccine candidates in mice starting at 14 days of
age.
Due to the availability of a large number of reagents, the mouse lung model for S.
flexneri provides many more opportunities to evaluate immune markers than models such
as the guinea pig keratoconjuctivitis model. Serotype specific antibodies can be measured
in sera, stool, and lavage fluid samples to demonstrate changes in circulating antibody
levels after each vaccination and prior to challenge. Antibody secreting cells (ASCs) are
40

also associated with Shigella clearance [36]. Lungs, spleens, lymph nodes and bone
marrow can also be collected from mice following challenge to measure antigen-specific
ASCs or cytokine production [55]. Utilizing the mouse model in combination with the
guinea pig model provides additional immune measurements to assess immune correlates
associated with protection.
Previous work in the Pasetti lab demonstrated dose dependent safety of CVD
1208S in infant mice and protection from death following challenge with the wild type S.
flexneri 2a strain 2457T (unpublished data). Using data from these preliminary studies,
we assessed the lethal doses of S. flexneri serotype 3a and 6 isolates, confirmed the safety
of the corresponding vaccine candidates (CVD 1213 and CVD 1215), and conducted a
preliminary efficacy study in the infant mouse model. These results served as the basis
for further studies using the multi-component formulation to test safety, immune
responses, and homologous protection in mice.

Materials and Methods
Bacterial strains. The vaccine strains CVD 1208S, CVD 1213, and CVD 1215
(Table 2) were created at the University of Maryland Baltimore Center Vaccine
Development and have been previously characterized [42, 73].
Bacterial growth conditions. Each strain was grown for 18 hours on Tryticase
Soy agar (TSA) supplemented with Congo red and guanine. To prepare the inoculum,
100 ml soy broth (5g sodium chloride, 10g yeast extract, 20g soytone per liter)
supplemented with 0.05% guanine was inoculated with 10-20 red colonies of the vaccine
or wild type strain and incubated at 37ºC shaking 250 rotations per minute (rpm).
Cultures were grown to OD600 0.7-0.9 then centrifuged 20000 x g at 4ºC for 20 minutes.
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The supernatant was removed and the bacterial pellets were suspended in DPBS to the
appropriate concentration for vaccination or challenge.
Infant Mouse Immunization. Male and female virgin 8-10 weeks old BALB/c
mice were purchased (Charles River Laboratories, Willington, MA) for breeding.
Pregnant female mice were separated from the males for litter births. Fourteen days after
birth, infant mice were anesthetized with isoflurane administered through a precision
vaporizer and a blood sample was collected (via retro-orbital bleed) prior to
immunization with 107 CFU of an S. flexneri vaccine strain by intranasal inoculation.
Seven days later, the pups were separated by sex, ear tagged, bled, and given a 2nd
immunization. On day 28, the third blood collection was performed and the third vaccine
dose administered. Two additional blood and stool collections were performed at days 42
and 56.
Mouse Pulmonary Challenge. Immunized mice were challenged at 8 weeks of
age (28 days after the final immunization) with the wild type S. flexneri parental strain of
the respective vaccine. Animals were anesthetized with vaporized isoflurane then given
an intranasal challenge with 5 x 107 wild type bacteria in 30 μl PBS. Vaccinated and
control animals were given a health score (1-4) and weighed daily following challenge. A
score of 1 was given to healthy animals, 2 indicated animals were alert and reactive but
had mild dehydration, animals with a score of 3 were not very reactive and moderately
dehydrated (evident by tented scruff), and a score of 4 was given to non-reactive animals
with severe dehydration and weight loss.
ELISA assays for antibody titers. LPS from S. flexneri serotypes 2a, 3a and 6 (5
μg/ml) was used to coat 96-well U-bottom plates to assess serotype specific antibody
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production in mice following vaccination. Specific IgG and IgA anti-LPS endpoint titers
were determined from mouse sera, BAL fluid, and fecal pellet extracts. Technical
duplicates were run for all samples. Threefold dilutions of sera or stool in 10% non-fat
dry milk in PBS with 0.05% Tween 20 (Sigma-Aldrich) were added to pre-coated plates
and incubated for one hour at 37ºC. Plates were washed three times with PBS and 100 μl
per well of secondary peroxidase-labeled antibodies (Southern Biotech Mouse IgG and
IgA) was added and incubated one hour at 37ºC. Plates were washed 3 times with PBS
and TMB substrate (Kirkegaard & Perry Laboratories, Gaithersburg, MD) at room
temperature for 15 minutes. 100 µl of H2PO4 was used to stop the reaction and the OD450
was determined in a micro plate reader (Molecular Devices VersaMax ELISA Plate
reader, Sunnyvale, CA). Linear regression curves were plotted and titers were calculated
as the inverse of the dilution that produced an OD450 of 0.2 above the blank.
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Results
Determination of Shigella flexneri 3a and 6 infectious and lethal doses in adult mice.
To determine the challenge dose to be used following immunization, groups of 8week old male and female mice were inoculated intranasally with escalating doses of
wild type S. flexneri serotype 3a or 6 strains. The results indicated that a dose of 108
CFUs of wild type S. flexneri 3a or 6 are 100% lethal to eight-week-old mice (within 48
hours). Both serotypes were 80% to 100% lethal at 107 CFUs within one week after
challenge (Figure 14). Doses of approximately 106 for isolates from serotypes 3a and 6
resulted in a 100% attack rate, but not lethal illness, in naïve animals that was
characterized by sustained weight loss to 80% of the initial weight and health scores of 2
to 3. These outcomes require euthanasia. There was no significant difference in dose
lethality between the sexes. The results from each group were equal between male
(weighing 19-22 grams) and female (weighing 16-18 grams) mice. Based on these
results, and in order to achieve delayed death (three to five days post challenge) in the
control animals, the target challenge dose for vaccination studies was identified at 1x107
bacteria per animal in a 30 µl suspension.
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Figure 14: Wild Type Shigella flexneri lethality in adult mice
Adult (8 weeks of age) male and female BALB/c mice were challenged with various doses of wild type S.
flexneri serotypes 3a or 6 (in 30 µl PBS) and given a health score and weighed daily until death or
recovery.

Vaccine candidates are safe and immunogenic in an infant mouse model.
To confirm safety of the vaccines in this model, 14-day old nursing pups were
administered 107 CFU of CVD 1208S, CVD 1213, CVD 1215 or a mixed formulation of
all three vaccines and monitored daily following immunization (study timeline shown in
Figure 15). Following the first dose, immunized pups from each group developed mild
dehydration (tented skin) and weight loss. All symptoms subsided within two days after
vaccination. When the pups were given two additional doses of the vaccine candidates
seven days apart, the health score for all vaccinated animals remained between 1 and 1.5
following vaccination.
After each vaccination and two weeks following, stool and sera were collected to
quantify LPS-specific titers of IgG and IgA. ELISAs were conducted with samples
collected from CVD 1213 and CVD 1215 vaccinated mice during an initial study of
vaccine safety. Within 28 days following all vaccinations, IgA and IgG seroconversion
(>4-fold rise in titer over pre-immune samples) was observed in 100% of the vaccinated
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animals. In each animal immunized with CVD 1213, titers for IgG1 increased 1000-fold
over pre-immune values and IgA increased over 100-fold. Serum IgG1 titers increased
1000-fold above pre-immune titers and IgA increased over 100-fold in animals
immunized with CVD 1215 (Figure 16).
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Figure 15: Infant Mouse Study Timeline
Two eight-week-old female BALB/c mice were mated with one ten-week-old male BALB/c mouse for four
days. All mice were then separated and for the gestation period.
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Figure 16: Antibody titers following CVD 1213 or CVD 1215 Immunization
Stool and sera were collected from animals immunized with CVD 1213 or CVD 1215 to quantify
LPS specific titers of IgG and IgA.

Four weeks after vaccination of the mice used in the safety study (which included
only CVD 1213 and CVD 1215 vaccinated animals shown in Figure 16), these eightweek-old vaccinated and naïve mice were challenged with 2x108 CFU of wild type S.
flexneri serotype 3a, or 6. All CVD 1215 vaccinated animals died at the same rate as the
age matched controls; 100% of the animals succumbed to infection. The survival rate of
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animals vaccinated with CVD 1213 matched the unimmunized control animals (28% and
20% respectively). This challenge study was performed prior to the completion of
challenge dose determination (Figure 14) and we concluded the that challenge dose of
108 CFU for each wild type strain was too high, overwhelming all animals and thus did
not allow determination of protective efficacy.
In a subsequent infant mouse challenge study, CVD 1208S, and a tri-valent
formulation were included with CVD 1213 and CVD 1215 to assess immunogenicity and
protection (Table 4). Mice were challenged with wild type S. flexneri isolates with doses
ranging between 5x106 - 1x107 CFUs and monitored daily (weights and health score).
Challenge results are outlined in Table 4 and demonstrate varied efficacy between
serotypes. Challenge of the control animals demonstrated the highest mortality with S.
flexneri 3a J17B (80% attack rate), followed by S. flexneri 2a 2457T (50% attack rate)
and S. flexneri 6 CCH060 (20% attack rate). Survival of vaccinated animals following
homologous challenge allowed efficacy calculations of 60%, 6% and 0% for CVD
1208S, CVD 1213 and CVD 1215 as monovalent vaccines. Vaccination with the mixed
formulation resulted in lethality at a higher rate than the unvaccinated controls.
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Table 4: Tri-valent infant mouse vaccination study outline.
*One CVD 1213 vaccinated animal died following the 2 nd immunization.
# of 1st Dose 2nd Dose 3rd Dose Challenge Challenge
Vaccine
Pups
(5μl)
(5μl)
(5μl)
Strain
Dose (30μl)
1208S
5
1.3x107
5 x107
1.4x107
2457T
1.6x107
7
7
7
1213
5
1.4x10
5 x10
1.75x10
J17B
2.1x107
1215
5
3.5x107
5 x107
1.8x107
CCH060
5.8x106
2457T
1.6x107
Tri7
7
7
15
1.5x10
5 x10
1.5x10
J17B
2.1x107
valent
CCH060
5.8x106
2457T
1.6x107
Controls
14
PBS
J17B
2.1x107
CCH060
5.8x106

# Survivors / Total
4/5
1/4*
5/5
2/5
0/5
3/5
2/4
1/5
4/5

Discussion
Shigella flexneri remains a leading cause of moderate to serve diarrhea, but
vaccine development has been challenging due to serotype specific protection [36]. To
address this issue, a multi-valent, live attenuated vaccine candidate has been developed;
the CVD 1208S, CVD 1213, and CVD 1215 vaccine candidates are metabolic mutants
engineered to illicit protective immune responses [73]. Pre-clinical results in guinea pigs
indicated the vaccine candidates are immunogenic and protective as individual as well as
a mixed formulation against challenge. Given that the primary target population for a
Shigella vaccine is children under the age of five, assessing vaccine efficacy in the infant
mouse model provided data in an immature immune system model.
This study provided evidence that CVD 1213 and CVD 1215 vaccine strains, like
CVD 1208S, are safe and immunogenic in the infant mice (unpublished data). The strains
were attenuated and safe for immunization of 14 day old pups with >107 CFU of the
vaccine strains. The same dose of the wild type S. flexneri strains kills an adult mouse in
less than a week. While the mouse lung model is not ideal for an intestinal pathogen,
intranasal immunization offers valuable data regarding mucosal responses (such as fecal
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IgA titers) that may be associated with protection. Our data demonstrate that the infant
mouse model can be used, in addition to the guinea pig model, to assess live attenuated S.
flexneri vaccine candidates.
The initial wild type challenge results were surprising. First, attack rates in
controls were not as high as expected from preliminary LD50 studies. This made efficacy
calculations difficult. The only vaccine exhibiting a measurable level of efficacy was
CVD 1208S at 60%. The attack rate in S. flexneri 3a controls was 4/5 (80%) and allowed
an efficacy calculation of only 6%. It is possible that a lower challenge dose might allow
detection of a higher level of protection by CVD 1213. Alternatively, CVD 1213 may not
be as protective against its homologous parental serotype. Despite the lack of an attack
rate in CVD 1215 vaccinated mice (0/5), an unexpectedly low attack rate in controls
resulted in an efficacy of 0%. Animals vaccinated with the tri-valent vaccine appeared to
be more susceptible to death than the naïve controls. There were several factors we
believe played a role in these efficacy calculations including the challenge doses and the
number of animals used in each group. Ongoing studies to examine immune responses in
all vaccinated animals is expected to yield information on the immunogenicity of
vaccines administered as a monovalent versus trivalent formulation and if these responses
affected protection.
Follow-up studies are currently underway and include a lower challenge dose to
distinguish differences between the attack rate in vaccinated animals and controls. Our
challenge data indicate that there is a small difference in wild type inoculation doses that
result in sustained illness (nonlethal) versus death. It may be optimal to use a challenge
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dose that results in a high attack rate of illness (measured by weight loss and clinical
score rather than death) to assess the efficacy of these vaccines in this model.
Additionally, larger vaccination groups will be used to increase the statistical
power of the study and to include mice used for organ collections to quantify ASCs in the
lungs and spleens of the mice following vaccination. These responses may be the best
correlates of protective efficacy. Studies regarding the immunogenicity and protective
capacity of each vaccine strain and the multi-component vaccine formulation are ongoing
and will also include quantification of antibody secreting cells from the lungs and spleens
of immunized mice (Table 5).
Future vaccination studies should also be conducted in adult mice to determine
how age affects the safety, immunogenicity and potential to protect against wild type
challenge. It is possible that each vaccine, though safe for infant mouse immunization,
may not be protective in this model. Analysis of protection in adult mice would provide
insight regarding the development of the immune responses to live attenuated S. flexneri
vaccines and in turn, help shape the development of the multi-component S. flexneri
vaccine for distribution to children in Shigella endemic regions.
Table 5: Ongoing infant mouse vaccination study.
Vaccine
1208S
1213
1215
Tri-valent

Controls

# of
Pups

1st Dose (5μl)

2nd Dose
(5μl)

3rd Dose (5μl)

Challenge
Strain

10
10
10
10
10
10
10
10
10

1x107
1.3x107
9.6x106

9.4x106
1.2x107
1.1x107

2.9x107
3.9x107
2.1x107

1.3x107

1.1x107

2.7x107

2457T
J17B
CCH060
2457T
J17B
CCH060
2457T
J17B
CCH060

PBS
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Chapter 4: Establishing Physiologically Relevant Models to Study
Shigella Pathogenesis
Rationale
Many cell culture models have been used to characterize virulent Shigella strains
as well as live attenuated vaccine strains [76, 103, 114, 115]. An optimized pre-clinical
model should ensure vaccine effectiveness in the conditions associated with the target
population. The most adversely impacted population for Shigella is children under five
years of age in developing countries where malnutrition is prevalent. There is evidence
that malnutrition alters the morphology of the intestinal lining and immune responses due
to atrophy of the small bowel, decreased cell proliferation and increased apoptosis [116,
117]. These changes affect the biodiversity of the gut microflora and therefore influence
the pathogenicity of some organisms and the susceptibility of hosts [117-120].
Additionally, these factors can alter the host responses to oral vaccines, making treatment
and prevention of Shigella very difficult in endemic regions [118, 120, 121]. Oral
vaccines against enteric infections have had mixed responses in developing nations and
malnourished populations. For instance, a live oral Vibrio cholera vaccine (CVD 103HgR) demonstrated lower immunogenicity in children in developing countries who were
no longer breastfed [122]. However, increasing the dose of CVD 103-HgR resulted in
increased serum antibodies in impoverished children [122]. In low socio-economic
settings, researchers calculate that vaccination against rotavirus only prevents 51% of
severe cases compared to 90% during clinical trials in the US [123]. Given the trends in
decreased oral vaccine efficacy in low income populations, the same may be true for an
oral Shigella vaccine. In order to address the factor of malnutrition, we performed S.
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flexneri infection studies with the intestinal HT-29 cell line that were maintained in
decreased concentrations of FBS. Normally, HT-29 cells are cultured with supplemental
FBS for continued proliferation. By decreasing the FBS concentration, the cells were
starved for nutrients.
We also utilized the rotating, three-dimensional organoid system. This system
uses a rotating wall vessel in which the cells are cultured in zero gravity conditions. The
system has a number of advantages including induction of epithelial cell polarity, villus
production, and “zero gravity” pathogen/host cell interactions which more faithfully
recapitulate human intestinal conditions [124-126]. Despite the improvements over the
monolayer culture system, the rotating vessel is also composed of a single cell type
immortalized cancer cell line.
Cancer cell lines may mask subtle changes that non-cancer cells are susceptible.
Research performed in mice by Hans Cleavers demonstrated that stem cells expressing
Lgr5+ in intestinal crypts can be differentiated and propagated indefinitely as “mini-guts”,
a non-cancer alternative to the three-dimensional culture system [127]. These mini-gut
enteroids provide a physiologically relevant ex vivo system for studying intestinal
diseases [128]. This has been advanced to use stem cells derived from healthy adult
human intestinal crypts that self-organize into a polarized, three-dimensional system
composed of multiple intestinal cells types [128, 129]. To grow human enteroids,
intestinal crypts containing stem cells that can differentiate into epithelial cells, Paneth
cells, goblet cells, and enteroendocrine cells are surgically isolated from healthy adult
colons. These isolates are differentiated into polarized enteroids as outlined in a
manuscript published by the Donawitz gastroenterology lab at Johns Hopkins University
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[128, 129]. In collaboration with these researchers, we performed preliminary studies to
assess the utility of the human enteroid model for studying S. flexneri invasion,
replication, and induction of host cell protein secretion.
We assessed each of these cell-based models using S. flexneri 2a vaccine strain
CVD 1208S and its parental wild type strain 2457T to establish models for future studies.
The S. flexneri 2a vaccine has been extensively tested using in vitro systems, in vivo
experiments, and clinical studies, making it an ideal candidate to establish new models to
study Shigella pathogenesis.

Materials and Methods
Malnourished HT-29 cells. HT-29 cells in DMEM were supplemented with 10%
(nourished) or 2.5% (low-nutrient) total heat-inactivated FBS for two days prior to an
invasion assay [37]. On the third day, the epithelial cell monolayers were inoculated with
the CVD vaccine candidate or the parent wild type strain by resuspending colonies from a
TSA plate in cell culture media adjusted for an MOI of 100 bacteria per HT-29 cell. The
monolayers were centrifuged five minutes at 1000 x g at room temperature and then
incubated at 37°C with 5% CO2 for 90 minutes. The cells were washed and incubated
with media containing 50 µg/ml gentamicin. At each time point, biological duplicates of
each sample were washed with DBPS to remove gentamicin and eukaryotic cells were
lysed with 1 ml/well of 1% Triton X-100. Serial dilutions were plated to determine
doubling four hours after invasion.
HT-29 rotating organoid invasion assays. One million HT-29 cells were added
to a 10 ml rotating vessel with 2.5 ml collagen coated beads. HT-29 cells were
maintained at 37°C with 5% CO2 in DMEM supplemented with 10% heat-inactivated
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FBS. After 16 days in the rotating vessel, the HT-29 cell-coated beads were harvested
and infected with the bacteria. Supernatant from the infected HT-29 cells were collected
four and 24 hours after treatment with gentamicin. To calculate invasion, HT-29 cell
lysate was plated in TSA.
Human enteroids. Following differentiation, colonic enteroids were grown as a
monolayer on transwell plates. The transwells were maintained in rich media for two to
three weeks and the trans-epithelial electric resistance (TEER) was measured each day.
Once the cells were fully polarized (reaching ~3000 ohm TEER values), an invasion
assay was performed. At least 108 bacteria were added to an inverted enteroid or colonoid
monolayer and incubated for various time periods. Following the invasion period, the
bacteria were removed and the enteroids were gently washed. Media containing
gentamicin (50 µg/ml) was added to the transwells and the enteroids were incubated for
an additional two to four hours. The supernatant was collected and the cells were lysed to
quantify bacteria, collected in TRIzol for RNA isolation, or fixed for imaging. ELISAs
for IL-8 and CXCL-1 were conducted with the supernatant collected from the apical and
basolateral sides of the membranes to assess polarized cytokine secretion from the
enteroid and colonoid monolayers.
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Results
Low nutrient cell culture model alters host cell response to Shigella flexneri.
In order to evaluate the impact of nutritional cell status on Shigella invasion, we
assessed low FBS conditions in vitro to model malnourished intestinal epithelial cells.
HT-29 cells were maintained in low (2%) or high/standard (10%) FBS for two days prior
to the gentamicin protection invasion assays. HT-29 cells were incubated with wild type
S. flexneri 2a strain 2457T and vaccine candidate CVD 1208S in both conditions for four
hours post invasion. There was no significant difference in bacterial replication observed
in the low nutrient media condition (Figure 17). We also assessed IL-8 secretion from the
HT-29 cells and found a significant difference between secretion of the protein from
nourished and low nutrient cells infected with both the vaccine and wild type strains
(Figure 18).
15
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Figure 17: Bacterial doublings in low nutrient HT-29 cells.
Fully nourished or low nutrient HT-29 cells were infected with WT 2457T or vaccine strain CVD 1208S.
Intracellular replication after four-hour was measured. The results from duplicate wells are shown.
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Figure 18: IL-8 secretion from low nutrient HT-29 cells
Fully nourished or low nutrient HT-29 cells were infected with WT 2457T or vaccine strain CVD 1208S.
Secretion of IL-8 was measured in supernatants after four-hour incubation. The results from duplicate wells
are shown.

HT-29 organoids are susceptible to Shigella flexneri invasion.
A classic test of Shigella virulence uses cell monolayers and measures invasive
potential and replication over time [103, 106, 115, 130]. The rotating three-dimensional
system is a more relevant model for assessing Shigella invasion. The HT-29 cells are not
subjected to forced interaction with the bacteria as done with monolayer invasion assays.
Instead, the epithelial cells and bacteria are co-cultured while rotating allowing invasion
to occur in zero-gravity. Differentiated, rotating HT-29 cells were inoculated with wild
type S. flexneri (2457T) or the CVD 1208S vaccine strain for a gentamicin protection
assay (inoculation w/ 1x108 bacteria). After four and 24 hours, intracellular bacteria were
measured for both strains. Fewer CFUs of CVD 1208S were recovered from HT-29
organoids at both time points (Figure 19). Parallel to the invasion assay, the supernatants
from the cells were collected for IL-8 quantification. The supernatant from the rotating
cell culture invasion assay were used to measure IL-8 secretion (Figure 20). Using a
virulence plasmid cured S. flexneri 2a strain (4243A) as a noninvasive control, CVD
1208S and the wild type strain 2457T were compared for IL-8 production (Figure 20).
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Increasing IL-8 secretion levels were measured following inoculation with plasmidless,
vaccine strain, and wild type bacteria.

Figure 19: HT-29 organoid invasion assay.
HT-29 cell organoids maintained in the rotating wall vessel were infected with S. flexneri 2a wild type
strain 2457T or vaccine strain CVD 1208S. Following gentamicin treatment, cells were incubated for four
or 24-hours and intracellular bacteria quantified.

Figure 20: IL-8 secretion from infected HT-29 organoid
HT-29 cell organoids maintained in the rotating wall vessel were infected with wild type strain 2457T or
vaccine strain CVD 1208S or plasmidless strain 4243A. Following gentamicin treatment, cells were
incubated for four or 24-hrs and IL-8 was measured in supernatants

Human enteroid and colonoid differentiated monolayers are susceptible to Shigella
invasion.
Several assays were conducted with human enteroids grown from jejunum and
duodenal stem cells to optimize the invasion protocol. During a natural infection, Shigella
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preferentially invades the basolateral side of the intestinal epithelium. Using the polarized
enteroid monolayers, enteroids were infected with wild type S. flexneri 2a 2457T from
the apical membrane (direct contact with cells) or from the basolateral surface by
inverting the transwell (indirect contact through transwell membrane as depicted in
Figure 21).
Bacterial
suspension

Figure 21: Orientation of inverted enteroid infection.
24-well transwells with polarized enteroids were inverted for
basolateral infections.

Inverted
Transwell

Microscopy was used to visualize the impact of the infection method on the
morphology of the enteroids (Figure 22). Healthy, uninfected enteroids exhibit a
“fingerprint” pattern when viewed with phase contrast imaging. Infection with Shigella
from either the apical or basolateral surface disrupted this pattern. The enteroids were
also lysed to quantify intracellular bacteria to show that enteroids are susceptible to wild
type S. flexneri invasion. The basolateral infection method was tested using transwells of
two different pore sizes, 2 µm and 3 µm. No bacteria were recovered from the enteroid
when the 2 µm pore was used. Bacteria were only recovered when the enteroid was
cultured using the transwells with larger pores (recovered 2 x 104 bacteria per ml four
hours post invasion).
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Figure 22: Phase contrast images of enteroid monolayers infected with wild type S. flexneri 2a.
Enteroids were infected with wild type S. flexneri 2a 2457T from the apical membrane (direct
contact with cells) or from the basolateral surface by inverting the transwell (indirect contact
through transwell membrane). An uninfected enteroid was imaged to demonstrate healthy
morphology.

ELISAs performed with the supernatants collected from the basolateral and apical
surfaces of the monolayers revealed an increase in IL-8 and CXCL-1 secretion over
uninfected controls. Additionally, RNA was isolated and used to quantify transcripts of
IL-8 and TNF-α encoding genes, which increased two-fold over uninfected cells
following wild type invasion. Colon samples, or colonoids, which are more difficult to
maintain, were grown and used to demonstrate Shigella invasion with fluorescent
imaging (Figure 23) and CFU counts from lysed monolayers. Following infection from
the basolateral surface, colonoid monolayers were stained for actin, Shigella, and nuclei
to visualize invasion and migration of the bacteria from the basolateral pole of the
colonoid. Colonoids were also lysed and quantified. Shigella invaded at a rate of
approximately 4x105 bacteria per ml four hours after they are incubated with the
colonoid.

59

Shigella-488, Phalloidin (Actin) -568, Hoechst (Nuclear)

B

A

Figure 23: Shigella invasion in a colonoid.

Enteroids were infected with wild type S. flexneri 2a 2457T from the basolateral surface
by inverting the transwell for four hours. Shigella (labeled green with Shigella-specific
antibody) is visualized in colonoids in the XZ pane (A) and the XY plane (B) following
basolateral infection. F-actin (red, phalloidin) defines cell boundaries and apical brush
border and Hoechst stain (blue) binds to host cell nuclei.

Discussion
Our primary goal was to conduct experiments with the most physiologically
relevant and advanced technology. As the availability of new technologies changed, the
research methods changed accordingly. The clinically tested S. flexneri 2a vaccine CVD
1208S and its parental wild type strain 2457T serve as excellent comparators for
establishing new methods to study Shigella pathogenesis because they have been
extensively tested in vitro, in animals and in human adult volunteers [42].
Cancer cell line monolayers are accepted in vitro tools for studying bacterial
pathogenesis and the attenuating effects of bacterial genetic mutations. In Chapter 2, we
demonstrated the utility of established monolayer systems. The same model was used to
assess the effects of host cell starvation on bacterial invasion and replication. Although
these data demonstrate differences between the nourished and low nutrient HT-29 cells,
characterizing the metabolic changes in low FBS conditions and elucidating the
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mechanism of action causing the differences was challenging. To continue assessing
nutrient availability, we will need to develop models for quantifying the impact of
starvation on the host cells.
The technical aspects of infecting the enteroids and colonoids were established,
thus providing a basis to conduct future studies. The use of 3 µm pore filters, rather than
2 µm, allows migration of the bacteria through the membrane to the basolateral surface.
The effects of Shigella on the monolayer during a natural infection are pole specific.
Although both apical and basolateral infections alter cytokine secretion and membrane
integrity, basolateral invasion provides physiologically relevant data pertaining to the
natural pathogenic process of Shigella.
In all three models, CVD 1208S exhibited wild type level invasion but no
intracellular replication was observed. The data indicate that the models outlined can be
used to assess attenuation of live S. flexneri vaccine candidates. The levels of bacterial
invasion, cytokine production, and cytokine transcription were lower in the threedimensional models than results obtained using HT-29 monolayers (described in Chapter
2). Non-polarized, two-dimensional monolayers, though useful, may inflate the cellular
responses to S. flexneri invasion. The enteroid and colonoid results indicate the effects on
host cells may be subtler than demonstrated in immortalized cell monolayers. These
preliminary studies have established the groundwork for the continued use of this humanrelevant model for the study of Shigella pathogenesis as well as vaccine strain evaluation.
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Chapter 5: Genomic and Transcriptional Analysis of Host and Vaccines
Rationale
The Shigella species, a genus of diarrheal pathogens, are extremely similar to E.
coli, in part due to shared pathogenicity islands and secretion systems involved in
virulence [131]. Despite these similarities, the current classification demonstrates the
distinction in clinical presentation and subsequent immune recognition [84]. Among
Shigella species, there are differences including the presence of Shiga toxin (S.
dysenteriae only), prevalence in endemic regions, and geographic distribution. Of the S.
flexneri serotypes, 2a has been extensively studied due to its prevalence worldwide as an
endemic strain. Yet, there is very little literature comparing the genomic content of other
clinically relevant serotypes. Although S. flexneri serotypes 2a, 3a and 6 are classified
within the same species, in vivo responses to live attenuated vaccine candidates varied
between the serotypes, indicating there are differences in the host response to each that
have not been fully elucidated [73].
As described previously, there are at least 15 serotypes recognized for S. flexneri.
Epidemiological and clinical trial data support the serotype-specificity of protection [31].
Serotype 6 is the only S. flexneri serotype of the 15 that expresses the type VI antigen,
making it distinct from the other 14 serotypes. Given its high prevalence in Shigella
endemic regions, it has been included in a multi-component vaccine approach for broad
spectrum coverage but would only contribute to homologous protection [97]. S. flexneri
serotype 6 also requires additives for growth in culture media not necessary for serotypes
2a and 3a [132]. While these represent examples of differences between strains that have
been identified, technologies are available to allow comprehensive characterization of
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strain differences. Assessing global difference and similarities between the gene content
of each vaccine component will provide information regarding their combined behavior
in the host.
Differences between strains of S. flexneri may induce changes in the target
intestinal epithelial cells including altered gene expression and thus impact host response
to the vaccine. RNA sequencing (RNA-seq) is an unbiased method for comparing global
changes in cell transcription at a specific point and is considered more sensitive than a
traditional microarray [133, 134]. When assessing changes to the host target cells, such as
bacterial invasion, this technology can provide insight about how the cells
transcriptionally respond. RNA-seq can be used to assess host cell responses to Shigella
infections as well as strain-specific transcriptional profiles in the bacteria in response to a
set of conditions, such as high concentrations of bile salts, which the bacteria encounter
in the human GI tract. Previous research exploring the effects of the bile salts on S.
flexneri 2a invasion revealed that epithelial cell invasion and adherence increases
following exposure to one type of bile salt, deoxycholate (DOC) [135]. DOC interacts
with components of the T3SS, specifically IpaD, and leads to increased the recruitment of
invasins to improve invasion efficiency [136-138]. Similar experiments with bile salts
have not yet been published using S. flexneri serotypes 3a and 6. Assessing bacterial gene
expression as well as host cell response to different S. flexneri serotypes offers insight
about host/bacterial interactions that are essential for vaccine development.
Following RNA-seq, secondary methods are often used to corroborate the results.
For example, quantitative reverse transcription PCR (qRT PCR) provides gene specific
quantification of expression changes and western blots demonstrate relative differences in
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protein quantity. We can measure transcripts of genes such as IL-8 and CXCL-1 that
encode proteins secreted following infection to recruit neutrophils to the site of infections
as indicators of an innate immune response [106]. Quantitative RT PCR profiling in
infected rabbits indicated TNF-α increases significantly during the late phase of infection
when compared to uninfected controls and infection with a virulence plasmid-cured
Shigella strain [139]. These genes will allow us to evaluate immune response at multiple
times points and observe changes before physical manifestation of the disease. In
addition, they should also provide a profile of induced signal transduction pathways so
that in vitro differences between vaccines strains and wild type strains may be correlated
to the clinical data. Our hypothesis is that genomic and transcriptional analysis will reveal
distinct differences between the S. flexneri serotypes and the mutant and wild type strains
that will provide insight regarding vaccine development.

Materials and Methods
Genomic Analysis of Shigella flexneri serotypes 2a, 3a, and 6. The complete
genomic sequences of wild type S. flexneri serotypes 2a, 3a, and 6 (strains 2457T, J17B,
CCH060 respectively) were obtained from NCBI. The GenBank accession numbers are:
GCA_000183785.2 for serotype 2a, GCA_001184055.1 for serotype 3a, and
GCA_000267985.1 for serotype 6. A consensus reference genome was created using a
computational pipeline developed at the University of Maryland Institute for Genome
Science. To create the reference, or representative sequence, the predicted proteinencoding genes from each S. flexneri strain with at least 90% identity to the other strains
were assigned gene cluster IDs using UCLUST, an algorithm used for de novo sequence
analysis [140, 141]. Each S. flexneri genome sequence was compared to the reference to
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determine the Blast Score Ratio (BSR) value using TBLASTN scores [142]. BSR values
≥0.9 were assigned to similar genes and ≤0.4 for divergent genes.
RNA Sequencing of Bacterial Strains. Each vaccine strain (CVD 1208S, CVD
1213, CVD 1215) and their parental wild type strain (2457T, J17B, CCH060) was grown
for 18 hours on Tryticase Soy agar (TSA) supplemented with congo red and guanine.
Biological duplicates of each were grown in 15 ml of 2X soy broth supplemented with
0.05% guanine and 0.1% deoxycholate (DOC) (wt/vol) by inoculating with 5 red colonies
and incubated at 37ºC shaking at 250 rotations per minute (rpm). Cultures were grown
2.5 hours to an OD600 of 0.5-0.9. Cultures were centrifuged at 4500 rpm at room
temperature for 5 minutes. The supernatant was removed and the cell pellets were
suspended in 500μl TriPure isolation reagent (Sigma-Aldrich, St. Louis, MO). The
TriPure manufacturer protocol was used to isolate RNA from the bacterial cultures.
TURBOTM DNase (Thermo Fisher Scientific, Waltham, MA) was used to treat the
samples and remove double stranded genomic DNA.
RNA-seq Analysis. Sequencing reads of the RNA samples were generated using
Illumina technology and analyzed using an Ergatis-based pipeline at the core facility at
the University of Maryland Baltimore Institute for Genome Science [143]. The same S.
flexneri draft genomes used for the genomic comparisons were used as references for the
bacterial sequencing. Bowtie software (version 0.12.7) was used to align the reads from
each strain to its reference and HTSeq was used to determine the subsequent mapping of
predicted protein coding regions [144, 145]. The mapping results are outlined in Table 6.
To assess differential expression in the various conditions (i.e. with and without DOC),

65

DESeq (version 1.5.24) was used to determine fold change between each comparison. All
biological duplicates were normalized and averaged for the analysis.
Table 6: Bacterial RNA-seq mapping result.
There are four samples per strain: biological duplicates grown with DOC and biological duplicates grown
without DOC.
Total
Reads

Total
Mapped
Reads

%
Mapped
Reads

%
Properly
Paired

Uniquely
Mapped
Reads

%
Intergenic

Total
Features

Features
with
Coverage

1208S
#1

62067476

23488272

37.84

37.84

23488272

40.49

5301

5006

#2

79587536

32185104

40.44

40.44

32185104

45.93

5301

5193

bile #3

74020600

33742920

45.59

45.59

33742920

47.65

5301

5188

bile #4

33634964

3752938

11.16

11.16

3752938

59.75

5301

4856

WT 2a
#1

67099148

28253366

42.11

42.11

28253366

38.1

5301

5214

#2

107587920

51121246

47.52

47.52

51121246

35.26

5301

5230

bile #3

80735094

28431514

35.22

35.22

28431514

44.05

5301

5207

bile #4
1213
#1

109530306

50659286

46.25

46.25

50659286

55.68

5301

5082

84512516

8582270

10.16

10.16

8582270

81.19

5062

4723

#2

24579246

1810060

7.36

7.36

1810060

74.26

5062

4032

bile #3

42982606

6235120

14.51

14.51

6235120

61.68

5062

4696

bile #4

31746434

5634802

17.75

17.75

5634802

62.66

5062

4685

WT 3a
#1

86584632

35888656

41.45

41.45

35888656

53.45

5062

4909

#2

91955074

33172084

36.07

36.07

33172084

67.38

5062

4804

bile #3

73670346

50562404

68.63

68.63

50562404

70.72

5062

4667

bile #4
1215
#1

79678216

26384644

33.11

33.11

26384644

56.14

5062

4708

96823664

48645056

50.24

50.24

48645056

45.96

5218

5101

#2

81718086

44757228

54.77

54.77

44757228

53.13

5218

5018

bile #3

92660524

54582180

58.91

58.91

54582180

42.19

5218

5057

bile #4

43892494

9715342

22.13

22.13

9715342

64.63

5218

5004

WT 6
#1

97166622

48565612

49.98

49.98

48565612

41.1

5218

5134

#2

101138972

56631384

55.99

55.99

56631384

35.35

5218

5145

bile #3

107496062

51569354

47.97

47.97

51569354

49.35

5218

5106

bile #4

112031224

57690670

51.5

51.5

57690670

48.84

5218

5127

ID
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RNA sequencing of HT-29 epithelial cells. A monolayer invasion assay was
performed as outlined in Chapter 2 using CVD 1208S, 2457T (wild type Shigella flexneri
2a), and uninfected cells. Following the invasion (90 minutes), HT-29 cells were
incubated in gentamicin-containing media for thirty minutes (early infection) or four
hours (late infection). The HT-29 cells were collected in TRIzol and RNA was isolated
and treated with DNase according to the manufacturer’s protocol. A paired-end
sequencing library was constructed by University of Maryland School of Medicine,
Institute for Genome Sciences Genome Research Core.
qRT PCR. qRT PCR was used to detect changes in gene expression. During the
gentamicin protection assay, biological replicate wells of HT-29 cells were collected in
TRIzol and RNA is isolated and treated with DNase per the manufacturer’s protocol.
cDNA was synthesized using the qScriptTM cDNA synthesis kit (Quanta Biosciences;
Beverly, MA) according to the manufacturer’s protocol. On an ABI 7900HT qRT PCR
machine, target gene expression levels were measured in infected and uninfected cells.
Human specific primers for IL-8, CXCL-1, and TNF-α were used and compared to the
house keeping control gene β-actin (primer sequences listed in Table 12 found in the
appendix) [146, 147]. To calculate differences in gene expression, cycle threshold (Ct)
values of target genes were normalized by calculating the differences between β-actin
expression levels in each sample, resulting in the ΔCt value. Then the ΔCt value
differences between the two conditions in each comparison were calculated to determine
the ΔΔCt. Reported fold change calculations are the log2 of each ΔΔCt (2-ΔΔCt).
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Results
Genomic differences between Shigella flexneri serotypes 2a, 3a, and 6.
The genomes of the three S. flexneri serotypes included in the proposed multicomponent vaccine were analyzed and 3090 core gene clusters were identified as present
in each of the S. flexneri serotype isolates. Notable core genes included genes associated
with transcription and translation such as rpoE, ribosomal proteins (rplE, rplR, rplW),
and creB. The core gene clusters are dominated by genes involved in processes necessary
for the survival of the bacteria.
As noted in previous research, we found that serotype 6 was genetically divergent
from serotypes 2a and 3a [132]. Serotype 6 has 537 unique genes compared to 385 and
237 unique genes in serotype 2a and 3a respectively (Figure 24). Among the unique
genes found in S. flexneri 2a (strain 2457T) were ampicillin and arsenic resistance genes.
Interestingly, Serotype 3a contains a gene with homology to yopA, a gene found in
Yersinia pestis [148]. Serotype 6, the most divergent serotype of the three, contained a
multidrug resistance protein (mdtM), several type 2 secretion system genes (gsp), and
casB, a CRISPR associated gene. Analysis is ongoing to identify the unique and core
virulence genes present in the S. flexneri serotypes used for the multi-valent vaccine.
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S. flexneri 2a

385
405

69
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S. flexneri 3a

537
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Figure 24: Genomic comparison of Shigella flexneri serotypes 2a, 3a, and 6.

The genome sequences of the 3 S. flexneri serotype strains were compared. Gene clusters that were
conserved between strains or unique for each strain are shown.

Bile induced changes in Shigella flexneri vaccine and wild type gene expression.
Vaccine candidates and wild type strains grown in the presence of DOC, a
representative bile salt and trigger for the GI tract environment, were compared to
samples grown in soy broth without DOC. An outline of the number of differential genes
expressed in each strain is listed in Table 7. Notably, each vaccine strain has fewer
differentially expressed gene clusters relative to their parental wild type strains in the
presence of DOC. Table 8 lists the number of differentially expressed genes between
each vaccine strain and the parental wild type strain with the addition of DOC to the
growth media. When DOC is present, there are more differentially expressed genes
between the serotype 2a and 6 vaccine and wild type strains but fewer between the
serotype 3a strains. In the comparisons of the vaccine strains relative to their parental
serotype, we looked for common genes with differential regulation with and without
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DOC. We identified four annotated genes in CVD 1208S versus the wild type strain
2457T comparisons with and without DOC and six annotated genes in the CVD 1215 and
wild type CCH060 comparisons (Table 9). The identified genes do not immediately
reflect bile metabolism but included genes that encode metabolic enzymes, transporters
and biosynthesis molecules. Several up-regulated and down-regulated genes were
identified in each bacterial strain (vaccines and wild types) when cultured with DOC
(listed in the Supplemental Tables section of the Appendix) indicating strain specific
behavior in response to the bile salt.
Table 7: Number of differential gene clusters in bacterial strains following growth with DOC relative to each
strain without DOC.

CVD 1208S
Wild Type S. flexneri 2a
CVD 1213
Wild type S. flexneri 3a
CVD 1215
Wild Type S. flexneri 6

Increased in DOC
102
284
82
93
45
141

Decreased in DOC
27
250
74
107
30
165

Table 8: Differential genes expression in vaccine strains relative to parental wild type strains

S. flexneri vaccines relative to WT in DOC
Increased
Decreased
CVD 1208S (serotype 2a)
126
83
CVD 1213 (serotype 3a)
194
66
CVD 1215 (serotype 6)
72
45

Total
209
260
117

S. flexneri vaccines relative to wild type (no DOC)
Increased
Decreased
CVD 1208S (serotype 2a)
210
161
CVD 1213 (serotype 3a)
56
4
CVD 1215 (serotype 6)
150
143

Total
371
60
293
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Total
129
534
156
200
75
306

Table 9: Differential gene expression of genes in vaccine strains relative to parental wild type strain with and
without DOC.
Lists include annotated genes that were differentially expressed in both conditions. LFC= Log fold change

Gene
LFC
LFC
Symbol w/DOC w/o DOC Predicted Protein Function
CVD 1208S v 2457T
cysT
3.96
-3.13
sulfate ABC transporter, permease protein CysT
queD
3.30
-2.09
queuosine biosynthesis protein QueD
recQ
1.02
1.22
ATP-dependent DNA helicase RecQ
ycjG
-1.88
-1.84
uncharacterized protein ycjG
CVD 1215 v CCH060
tdcB
6.63
2.31
treB
4.02
1.49
xapB
2.84
1.76
cyoE
-1.11
-1.16
moaC
-1.27
-1.61
cmtA
-1.59
-1.71

threonine dehydratase catabolic
PTS system trehalose-specific EIIBC component
xanthosine permease
protoheme IX farnesyltransferase
molybdenum cofactor biosynthesis protein C
PTS system mannitol-specific cryptic EIICB component

HT-29 exhibit transcriptional changes following Shigella invasion.
In order to identify host responses to S. flexneri infection, HT-29 cells were
assessed for differential gene expression zero or four hours after infection with CVD
1208S or wild type S. flexneri 2a strain 2457T and compared to uninfected controls.
These studies provide information regarding differences in host cell response to invasion
and replication by the vaccine candidates and their parental wild type strains. The
numbers of up-regulated and down-regulated genes identified at each time point are listed
in Table 10. Unsurprisingly, there were fewer differential genes expressed at the early
time point than four hours after invasion in all comparisons. Genes that are increased in
uninfected cells relative to infected cells also represent genes that are down-regulated in
CVD 1208S or 2457T infected cells. We also looked for specific genes associated with
Shigella pathogenesis in infected and uninfected cells at each time point. We identified
several host genes including many antimicrobial CXCL family genes, IL-17, NFκB, and
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TNF that increased following invasion by CVD 1208S or 2457T (listed in Table 11). The
genes are listed with negative LFC values because the comparisons are relative to
uninfected cells; the negative LFC indicated expression was higher in the infected cells
Table 10: Gene expression changes in HT-29 cells following Shigella flexneri invasion

Comparison

Increased

Decreased

Total

1208S vs 2457T 0hr
1208S vs 2457T 4hr
Uninfected vs 1208S 0hr

145
114
158

169
275
199

314
389
357

Uninfected vs 1208S 4hr
Uninfected vs 2457T 0hr
Uninfected vs 2457T 4hr

179
169
158

534
242
846

713
411
1004

Table 11: Gene expression log fold change in HT-29 cells identified via RNA sequencing

Gene
CXCL1
CXCL2
CXCL3
CXCL8
TNF
IL17C
NFKBIA
TNFAIP3

Uninfected v. 1208S
0hr
4hr
-3.491
-4.8054
-4.1253
-4.0089
-3.7194
-4.3729
-3.5186
-4.8269
-4.5273
-4.9505
-4.1291
-4.4028
-1.9176
1.2360
2.1240
-2.6817

Uninfected v. 2457T
0hr
4hr
3.3725
-5.6041
3.9001
-4.8254
-3.7183
-5.5820
-3.2385
-5.3979
-4.2346
-6.0013
-3.7916
-5.9208
-1.6129
-1.6995
-2.1809
-3.2122

A subset of genes were selected for qRT PCR to confirm differential expression
of IL-8, CXCL-1, and TNF-α two to eight hours following initial invasion by the
vaccines and wild type S. flexneri. The changes in IL-8 and CXCL-1 expression in S.
flexneri serotype 2a and 3a infected cells may correlate to the changes in cytokine
secretion between four and eight hours post infection noted in a previous chapter (Figure
25). Notably, transcription of each gene in CVD 1215 infected cells was greater than
CCH060 (parental wild type strain) infected cells.
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Figure 25: qRT PCR of selected host genes in infected HT-29 cells.
S. flexneri vaccine or wild type strains were used to infect HT-29 cells (MOI of 100) for 90 minutes. RNA
was isolated at two, four, or eight hours post infection and qRT PCR was performed.

Discussion
Three types of studies were undertaken to characterize S. flexneri serotypes 2a,
3a, and 6 wild type and vaccine strains. First, the genomes of the three S. flexneri
serotypes were compared using the complete genome sequences of the parental wild
types strains used to derive each vaccine strain. Analysis of the genomes of the three S.
flexneri serotypes revealed that the strains have many genomic resemblances as well as a
surprising number of unique genes despite classification in the same species. We
identified over 3000 core genes as well as hundreds of genes unique to each serotype.
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This is important because the differences in the genomic content of each strain may affect
how it interacts with the host, which may affect vaccine development.
The second study utilized RNA-seq to define the complete transcriptomes of each
WT and vaccine strain with and without the addition of DOC. DOC was used to reflect
the environment of the GI tract and has been identified as a trigger for changes in the
transcriptional activity of diarrheal pathogens [135-138, 149]. S. flexneri 2a and 6 WT
and vaccine strains mapped as expected to the respective reference strain sequences.
Unfortunately, the CVD 1213 isolates did not map to the reference as well as serotypes S.
flexneri 2a and 6 (noted in the “% properly paired” column of Table 6). Additional
studies may include resequencing a reference strain for the NCBI databases and deeper
assessment of sequence divergence between serotype 3a isolates. Nonetheless, we
identified many annotated and predicted differentially expressed genes in the presence of
bile salts. We hope to create a profile of unique and common genes between the S.
flexneri serotypes affected by bile to gain a better understanding of vaccine behavior in
the GI tract. Future experiments will include additional qRT PCR and western blots to
determine if the transcriptional changes are related to altered protein secretion. For
example, previous research has shown that the expression of IpaD is altered by DOC.
This in turn effects the recruitment of IpaB to the surface of the bacteria [137]. A
preliminary western blot with the culture supernatants of CVD 1208S and the parental
wild type strain 2457T, were assessed with an IpaB antibody (data not included). The
addition of DOC appears to cause an increase in secreted IpaB in the culture supernatant
of CVD 1208S. If vaccine strain growth, adhesion or invasion are altered by bile salts,
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gaining information about the effects could inform vaccine dosing for the multivalent
formulation.
The third study undertaken was to compare host response to infection by WT and
vaccine strain of S. flexneri 2a at two time points post infection. S. flexneri 2a was
selected since the vaccine strain CVD 1208S has clinical trial experience. We
hypothesized that host responses to this strain would represent those that were associated
with a safe and immunogenic vaccine and thus could be used to assess future vaccine
derivatives. A pre-clinical model system that allows relevant evaluation of candidates
would be extremely useful in down-selecting of the most promising vaccines to advance
to clinical trials. We anticipated similar results between RNA-seq data from infected HT29 cells and quantitative RT PCR experiments. The qRT-PCR transcriptional analysis of
genes encoding IL-8, CXCL-1, and TNF-α in HT-29 cells following invasion by CVD
1208S and 2457T was very similar to the RNA-seq analysis. The absolute values of the
log fold change calculations in Table 11 represent the increased expression identified by
qRT-PCR for CVD 1208S and 2457T infected cells. For instance, RNA-seq revealed the
difference in expression of TNF in CVD 1208S infected cells relative to uninfected cells
was 4.9 and 6.0 in 2457T infected cells four hours post invasion. The values were in 5.3
and 10.4 respectively after qRT PCR analysis in the same conditions at the same time
point.
Continued exploration of genes identified through RNA sequencing will need to
be conducted to determine how these genes impact the behavior of the bacterial strains or
the host cells. The extensive data sets produced by these studies will serve as the basis for
future analysis and studies of the similarities and differences between S. flexneri
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serotypes, vaccines and WT strains and host responses that will improve our strategies for
vaccine development and pre-clinical analysis of candidates.
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Chapter 6: Conclusions and Future Directions
Diarrheal diseases remain a significant cause of morbidity and mortality
worldwide [15, 18]. The introduction of public health measures, antibiotics and vaccines
has decreased the burden of preventable diseases, but there remains a need for significant
improvements. Although improved public health systems in developing nations
dramatically reduces the burden of bacterial pathogens spread through contaminated food
and water supplies, vaccine research is still a necessary pursuit. There are a multitude of
approaches for creating and administering vaccines, including needle injections, nasal
sprays, and oral formulations [150]. The Center for Vaccine Development (CVD) at the
University of Maryland School of Medicine is pursuing one such method: a cocktail of
attenuated strains for use as an oral vaccine to combat diarrheal illnesses.
Following the GEM study, the realization of the importance of Shigella has
raised awareness and funding agencies have taken notice to make therapeutic and
preventative interventions a priority. Researchers identified Shigella species as a
significant cause of diarrheal disease and quantified the burden in young children in low
income regions [17, 110]. Specifically, S. flexneri and S. sonnei, make up 89% of
Shigella isolates identified in children less than five years of age in endemic regions [96].
This new input of scientific energy and funding contributes to the advancement of
vaccine candidates that may progress to licensure for use in needy populations.
Addressing the serotype-specificity of Shigella immunity requires a vaccine
candidate that targets conserved antigens across all serotypes or incorporates multiple
serotypes into a single formulation. To create a multi-component vaccine, we must ensure
that each individual component of the vaccine is safe and efficacious in all target
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populations. Animal models are the best tool to assess safety and protective efficacy prior
to clinical trials of each component. Although there are no animal models that mimic
Shigella pathogenesis in the human, the guinea pig keratoconjunctivitis model and the
mouse pneumonia model are well established systems for assessing vaccine candidates
[44, 49, 55, 59, 82]. Proper administration of the vaccine to achieve strong, long lasting
immunity is also an important consideration. Shigella vaccine candidates in the pipeline
include parental and mucosal formulations of live, whole-cell, and purified proteins
vaccines that have been tested in guinea pigs, mice, and humans [49, 55, 73, 75].
With the focus surrounding Shigella and the tools available to study it, we
propose the use of a multi-component vaccine based on seminal observations made many
years ago at the CVD [97]. The vaccine would be a multi-species and serotype vaccine,
composed of attenuated strains of S. sonnei, and S. flexneri serotypes 2a, 3a, and 6 (three
of the five most prevalent serotypes associated with illness), to confer broad protection
against multiple Shigella serotypes. Here, we characterized the three potential S. flexneri
components of this vaccine using in vitro, in vivo, ex vivo, and in silico methods. The
goal of these studies was four-fold: confirm attenuation of two new vaccine candidates,
assess immunogenicity and protection of the vaccine candidates, develop new methods to
assess future iterations of the vaccines, and assess genomic and transcriptional
differences between the S. flexneri serotypes included in the multi-component vaccine.
Protection against Shigella is believed to be based on O-antigen specificity. This
serotype-specific protection has been a major hurdle in the development of a broad
spectrum vaccine. We hypothesize the multi-serotype strategy is a feasible option to
achieve protection against the most prevalent serotypes in endemic regions based on the
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pre-clinical demonstration of heterologous protection between serotypes in guinea pigs
[97]. In these studies, CVD 1213 and CVD 1215 were shown to be attenuated in vitro and
in vivo in a similar manner to CVD 1208S, the previously published vaccine candidate
tested in clinical trials. The experiments described in this thesis also provide evidence
that a multi-component vaccine composed of the attenuated strains CVD 1208S, CVD
1213, and CVD 1215 confers homologous protection against each serotype component.
Further analysis of the three serotype components (S. flexneri 2a, 3a, and 6) revealed a
surprising number of genomic differences as well as gene expression patterns in response
to DOC, a bile salt. Understanding the genetic behaviors of each component could
inform our decisions concerning their preparation and ratio in the complete vaccine.
These data represent critical information that will be used to support an application to
conduct clinical trials with the vaccine candidates.
In addition to using current methods for the characterization of Shigella vaccine
candidates, we have also provided a foundation for utilizing advanced technologies to
expand our understanding of host response to vaccines and wild type bacteria. Preclinical
vaccine development is limited by the methods and models available; studying diarrheal
diseases such as Shigella are complicated because of the number of host cells involved in
pathogenesis and the lack of a small animal model that recapitulates human disease [151].
Unfortunately, many vaccine candidates that show promise using cell culture systems or
animal models fail to demonstrate the same success in clinical trials [71, 122]. Human
enteroids and colonoids are an exciting new ex vivo method that incorporate multiple
cells types and eliminate the compounding effects of using immortalized cell lines which
may exhibit irregular behaviors due to genetic drift [79, 152]. Combining the enteroid
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model with technologies such as RNAseq would advance our understanding of host
responses at a cellular level; the sensitivity of RNAseq also allows us to assess bacterial
response to the host and other environmental factors.
As we continue characterizing host responses to Shigella vaccines, keeping the
target population in mind will be vital. The infant mouse model, though not ideal, can be
very helpful when assessing the vaccines in young human populations; further studies to
assess protection in the infant mouse model will need to be conducted. Our data indicate
that mice may be protected against wild type S. flexneri challenge following vaccination
with a single vaccine candidate (for serotypes 2a and 3a), but this protective response was
absent in mice given the tri-valent vaccine. There is evidence of dose dependent titers in
Salmonella vaccinated infant mice, as well as dose dependent protection [153]. Our data,
along with previous studies indicate a larger dose of each component of the vaccine may
be needed to maintain protective efficacy in this model. The current tri-valent
formulation contains one third the dose of each component relative to the single
component vaccination. The lower dose may prevent protection against challenge. If we
increase the total amount of CFU in the tri-valent vaccine, additional studies testing the
safety of a higher dose will need to be completed. The immune response evaluations
underway (antibody titers and ASC responses) in vaccinated mice may reveal differences
between mice that were protected versus those that succumbed to challenge. This would
represent a potential correlate of protection and vaccine strategies, such as vaccine type
or the schedule of immunization, may be altered to induce optimal responses.
The mouse model could also be a powerful tool to assess protection following
vaccination in infant mice and adult mice to determine how age influences vaccine
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efficacy. In our studies, the first vaccine dose was administered at fourteen days of age
while the mice were not yet weaned. Vaccinating mice after they have been weaned from
their mother may provide additional information regarding correlates of protection.
Furthermore, this model may be used to assess the concept of maternal immunization for
protection of young infants. In future studies, female mice will be immunized and pups
may be challenged to assess protective efficacy.
Establishing homologous protection is the first step in the larger goal of creating a
broad-spectrum vaccine against many S. flexneri serotypes. The guinea pig and infant
mouse models should also be used to assess cross protection following challenge with
heterologous S. flexneri serotypes 1b and 2b (as well as others). Preliminary analysis of
sera from guinea pigs in the combined immunization group, outlined in Chapter 2, has
already revealed that cross reactivity with heterologous serotypes is possible following
immunization with the trivalent formula. The results were promising. The sera were
reactive with S. flexneri 2b LPS in an ELISA (Figure 26) and had bactericidal activity
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Figure 26: Evidence of cross reactivity following immunization with multi-serotype vaccine.
Sera from animals immunized with two doses of the mixed vaccine composed of derivatives of S. flexneri 2a, 3a, and
6were assessed for cross reactivity with S. flexneri 2b LPS by ELISA and assessed for S. flexneri 2b bactericidal
activity (complement-mediated).
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The data outlined in this thesis provide a foundation of evidence that each of the
three proposed components of a live S. flexneri vaccine are both safe and efficacious.
These studies advance the field by reporting the creation of two new vaccine strains as
part of a broad-spectrum, multi-strain vaccine targeting the Shigella species. CVD 1208S,
CVD 1213, CVD 1215 could be used as vaccine strains individually and combined as a
multivalent formula. It has been estimated that a vaccine composed of a combination of
S. flexneri 2a, 3a, and 6 could provide direct coverage against 41% of Shigella strains and
cross protection could extend this to 66% overall coverage. The addition of an S. sonnei
component (currently under evaluation in the laboratory) could cumulatively result in
protection against 90% of all Shigella species isolates [96]. CVD 1208S along with other
live, attenuated strains such as SC602, have shown promising results in clinical trials [40,
42]. These data provide evidence that the vaccine components CVS 1213, CVD 1215,
and a live, attenuated S. sonnei strain would be effective additions to a Shigella vaccine.
Future studies will assess the use of these Shigella vaccine strains as live vectors
for use as carriers of antigens from other enteric pathogens for the possible creation of a
broad-spectrum diarrheal vaccine. Enterotoxigenic E. coli (ETEC) is another important
pathogen that affects children in similar population as Shigella. The Shigella vaccine
candidates described here would ultimately serve as the backbone for a Shigella/ETEC
diarrheal vaccine. With the results presented, researchers will have more insight
regarding in vitro, in vivo, and ex vivo methods for studying Shigella and other
enteroinvasive pathogens.
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Appendix
Supplemental Tables
Table 12: Primers used in these studies

Primer
Wu048

Sequence (5’- 3’)
GTGAAGGTGAAGCCCGTGAAGT

Wu049

TGCAGCAGCATTGCGGTTACG

EB1

TACACGTCCATTATGCAAGGCT

EB2

TGCCATCAGTAAATTTAATCCCATC

set-N153

ATAACGTATTCATTGGTGCCATAACCGGTGGC

set-N161

CTGGGCCCCCTGAACTGGACATACGACAAAACAT

Gua446

TCCGCAGCAATGGATACCGTAAC

Gua3226

CATTACGCCAACGGAACGTAC

Wu060

GTTCACTGCGTGTCTGGGTT

Wu061

CGTTGTAGCGGTAGTCGAGCTGGA

IL8 For

ACCACCGGAAGGAACCATC

IL8 Rev

CACCTTCACACAGAGCTGCAG

CXCL1 For

GGAACAGAAGAGGAAAGAGAGAC

CXCL1 Rev

TCTCCTAGGCGATGCTCAAAC

TNF For

CCCAGGCAGTCAGATCATCTT

TNF Rev

AGTTGCCCCTCAGCTTGA

83

RNA Sequencing Comparisons between bacterial strains grown with and without DOC
(includes annotated genes with an absolute fold change ≥2).
1208S w/DOC v Without
Gene
LFC
Predicted Protein Function
2.91
ccmD
heme exporter protein CcmD
2.60
purK
phosphoribosylaminoimidazole carboxylase ATPase subunit
2.09
ilvN
acetolactate synthase, small subunit
2457T w/DOC v Without
Gene LFC Predicted Protein Function
6.79
hcp
hydroxylamine reductase
4.23
cybH
ni/Fe-hydrogenase, b-type cytochrome subunit
3.61
arsC
arsenate reductase
3.41
fdhA
formate dehydrogenase, alpha subunit
3.34
ccmA
heme ABC exporter, ATP-binding protein CcmA
3.20
dsbE
thiol:disulfide interchange protein dsbE
3.19
ccmF
cytochrome c-type biogenesis protein CcmF
3.00
ccmC
heme exporter protein C
2.82
frc
formyl-CoA transferase
2.58
ccmB
heme exporter protein CcmB
2.55
mobA
molybdopterin-guanine dinucleotide biosynthesis protein A
2.55
hybD
hydrogenase expression/formation protein
2.54
moaD
molybdopterin converting factor, subunit 1
2.39
cydB
cytochrome d ubiquinol oxidase, subunit II
2.32
sdaA
L-serine ammonia-lyase
2.22
exbD
tonB system transport protein ExbD
2.19
napA
periplasmic nitrate reductase, large subunit
2.17
ccmD
heme exporter protein CcmD
2.09
gloB
hydroxyacylglutathione hydrolase
sdhD -2.10 succinate dehydrogenase, hydrophobic membrane anchor protein
anaerobic ribonucleoside-triphosphate reductase activating
-2.12
nrdG
protein
-2.13 glutaredoxin, GrxB family
grxB
-2.37 phosphoenolpyruvate carboxykinase
pckA
-2.59 cysteine synthase A
cysK
-3.01 1-phosphofructokinase
pfkB
-3.02 sulfate/thiosulfate import ATP-binding protein cysA
cysA
cysW -3.11 sulfate ABC transporter, permease protein CysW
queD -4.36 queuosine biosynthesis protein QueD
-5.03 sulfate ABC transporter, permease protein CysT
cysT
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CVD 1213 w/DOC v Without
Gene
LFC
Predicted Protein Function
yqiK
-3.80
putative membrane protein
paaF
-2.91
phenylacetate-CoA ligase
purH
-2.81
bifunctional purine biosynthesis protein PurH
uxaC
-2.49
uronate isomerase
flhD
-2.17
flhD
sodA
2.18
superoxide dismutase
cysT
2.21
sulfate ABC transporter, permease protein CysT
iscA
2.62
iron-sulfur cluster assembly protein IscA
J17B w/DOC v Without
Gene
LFC
Predicted Protein Function
cysT
-3.90
sulfate ABC transporter, permease protein CysT
ybcQ
-3.31
putative Q protein
ugpB
-3.02
ugpB
rplB
2.10
ribosomal protein L2
proX
2.12
proX
oxc
2.21
oxalyl-CoA decarboxylase
proV
2.43
proV
thiD
2.48
phosphomethylpyrimidine kinase
astD
2.64
succinylglutamic semialdehyde dehydrogenase
ymcC
2.73
putative regulator
SOS mutagenesis error-prone repair processed to UmuD'
umuD
3.07
forms complex with UmuC
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CVD 1215 w/DOC v Without
Gene
LFC
Predicted Protein Function
yfkM
4.82
general stress protein 18
tdcB
4.74
threonine dehydratase catabolic
zraP
4.66
zinc resistance-associated protein
bhsA
4.45
multiple stress resistance protein BhsA
flgG
4.30
flagellar basal-body rod protein FlgG
ybhO
4.21
putative cardiolipin synthase YbhO
sgrT
4.12
putative inhibitor of glucose uptake transporter sgrT
gmd
3.91
GDP-mannose 4,6-dehydratase
fI
3.56
DNA packaging protein from bacteriophage origin
hlyE
3.03
hemolysin E, chromosomal domain protein
rhaA
2.65
L-rhamnose isomerase
sra
2.31
stationary-phase-induced ribosome-associated protein
rlmF
-2.00
ribosomal RNA large subunit methyltransferase F
purE
-2.07
N5-carboxyaminoimidazole ribonucleotide mutase
sirB2
-2.09
protein sirB2
hisG
-2.34
ATP phosphoribosyltransferase
thiG
-2.35
thiazole synthase
cysW
-2.38
sulfate ABC transporter, permease protein CysW
ygeA
-2.70
ygeA protein
yecN
-2.70
inner membrane protein yecN
hpaD
-2.92
3,4-dihydroxyphenylacetate 2,3-dioxygenase
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CCH060 w/DOC v Without
Gene
LFC
Predicted Protein Function
hmp
3.04
flavohemoprotein
hyaA
2.98
hydrogenase-1 small chain
glnK
2.92
nitrogen regulatory protein P-II 2
trpE
2.87
anthranilate synthase component I
lysA
2.72
diaminopimelate decarboxylase
hi
2.61
imidazole glycerol phosphate synthase subunit hisF
hisE
2.48
phosphoribosyl-ATP diphosphatase
phosphoribosylformimino-5-aminoimidazole carboxamide
hisA
2.40
ribotide isomerase
adiA
2.38
biodegradative arginine decarboxylase
hpaI
2.38
2,4-dihydroxyhept-2-ene-1,7-dioic acid aldolase
ytfE
2.30
iron-sulfur cluster repair protein YtfE
imidazole glycerol phosphate synthase, glutamine
hisH
2.23
amidotransferase subunit
hisC
2.22
histidinol-phosphate aminotransferase
phnJ
2.19
protein phnJ
hisB
2.17
histidine biosynthesis bifunctional protein hisB
yoaG
2.11
protein yoaG
frc
2.07
formyl-CoA transferase
adiC
2.03
arginine/agmatine antiporter
lpdA
-2.01
dihydrolipoyl dehydrogenase
cysG
-2.05
siroheme synthase
tpx
-2.16
thiol peroxidase
kdpA
-2.19
K+-transporting ATPase, A subunit
narH
-2.20
nitrate reductase, beta subunit
yzcX
-2.27
gatC
rpiB
-2.31
ribose-5-phosphate isomerase B domain protein
yceI
-2.37
protein yceI
flhB
-2.70
flagellar biosynthetic protein FlhB
hchA
-2.78
chaperone hchA domain protein
dihydrolipoyllysine-residue acetyltransferase E2 component of
aceF
-2.95
pyruvate dehydrogenase complex
aceE
-3.05
pyruvate dehydrogenase (acetyl-transferring), homodimeric type
citG
-3.28
triphosphoribosyl-dephospho-CoA synthase CitG
garP
-3.50
putative galactarate transporter
yncG
-3.73
putative transferase
fcl
-3.87
GDP-L-fucose synthase
narK
-4.09
nitrite extrusion protein 1
flgA
-5.05
flagella basal body P-ring formation protein FlgA
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