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Abstract: Despite recent public health and hygiene advancements, enteric fever, commonly referred to as
typhoid fever, remains a common disease in developing nations. The common mode of infection is
contaminated water or food. Additionally, person-to-person transmission through poor hygiene and sewage
contamination of water supplies has been blamed for most outbreaks. The exact burden of typhoid has yet to
be discovered because of the lack of surveillance systems in many developing nations. This makes it difficult
to estimate the number of cases. Recent studies have shown that the actual number of cases of typhoid has been
estimated to be around 21.6 million annually. The mortality studies suggest that the incidence of typhoid is
highest in children under five years old. Typhoid fever and paratyphoid fever have been demonstrated to be
life-threatening illnesses. Salmonella serotype Typhi (S. Typhi) is the causative organism of typhoid fever
whereas Salmonella serotype Paratyphi is the causative organism for paratyphoid fever. The S. Typhi bacterium
is known to be resistant to various drugs. There is a dire need to develop new drugs to treat and overcome the
current drug-resistant S. Typhi. The identification of new targets marks the beginning of the process of
developing new anti-S. Typhi drugs. The S. Typhic genome sequencing and recent cutting-edge molecular
biology tools have led to the discovery of numerous new inhibitors and targets. The goal of this review is to
identify the most critical targets in the S. Typhi that are targeted by drugs. It also highlights the various
promising vaccines on the market or are still in preclinical studies. A detailed understanding of the targets
could help researchers develop safer and more efficient antibacterial agents against S. Typhi. Additionally, the
advancement of molecular techniques and the knowledge of the Salmonella pathogenesis pathways have
opened better avenues to develop effective antibiotics and vaccines against this pathogen. This review also
sought to identify and summarize critical structures of this pathogen that play significant roles in the
maturation, development, and pathogenesis of S. Typhi. The endpoint of this work is to provide valuable
information on potential therapeutic targets of S. Typhi for drug and vaccine developers.
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Introduction

A significant health threat is typhoid fever, which is a great concern. The clinical presentation is
similar to many other febrile diseases, making it difficult to determine the true impact (World Health
Organization WHO Background Document: The Diagnosis, Treatment and Prevention of Typhoid Fever
Communicable Disease Surveillance and Response Vaccines and Biologicals, 2003). In endemic countries
where the disease burden is assessed by governments and hospitals using an undefined denominator,
a significant hurdle to diagnosing typhoid fever is the absence of laboratory personnel and equipment
(Khanam et al., 2022). Salmonella Typhi (S. Typhi) causes typhoid fever (Masuet-Aumatell & Atouguia,
2021). The bacterium is human-specific, and the most common way to contract typhoid fever is to
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consume food or water contaminated with S. Typhi through fecal or urinary transmission (Parry et
al., 2002a). After ingesting S. Typhi, it moves from the gut into the blood, where it proceeds to multiply
in the intestinal lymph nodes, liver, and spleen (Milligan et al., 2018). ). High fever is the main sign
of the infection, and other adverse consequences include nausea, abdominal discomfort, and irregular
bowel movements (Crump et al., 2015a). The urgency of an effective vaccine against this pathogen
arises from the limitations of current preventive measures. The literature review aims to critically
analyze the existing research on vaccine candidates targeting S. Typhi while also exploring the
pathogen's structural components, emphasizing outer membrane proteins, transcriptional factors or
regulators, and virulent factors. This will help us to discover new immunological targets of the
bacteria, which will be applied to develop novel vaccines.

Vaccines against S. Typhi

Typhoid vaccination has been reported to be a successful preventive approach, especially if
combined with other preventive measures, including treating household water, hand washing, and
providing proper sanitation (Sahastrabuddhe & Saluja, 2019). Vaccines have been produced against
S. Typhi, with some administered to people in endemic countries, while others are in various phases
of clinical trials yet to be used due to the rise in multidrug-resistant strains that make treatment of
typhoid fever more difficult. This is because antibiotic resistance makes it difficult to treat the disease
effectively (Wain et al., 2015). There are two typhoid vaccines commonly available, Ty21a(oral) and
Vi polysaccharide (parenteral), whereas newer typhoid conjugate vaccines (TCV) are at varying
phases of development and usage (Milligan et al., 2018).

A study conducted by Chakraborty and colleagues revealed that intranasal administration of a
subunit vaccine, which contains T2544 and the cholera toxin B subunit, protected a mouse model
against S. Typhi. The researchers noted that the immunization of CTB-T2544 boosted the gut-homing
receptor's expression in lymphocytes. It inhibited the growth of bacteria and their attachment to
epithelial tissues, and it stimulated the development of antibodies against the pathogens. The
researchers noted that the immunization with CTB-T2544 significantly increased the circulating Th1
and Th2 cytokines. It also doubled the number of T-FH cells in the lymph nodes. The researchers
noted that the immunization with CTB-T2544 resulted in significantly higher IgG, IgA, and IgGl1
antibody titers than the unimmunized mice. It also recovered significant numbers of T2544-specific
IgA and IgG antibodies in various parts of the body, such as the spleen, lymph nodes, and Peyer's
patch (Suparna Chakraborty et al., 2023).

In the formulation of a vaccine for S. Typhi, it is imperative to take into account the inherent
characteristics and composition of S. Typhi, including its pathogenicity, mode of infection,
epidemiology, and drug resistance. Multiple elements of S. Typhi, such as Vi-polysaccharides, O-
antigens, flagellar antigens, full-length outer membrane proteins (OMPs), and short peptides derived
from OMPs, have been employed in the design of vaccines against typhoid fever. Within the realm
of in-silico research, there has been a particular focus on the development of outer membrane vesicles
(OMVs) derived from S. Typhi as a potential means of immunization against typhoid fever (Haque et
al., 2021).

The paper emphasized the immediate necessity for efficacious immunizations to avert typhoid
fever, given its severity as an infection with considerable rates of resistance to antibiotics and its
primary transmission through deficient food hygiene and inadequate sanitation. The examination
imparts knowledge regarding the characteristics and constitution of S. Typhi, its capacity to cause
disease, method of infection, prevalence, and resistance to drugs, which can inform the development
of targeted immunizations. The investigation suggests employing outer membrane vesicles (OMVs)
derived from S. Typhi as a potential vaccine for safeguarding against typhoid fever. This puts forth
a novel approach to designing immunizations that utilize specific elements of the pathogen. The
discoveries presented in this paper can serve as a guide to researchers and vaccine developers in
devising more efficacious immunizations against typhoid fever, potentially resulting in enhanced
preventive strategies and diminished disease burden (Haque et al., 2021). Other authors argues that
there is a need to identify vaccines or agents to prevent the spread of Salmonella Typhi, which can
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cause fever and other health issues in developing nations. Currently, the only available vaccines are
ineffective and have limitations such as age restrictions and poor efficacy. According to the study,
the STIV vaccine induces a robust and immunogenic response in mice. It also produces high serum
levels of various immunoglobulin subclasses. The rSTIV vaccine protected them from Salmonella
enterica and S. Paratyphi A infections in mice. It also reduced the bacterial load in their organs. These
findings support the development of a potential new vaccine candidate for the prevention of enteric
fever (Das et al., 2019).

Currently, no animal model accurately reproduces the pathogenesis of S. Typhi infection, as both
the bacteria and its virulence factors are specifically adapted to humans. However, despite these
challenges, various animal models have been utilized to investigate specific aspects of typhoid
illnesses and S. Typhi infection. For instance, higher primates like chimpanzees can be infected with
S. Typhi, but they do not display the symptoms of typhoid fever, suggesting that crucial host factors
found in humans are absent in this model. One such host factor is a glycan known as N-
acetylneuraminic acid (NeubAc), the host cell receptor for typhoid toxin (Edsall et al., 1960). While
chimpanzees primarily express a different glycan called sialic acid N-glycolylneuraminic acid
(Neu5Gc), which prevents toxin binding, mice naturally express Neu5Ac despite the presence of a
functional enzyme that converts it to Neu5Ge (Chou et al., 2002). This enzyme is the CMP-N-
acetylneuraminic acid hydroxylase (CMAH), notwithstanding the presence of CMAH in mice, mice
do not support the replication of S. Typhi. They, however, express the NeuSAc receptor, a glycan
receptor for the toxin. Mice with low expression of this glycan receptor can be administered with
purified typhoid toxin to play the role of a surrogate model for investigating the function of the toxin
in typhoid patients (Y.-A. Yang et al., 2017). Additionally, mice that exclusively express NeuSAc, like
humans, have been developed and can be used for pre-clinical testing of preventative and therapeutic
strategies against typhoid toxin-mediated symptoms and pathogenesis (Y.-A. Yang et al., 2018).

Typ2la Vaccine: A live attenuated, oral-route vaccine was first developed in the 1970s (Shams
et al., 2020). The vaccine can protect against S. Typhi by increasing cellular and humoral responses
and immunity in the intestinal mucosa, providing defense against the pathogen (Pennington et al.,
2016). Typ21a vaccine is the first oral vaccine against S. Typhi and was developed in Switzerland by
chemical mutagenesis of wild-type strain of the bacterium (Levine et al., 1989). This strain does not
have the galactose-epimerase gene and Vi antigen; hence, it is highly attenuated. Both a liquid and
an enteric-coated capsule form of this vaccination are available. Over seven years, various clinical
trials have indicated efficacy up to 67%. Ty2la has some risks, such as the need for high bacterial
concentrations for the oral dose to produce appropriate immunity; therefore, its use is only advised
for children older than five years (Sahastrabuddhe & Saluja, 2019).

CD4 T cells are essential in generating immune responses induced by vaccines, which are likely
to provide adequate protection against various pathogens. Additionally, it is becoming evident that
immune responses differ between tissues and peripheral blood (Sharma et al.,, 2013). Therefore,
assessing T-cell-mediated responses at the infection site is crucial as part of vaccine development
efforts. Booth et al. investigated the impact of oral immunization with the attenuated oral typhoid
vaccine Ty21la on CD4+ T memory cells and evaluated the specific responses to S. Typhi in human
terminal ileum lamina propria mononuclear cells (TI-LPMC) and peripheral blood mononuclear cells
(PBMC). Booth et al. investigated the impact of oral immunization with the attenuated oral typhoid
vaccine Ty2la on CD4+ T memory cells and evaluated the specific responses to S. Typhi in human
terminal ileum lamina propria mononuclear cells (TI-LPMC) and peripheral blood mononuclear cells
(PBMC) (Booth et al., 2019). Their findings revealed that oral Ty21a immunization at the terminal
ileum mucosa, which is the preferred site of S. Typhi infection, resulted in (i) increased frequencies of
CD4+ T cells, (ii) modulation of the homing and accumulation of effector cells, and (iii) induction of
multifunctional CD4+ T cells that respond to S. Typhi (producing IL-17A, IL-2, and/or MIP13) in TI-
LPMC. Specifically, they observed activation of all major subsets of CD4+ memory T cells (effector
memory, central memory, and terminally differentiated effector memory) in the TI mucosa following
Ty21a immunization, and each subset displayed distinct response profiles. Their effector memory T
cells showed trends of increased production of IFNy and IL-17A, central memory T cells exhibited
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significant increases in IFNy and MIP1{3 production, and terminally differentiated effector memory
T cells showed trends of increased IL-2 production. Furthermore, they demonstrated that CD4+ T
memory cell responses in TI-LPMC specific to S. Typhi were multifunctional and distinct from those
in the systemic circulation following Ty21a immunization. Taken together, their findings provided
valuable new insights into the immune responses elicited by oral Ty2la immunization in the TI
mucosa of humans, which have important implications for future vaccine design and development.
The initial evidence indicates that the oral Ty21a vaccine stimulates the specific T cells of the LPMC
CD4+ T multifunctional responses (IL-17A, IL-2, and/or MIP13), which indicates that the response of
the human intestine to this type of immunization is compartmentalized.

Fine granularity is essential in characterizing immune responses and studying the differences
between different immune compartments. For instance, using specific subsets of the immune system
is crucial in identifying the mechanisms by which the Ty2la vaccine can stimulate the T cells'
response to the TI-LPMC. This study shows that the oral Ty21A vaccine can elicit the local TI-LPMC
T cells to respond to the S. Typhi antigens, which can protect against the pathogen. Unvaccinated
individuals exhibited high baseline T responses to the S. Typhi antigen. Thus, suggesting that gut
microbiota might trigger memory responses related to previous exposure to other strains of
Salmonella. Other genetic factors can also affect the development and maintenance of immune
responses. For example, specific genetic variants, such as the DRB1*04:10 allele, have been linked to
the protection against S. Typhi. It is also believed that the higher levels of multifunctional CD4+ T
cells, capable of responding to S. Typhi, contribute to disease protection.

As shown in Figure 1, after the vaccine is administered, the CD4+ T cells are activated by
macrophages or dendritic cells to generate higher levels of chemokines and cytokines. They also
develop increased cytotoxicity. Following the immunization of Ty21la, the various CD4+ T cells
involved in the Terminal ileum - lamina propria (TI-LP), such as the multifunctional cells (MF) and
effector cells, acquire unique characteristics. Following the Ty21a immunization, the peripheral blood
mononuclear cells (PBMC's) CD4+ T is modified to produce MIP1{, IL-17A, IL-2, TNFa and IFNy.
Compared to the single-producing cells, the responses exhibited by the various CD4 T cells following
the Ty21la immunization are mainly multifunctional (MF) cells. The magnitude of these responses is
lower than that of the lamina propria mononuclear cells (LPMC) CD4+ T cells. This demonstrates that
the effector cells that are stimulated by the Ty2la immunization can only move between the
peripheral blood and Terminal ileum (TI) mucosa. They also become MF once they have become part
of the gut. The figure depicts MF cells that exhibited higher responses to the Ty21a vaccine compared
to the unvaccinated. The trends in the number of responses that the Ty2la vaccine elicits against
unvaccinated and the vaccinated are indicated by the black arrow, which shows the higher levels of
responses in the TI-LPMC compared to the PBMC. Red arrows indicate the opposite trend.
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Figure 1. The cartoon shows the effects of the Ty2la vaccine on the CD4+ T cells in the peripheral
blood and the mucosa. In the Ty21a vaccine, when orally administered, the attenuated bacteria enter
the host through various mechanisms and are captured by antigen-presenting or luminal dendritic
cells.

Vi Polysaccharide (Vi-PS) vaccine: It is a subunit vaccine that was developed based on the Vi
capsular polysaccharide antigen of S. Typhi, and it is introduced parenterally into an individual
(Crump et al., 2015b). The Vi polysaccharide, a homopolymer of ([alpha]-4),2-deoxy-2-N-acetyl
galacturonic acid, partially O-acetylated at carbon 3 (Stone & Szu, 1988). Vi Polysaccharide vaccine
usually is delivered as a single dose intramuscularly or via deep subcutaneous injection.
Revaccination is advised for people still at risk of infection after three years. In most nations, it is
recommended for use in adults and children older than 24 months (Hessel et al., 1999). The Vi vaccine,
like the majority of polysaccharide vaccinations, does not cause a booster response or levels of
antibodies that are protective in young children (Lin et al., 2001a).

Aside from toxins, the only vaccines used against bacterial infections are capsular
polysaccharide antigens. Hence, it is crucial to comprehend how capsular polysaccharides induce
protection to understand bacterial vaccinology more broadly. The ability of conjugate vaccines like
typhoid conjugate vaccine (TCV) to elicit immune responses in infants is a significant reason for their
use. However, they also serve as valuable tools for evaluating how immune responses differ
depending on the host's encounter with the same antigen, specifically as a conjugated or
unconjugated antigen containing a limited number of carbohydrate epitopes, as seen in the current
study (Patel et al., 2021; Shakya et al., 2019). The differences in outcomes resulting from this variation
in presentation are significant, including a notable change in the longevity of the IgG antibody
response and the frequency of plasma cells in niches such as the bone marrow. The approval of TCV,
its success in challenge and field studies, reports of reduced responsiveness after Vi-PS, and the
intention to explore the impact of boosted immune responses on protection in children all emphasize
the importance of studying the immunology of responses to different capsular polysaccharide
vaccines (Jin et al., 2021). These studies aid in maximizing the clinical benefits of TCV for infants and
adults throughout their lives. Several factors can influence the responses elicited by different
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conjugates, and it is necessary to consider these factors when extrapolating findings from one type of
conjugate vaccine to another. The Vi-PS and TCV can be produced using well-established
methodologies to ensure manufacturing consistency. Both unconjugated Vi-PS and TCV induced
early IgM and IgG responses and classical extrafollicular responses (Jha & Janoff, 2019; Jossi et al.,
2023). However, only mice immunized with TCVs exhibited germinal center responses, as expected.
Anti-Vi IgA may contribute to the protection provided by Vi vaccines. In our studies, minimal IgA
was detected and only consistently shortly after immunization, so the role of IgA could not be
explored (Andersen et al., 2019). Despite the differences in antibody responses to the conjugated and
unconjugated vaccines, bacterial burdens in challenged mice that were immunized for a short
duration were similar, regardless of the vaccine type or number of doses administered. Similar
vaccine efficacies were observed for unconjugated Vi-PS and TCV vaccines in a human challenge
study of adult volunteers who were challenged one month after vaccination. Therefore, while the
network of activities associated with producing high-affinity antibodies to Vi antigen could
potentially enhance protection, it is not essential in adults. Thus, germinal center-derived antibody
responses may offer other benefits, such as promoting longer-lasting responses. This overlap between
the contribution of antibody type and persistence may complicate the identification of simple
correlates of protection for Vi-based vaccines. The contribution of T cells to the different immune
responses and levels of protection observed after immunization with the different vaccines was not
evaluated in this study.

Conjugate Polysaccharide Vaccine (Vi-rEPA)

This is the first typhoid conjugate polysaccharide vaccine was developed by Szu et al. The
heterobifunctional cross-linking reagent N-succinimidyl-3-(2-pyridyldithio)-propionate or adipic
acid di-hydrazide was used in the conjugation process created by researchers at the US National
Institute of Child Health and Disease to bind Vi to proteins (Szu et al., 1987). The resulting conjugate
(Vi-rEPA) was more immunogenic in mice and young Rhesus monkeys than the Vi alone, using a
nontoxic recombinant protein that is antigenically similar to Pseudomonas aeruginosa exotoxin A as a
carrier protein (Szu et al., 1987). This synthesis method proved repeatable, yielded large quantities of
Vi-protein conjugates, and worked with a variety of therapeutically significant proteins, including
diphtheria toxoids (DT) and tetanus toxoids (TT) (Sahastrabuddhe & Saluja, 2019). Most of these
vaccines are in development and early manufacturing (Mohan et al., 2015). The vaccine's strong
immunogenicity was shown in field trials, including 13,766 children aged 2-4 years in Vietnam. Based
on the data, all children had at least ten times higher levels of Vi antibodies. The immunization
showed an effectiveness of 93% at 27 months and 89% at 46 months of age when given in two doses
spaced six weeks apart. 91% of people responded well to the vaccine, even after only one dosage, and
those who had typhoid after receiving the shot reported less severe symptoms (Ajay Kalra et al, 2010;
Lin et al., 2001b).

TypBar-TCV vaccine

The vaccine comprises a conjugate of Vi polysaccharide and tetanus toxoid (Wain et al., 2015).
The usage of this vaccine was authorized as of January 2021 in nine nations, including Ghana,
Tanzania, Kenya, and Zambia (Haselbeck et al.,, 2021). Bharat Biotech produced it in Hyderabad,
India, and was recently prequalified by WHO in January 2018. This typhoid conjugate vaccine has
demonstrated strong and persistent immunogenicity. It may be safely administered to infants as
young as six months old and can be incorporated into national immunization programs. When
Salmonella typhi's capsular polysaccharide is conjugated to a protein carrier, foreign peptide antigens
are presented to the immune system, triggering antigen-specific CD4+ Th cells and T-dependent
antibody responses. However, the polysaccharide alone does not cause B-cell responses. Higher-
affinity antibodies and long-term immunological memory are two features of T-dependent responses,
which are also triggered by toxoids (Bharat Biotech, n.d.).
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PedaTyph (Vi-TT) vaccine

The first TCV to receive an Indian license was PedaTyph (World Health Organization, 2017). It
was advised that children older than three months receive a single dose of 0.5 mL, followed by
booster doses between the ages of 2 and 3 years (Sahastrabuddhe & Saluja, 2019). The vaccine is made
up of 5 g of S. Typhi’s Vi polysaccharide coupled to 5 g of tetanus toxoid protein in isotonic saline.
Following many trials, the vaccine's effectiveness was 95% in the first year of follow-up, with few
post-vaccination side effects (Mitra et al., 2016).

According to the study results from Mitra et al., children can be effectively protected against
typhoid fever by the Vi-TT conjugate typhoid vaccine. The vaccine also triggered Strong immune
responses, as evidenced by the high levels of anti-Vi IgG antibodies found in the children after
vaccination. After 12 months of vaccination, the anti-Vi IgG antibody levels were still high,
suggesting that the vaccine can offer sustained protection against typhoid fever (Mitra et al., 2016).

Vi-CRMuiy7 vaccine

This vaccine has two components: Vi polysaccharide part and CRM197 as a carrier protein. The
carrier protein, CRM197, is a diphtheria toxin (nontoxic mutant) acquired from Bacillus's virulence
gene mutant strain (Xiong et al., 2021). In both phase 1 and 2 trials of the vaccine, its safety and
immunogenicity against S. Typhi were tested in European adults. A phase 2 trial with 320
participants, including adults, children, and infants, was conducted in India, Pakistan, and the
Philippines; it concluded that Vi-CRM197 was safe and immunogenic in endemic populations of all
ages, although the responses were short-lived (Sahastrabuddhe & Saluja, 2019).

In a study with animals, the glycoconjugate vaccine Vi-CRM197 promotes the development of
serum IgGl titers specific to Vi that lasted for over 60 days after immunization. The investigated
animals' intestinal washes also included Vi-specific IgG antibodies. Additionally, the study revealed
that Vi-CRM197 stimulated T-cell response, which increased the production of antibodies by Vi-
specific B cells (Fiorino et al., 2012). Thuluva et al. investigation demonstrated that a single-dose Vi-
CRM197 conjugate vaccination elicited a robust anti-Vi immunological response, as evidenced by the
99% seroconversion rate among participants in the age range of 26 to <64 years (Thuluva et al., 2022).
This result was consistent with another research that found adults, toddlers, and newborns aged 9 to
11 months could all develop robust anti-Vi immune responses with a 100% seroconversion rate after
receiving a single dose of the Vi-CRM197 conjugate vaccine (Bhutta et al., 2014).

Vi-DT vaccine

This vaccine is made up of Vi-polysaccharide conjugated to Diphtheria toxoid (Vi-DT). It was
examined in a clinical trial in the Philippines to determine its immunogenicity and safety. Their phase
I trial involved participants aged 2 to 45, while their phase II trial involved 6 to 23 months. These two
clinical study phases demonstrated that Vi-DT is immune-stimulating, well-tolerated, and safe for
the aforementioned age ranges (Medise et al., 2020). In their study, Medise et al. compared the Vi-DT
vaccine to Vi-PS using a randomized, observer-blind, superiority design. Two groups of 200 children,
ages 2 to 11, were formed; half of the groups received Vi-DT, and the other half received Vi-PS. After
the study, Anti-Vi IgG antibody titers were assessed 28 days after vaccination and before. The
Geometric mean titer (GMT) increased dramatically 28 days after vaccination, with a significantly
higher value in Vi-DT compared to Vi-PS (p <0.001). At 28 days after vaccination, 93% of the subjects
in the Vi-PS group and 100% of the subjects in the Vi-DT group, respectively, experienced an antibody
increment of at least four times. This confirms how the Vi-DT vaccine against typhoid fever works
more effectively than Vi-PS in this study (Medise et al., 2020).
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Overview of structure and function of OMPs as probable target-receptors for anti-Salmonella
Typhi compounds

Structure of S. Typhi — Outer Membrane Proteins (OMPs)

The Gram-negative bacteria cell wall consists of the peptidoglycan layer and the Outer
membrane layer. The outer membrane contains lipopolysaccharide (LPS), proteins, and
phospholipids, mainly phosphatidylethanolamine (Smit et al., 1975). There are groups of proteins
known as Porins, and they facilitate the influx and efflux of low molecular mass substances across
the cell wall into the cell's cytoplasm (Shams et al.,, 2020). The OMPs are often produced in the
cytoplasm before they cross the plasma membrane into the outer membrane's surface and serve as
immunogenic targets to antibodies and lymphocytes (Singh et al., 2017). OMPs and lipoproteins of
their cell membrane serve various purposes, including maintaining and stabilizing membranes,
active and passive ion and solute transport, signal transduction, defense, and catalysis (Khalid et al.,
2008).

OmpA

The N-terminal domain of OmpA proteins is an eight-stranded, anti-parallel barrel embedded
in the outer membrane. In contrast, the C-terminal domain is globular and found in the periplasm
(Findlay et al., 2005). OmpA serves structural and ion-permeable porin functions, and the electrostatic
gating mechanism that regulates its ionic pore under the effect of salt enables bacterial survival under
osmotic stress (Hong et al., 2006). These proteins actively participate in a range of pathogenic
activities in numerous organ systems, most notably the digestive, respiratory, urogenital, and
neurological systems, due to the high copy number and surface exposure of OmpA proteins in
pathogenic bacteria (Krishnan & Prasadarao, 2012). OmpA proteins play significant pathogenic
functions in a variety of pathogenic bacteria like S. Typhi that adhere to epithelial surfaces, invade
cells, evade host defenses, or stimulate the production of proinflammatory cytokines. Additionally,
OmpA family proteins might be immune system targets due to their immunogenicity in relation to
the molecule's exposed surface loops. OmpA proteins of S. Typhi are considered possible vaccine
candidates (Confer & Ayalew, 2013).

OmpC

In typhoid patients, OmpC, a significant surface antigen and porin protein of S. Typhi, is
produced throughout the infection phase. It is a suitable candidate for heterologous epitopes to be
shown on the cell surface, and it is expressed in both low and high osmolarity (Arockiasamy &
Krishnaswamy, 2000; Puente et al., 1995). OmpC is a homotrimer that is mature and functional.
OmpC monomer has a molecular mass of 39 kDa and 357 a without the signal peptide. According to
estimates, it is a barrel protein with a pore radius of 1.1 nm (Sundara Baalaji et al., 2006). The protein
is evolutionarily conserved in 11 Salmonella serovars; it has eight variable regions compared to other
strains; they are presented to B-cells, eliciting an immune response (Arockiasamy & Krishnaswamy,
1995). In inducing hyperimmune sera in Swiss Albino mice, ELISA was used to assess the
immunogenicity of the recombinant porin protein (Verma, 2009). These justifications imply that
OmpC might be a candidate for creating a Salmonella r-DNA vaccine. Additionally, it can serve as a
potential antigen for immunization and diagnosis of Typhoid fever (Immunol et al., n.d.).

OmpF

The homotrimer protein OmpF, a key porin in S. Typhi, is connected to the translocation of
bacterial survival under osmotic stress. A barrel structure with 16 membrane-spanning -strands is
formed by each monomer of molecular weight 37 kDa. Small hydrophilic molecules, including
nutrients, antibiotics, and waste materials, can diffuse across the outer bacterial membrane through
the OmpF porin's three sizable water-filled channels per trimer (Hong et al., 2006). Drugs like
quinolones, tetracyclines, and lactams can pass through OmpF (Cohen et al., 1989; Tavio et al., 1999).
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To develop novel typhoid vaccines, it is crucial to comprehend the link between S. Typhi OmpF's
structure and function. The S. Typhi OmpF mutant displays reduced pathogenicity than the wild type
(Chatfield et al., 1991). Recombinant OmpC and OmpF of S. Typhi have been demonstrated to be
immunogenic proteins in mouse models in their denatured forms. These two OMPs are
recommended as potential vaccination candidates. However, there was no in vivo challenge
investigation done on the various porin types (Secundino et al., 2006).

YshA/OmpL

YshA is a 230-residue protein with a high degree of conservation that is projected to have ten
transmembrane -strands and an N-terminal signal sequence. It is predicted that YshA is a trans based
on all of the physicochemical and spectroscopic characteristics it demonstrated. When produced in
S. Typhi, recombinant YshA localizes explicitly to the outer membrane (Freeman et al., 2011). In the
research, OmpL was chosen as a candidate protein due to its location on the bacterial surface and the
abundance of its expression (Freeman et al., 2011; Y. Yang et al., 2013a). OmpL of S. Typhimurium is
highly immunogenic, OmpL might elicit humoral and cell-mediated immune responses, and OmpL
confers 100% protection to immunized mice against challenges with extremely high doses of S.
Typhimurium. Additionally, mice that received the vaccination showed adequate bacterial clearance
from their reticuloendothelial systems. OmpL, therefore, presents a viable target for creating a
potential vaccination against S. Typhi infection (Y. Yang et al., 2013b).

Transcription factors or regulators of S. Typhi

Bacteria can sense their surroundings and change how genes that aid in their survival are
expressed. This is made possible by transcription factors controlling gene expression for positive or
adverse effects. There are several types of transcription regulators in S. Typhi.

The TviA RNA thermosensor is a transcriptional factor that regulates the expression of the Vi
capsule, type III secretion system and flagellin. It helps the bacteria survive and invade other
organisms. The ability of bacterial pathogens to sense and respond to environmental signals is very
important for their survival and spread. Temperature can be used as an indication that they have
entered an unfamiliar host, and these pathogens must alter their expression to elude the body's
immune system. In a study, the authors identified a thermosensor in the tviA region that is encoded
by the Salmonella enterica var Typhi bacterium. They demonstrated that the tviA gene is a key
component of the development of the Vi capsule, type III secretion system-1, and flagellin. It is also
responsible for the regulation of other important factors such as the growth of the bacteria. In order
to understand the function of this gene, they introduced point mutations to its secondary structure.
These changes allow them to identify a functional RNAT that can be utilized in vitro and in the
binding of ribosomes. The development of mutations in the RNAT in S. Typhi led to the aberrant
expression of certain virulent factors. Thus, they showed that this bacterium controls the expression
of these most virulent factors through the RNAT in the tviA region. Their findings suggest that the
presence of this RNAT in the host's body can help limit inflammation (Brewer et al., 2021).

The FliZ system is responsible for the positive expression of flagellar genes, essential for the
bacteria's ability to move and attach to host cells. In a study conducted on the fliZ gene, tehy
discovered that it has a positive regulatory effect on the growth and proliferation of flagellar operon
species in Salmonella enterica. The researchers also found that the mutation reduced the amount of
protein that can be excreted. They showed that the lacZ gene is associated with a subset of genes that
are known to be involved in the development of a variety of infectious diseases. The hilA gene is a
positive regulator of invasion proteins. In addition, the fliZ mutation decreased the ability of the S.
enterica species to invade HEp-2 cells. In a mouse model of typhoid, the fliZ mutation attenuated its
ability to produce full-scale virulent behavior. The results of the study suggest that the product of the
gene is responsible for regulating the invasion genes and for the efficient expression of full virulent
behavior. (Iyoda et al., 2001).

SlyA is a virulence-associated transcriptional regulator (Treg) discovered as a member of a
family of low-molecular-weight Treg. It is necessary for S. Typhi’s pathogenicity and survival in
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macrophages. It is required for resistance to oxidative stress and is often expressed in the intracellular
environment of macrophages. The SlyA regulon in bacteria is active during host infection and is
necessary to resist harmful reticuloendothelial system oxidative products (Buchmeier et al., 1997).

Outer membrane protein regulator (OmpR) controls outer membrane proteins and is a critical
regulator of bacterial pathogenicity, proliferation, and metabolism. OmpR is triggered when osmotic
and acidic stress in the cytoplasm of S. Typhi is changed (Chakraborty & Kenney, 2018). In S. Typhi,
OmpR inhibits (Sigma S) RpoS, an alternate stationary phase sigma factor, releasing yghA from
RpoS's repression. It is hypothesized that the putative oxidoreductase YghA will generate protons.
Also, at high osmolality, OmpR-mediated repression of the speF gene inhibits cell recovery
(Chakraborty et al., 2017). The OmpR/EnvZ system senses changes in the osmolarity of the outer
membrane proteins and controls their expression.

Histone-like Nucleoid Structure (H-NS): It is known that this nucleoprotein (histone-like
protein) directly binds DNA-targeted areas in an oligomerized state to suppress the transcription of
numerous genes in Gram-negative enteric bacteria, including virulence genes acquired by horizontal
transfer (Stoebel et al., 2008). The H-NS protein represses nearly 10% of the genes, particularly the
central virulence genes on the chromosome and virulence plasmid. By attaching to the DNA regions
harboring these genes, H-NS can silence or knock down these genes (Hurtado-Escobar et al., 2019).

RtsA and RtsB: In S. Typhi, the regulatory proteins RtsA and RtsB have opposing impacts on
gene expression. RtsB represses the expression of flagellar genes, including the flagellar master
operon D&C (flhDC) promoter, while RtsA promotes the expression of genes connected to the
Salmonella pathogenicity Island 1 (SPI-1), which encodes for type III secretion system (TTSS). These
proteins are crucial for coordinating the expression of particular gene sets in response to
environmental signals or circumstances when in the host (Ellermeier & Slauch, 2003).

Ferric uptake regulator (Fur): It is a regulatory protein that suppresses the transcription of genes
involved in Iron (Fe) uptake and transport and is active in the presence of Fe. In addition, when Fe
levels are high, the ion uptake is inhibited by Fur, with excess Fe stored by storage proteins such as
FtnA, FtnB, and Bfr (Leclerc et al.,, 2013). Fur also regulates genes involved in acid stress and
adaptation, oxidative stress resistance, and virulence (Foster, 1991).

PhoPQ system: S. Typhi has a two-part regulatory system called PhoPQ that regulates
transcription. It comprises the transcription factor PhoP and the sensor kinase PhoQ. When activated,
PhoQ recognizes environmental cues and phosphorylates PhoP. The subsequent binding of
phosphorylated PhoP to particular DNA sequences either activates or inhibits the transcription of the
target genes. Genes that are controlled by phoPQ are involved in pathogenicity, nutritional
adaptability, and stress response. PhoPQ enables bacteria to modify their gene expression in response
to environmental changes, which helps them adapt and survive (Garcia Véscovi et al.,, 1994). The
PhoP/PhoQ system responds to low pH and magnesium levels. It modulates genes involved in the
development of antimicrobial resistance and the maintenance of intracellular survival.

HilA regulator: In response to both genetic and environmental regulatory inputs, the HilA
regulator produces a transcriptional regulator of the OmpR/ToxR family, which promotes the
expression of invasion genes (Jones, 2005). The hyper-invasive locus A (hilA) gene was discovered to
be a locus that, when overexpressed, renders bacteria resistant to high-oxygen inhibition of invasion
(Lee et al., 1992). The Salmonella pathogenicity island I (SPI-1) contains the hilA gene, which encodes
the type III secretion system's structural elements, chaperones, and secreted effectors required for
invasion (Bajaj et al., 1995; Darwin & Miller, 1999).

Sigma S (RhoS) regulator: In S. Typhi and Escherichia coli, RpoS is a crucial response regulator
to stressful situations. RhoS's effects on pathogenesis differ greatly depending on the species, in
contrast to its conserved and well-understood involvement in stress response. The late exponential
phase is the time when the Sigma S regulator transcribes. It regulates the stationary phase genes and
is a central player in the stress response. In addition to helping cells endure environmental challenges,
it also prepares them for the subsequent stresses (Hengge-Aronis, 2002). In infections caused by S.
Typhi, RhoS enhances survival against host defense systems or directly regulates the expression of
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virulence components, while in others, RhoS is either dispensable or even antagonistic to virulence
(Dong & Schellhorn, 2010).

Salmonella plasmid virulence R protein (spvR): The spv genes in S. Typhi are grouped as an
operon, with spvR protein regulating the expression of spvABCD. SpvR is included in the LysR
family of transcriptional activators, hence its function. These genes control virulence and are needed
for cytopathology when in humans (Libby et al., 2000).

TviA RNA thermosensor; Vi capsule, type Ill secretion
system, and flagellin

ViA RNA thermosensor

Senses changes in the osmolarity of the outer
10]3s1374=0\74) membrane proteins and controls their expression. that
respond to low pH and magnesium levels

)\ Regulate the expression of flagellar genes

Ensures S. Typhi pathogenicity and survival in

Sl yA macrophages

RtsA and
RtsB

=TTe] =YL=l e Respond to low pH and magnesium levels

Controls outer membrane proteins critical regulator of
bacterial pathogenicity, proliferation, and metabolism

Fur Suppress the transcription of genes involved in Iron (Fe)
uptake and transport

Histone-like Nucleoid Structure suppress the transcription of
virulence genes

RtsA and RtsB represses the expression of flagellar genes
RtsB RtsA promotes SPI-1 genes expression

The hyper-invasive locus A (HilA) promotes the
expression of invasion genes.

Regulate the expression of spvABCD, which plays a role
in cytopathology when in human hosts

Response regulator to stressful situations, enhances
survival against host defense systems

Figure 3. Diagrammatic illustration of some of the possible transcriptional regulators that can be
targeted by anti-Salmonella typhi compounds and their role in S. Typhi pathogenesis.

Possible virulent factors that anti-Salmonella typhi compounds can target.

Pathogenic bacteria can colonize host niches with virulence factors, as shown in Figure 4, which
leads to tissue damage and local and systemic inflammation. These elements are crucial for pathogens
to establish an infection and cover a broad spectrum. Thus, they directly and indirectly affect disease
processes (de Nies et al., 2021). The complicated trait known as virulence is only fully exhibited in
vivo during host-pathogen interactions (M Tsolis et al., 1999). S. Typhi virulence factors, including
the genes for adhesion, invasion, and toxin, are concentrated mainly in regions of the chromosome
called "Salmonella pathogenicity islands" (SPI) (R. L. Santos et al.,, 2003). Host invasion and
intracellular proliferation, the two characteristics of Salmonella pathogenicity, have a direct
relationship with genes in SPI. While SPI-2 is essential for intracellular pathogenesis and plays a
crucial role in systemic S. enterica infections, SPI-1 contains genes involved in invasion (Hansen-
Wester & Hensel, 2001).
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Figure 4. A cartoon depiction of Possible virulent factors that anti-Salmonella typhi agents can target.

Type III Secretion System (T3SS): It is a molecular mechanism that S. Typhi has, which is in
charge of the ability of these microbes to deliver its effector proteins into the cytoplasm of host cells
and modify host cells' signaling cascades for the benefit of bacteria (A. M. P. dos Santos et al., 2019).
The T3SS protein complex (Figure 5) enables the direct transport of virulence factors into host cells
(Marlovits et al., 2004) hence acting as "Molecular syringes" (Hueck, 1998). Once within the cell,
these effectors can change cellular processes such as cytoskeleton structure, membrane transport,
signal transduction, and cytokine production, promoting host cell invasion (Haraga et al., 2008).
Salmonella enterica has two unique T3SSs (T355-1 and T3SS-2), which are encoded by SPI-1 and SPI-
2, which are found in several S. Typhi DNA clusters (Hansen-Wester & Hensel, 2001). T35S-2 is active
within the phagosome and translocate effectors into the vacuolar space, whereas T35S5-1 is active
when the bacterium encounters the host cell membrane and translocate effector proteins into its
cytoplasm (Haraga et al., 2008). S. Typhi possesses a Type III Secretion System (T3SS). The T3SS in S.
Typhi is involved in the pathogenesis and invasion of host cells. The T3SS allows S. Typhi to inject
effector proteins into host cells, manipulating host cell functions and promoting bacterial survival
and replication. The T3SS in S. Typhi is a crucial virulent factor for developing typhoid fever.
Understanding the T3SS in S. Typhi is vital for developing effective vaccines and therapeutics against
typhoid fever. For instance, a study by Truong et al. showed that the Type 3 secretion system (T3SS)
in Salmonella plays a role in the pathogenesis and invasion of host cells (Truong et al., 2018). They
further showed that the Salmonella Type 3 secretion systems (T3SSs) recruit SopB as its effector, which
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is also known to have lipid phosphatase activity. However, a study by Chowdhury et al. showed that
S. Typhi can invade host cells independent of the T355-1 pathway (Chowdhury et al., 2018). They
further demonstrated that targeting the STIV-Met interaction may restrict pathogenesis, and
inhibition of Met tyrosine kinase can also limit infection.
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Figure 5. Diagrammatic illustration of the Type III Secretion System (T3SS) in S. Typhi: The diagram
also depicts a few of the significant proteins constituting these structures.

The three main parts of the T3SS are the extracellular appendages, composed of a translocation
pore, a filament, and a needle. The basal body is made up of a set of membrane rings that are
connected through a periplasmic rod. The three IM rings house the components of the export
apparatus. These include the ATPase complex, gatekeeper protein, and C-ring. This section shows
the structures of the outer membrane proteins of T3SS. The illustration also shows the outer
membrane protein intimin. The T3SS is a complex nanomolecular device comprising around 3.5 MDa
of protein. It is characterized by a global architecture that is similar to the flagellar system. This is a
syringe-shaped structure composed of a central channel approximately 2 to 3 nm in diameter and
multiple ring structures located in the outer and inner membranes of the bacterium. These structures
are connected to a periplasmic inner rod. The T3SS components can be grouped depending on the
external structures they form. These include the extracellular appendages, the cytoplasm, and the
basal body. A diagram of the structures of the T3SS is shown in Figure 5. The needle complex's
primary structural features are similar in most bacteria.
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Virulence factor of Salmonella typhi

Fimbriae

It is important to note that the initial attachment to the host intestinal mucosa after oral infection
is a critical stage during bacterial pathogenesis. One of the most common adhesive structures in
members of the family Enterobacteriaceae, including Salmonella typhi, are Type 1 fimbriae (T1F),
which are crucial for the bacterium's pathogenicity. T1F is essential for virulence and consists of
FimA, a helical structural component held together by disulfide linkages. These fimbriae are flexible
and not rigidly attached to the cell surface, allowing them to adapt and attach to host cells even in
dynamic or crowded environments. The balance between stiffness and flexibility enables T1F to
adhere to host cells effectively, making them essential for Salmonella typhi's pathogenicity(Kolenda
et al., 2019; Knight & Bouckaert, 2009).

The Salmonella fim cluster (as shown in Figure 6) consists of a tRNA-Arg and ten genes: fimA,
fiml, fimC, fimD, fimH, fimF, fimZ, fimY, fimW, and stm0551 (Purcell et al., 1987). These include
fimA, fiml, fimC, fimD, fimH, and fimF, all controlled by the fimA promoter region (PfimA) and
function inside a single operon. This operon encodes proteins essential for Type 1 fimbriae (T1F)
development and structure. Furthermore, tRNA-Arg controls T1F expression at the translational
level, whereas FimW, FimY, FimZ, and the STM0551 open reading frame contribute to the regulation
of T1F transcription(Kolenda et al., 2019; Saini et al., 2009).

RNA Transcription R Transcription
polymerase <
Promoter | (NCWlM FimA  Fiml  FimC  FimD  FimH FimF S FimZ  FimY  smwoss: - FimU

Figure 6. Diagrammatical depiction of the organization and transcriptional pattern of the fim gene
cluster.

T1F is characterized by rod-shaped structures that are mostly made of 500-3000 FimA
monomers. FimH, a protein that resembles lectin, is located at the top of the fimbrial shaft. FimF
places FimH at the summit of the fimbrial structure, and FimH is essential for binding high-mannose
oligosaccharides found on the surface glycoproteins of eukaryotic cells (Hahn et al., 2002).

Type 1 fimbriae assemble according to the chaperone-usher route. Signal peptides are present
in all proteins needed for assembly. In the periplasm, FimC acts as a chaperone for FimA, FimF, and
FimH, avoiding premature polymerization and aiding in folding and assembly. Hydrophobic N- and
C-terminal extensions of FimA, FimF, and FimH interact with a corresponding hydrophobic groove
in FimC. FimD is an example of an outer-membrane usher protein that facilitates the assembly of
fimbrial subunits by facilitating the passage of fimbrial proteins through the outer membrane. Donor
strand exchange is the mechanism by which the proteins that makeup T1F are joined together via N-
and C-terminal extensions (Remaut et al., 2006).

When the FimC-FimH complex binds to the FimD usher protein, T1F begins to assemble as
shown in Figure 7. The FimC-FimF complex is then moved into the FimD pocket, where the FimF N-
terminal extension replaces the FimC linked to the FimH C-terminal extension, forming the FimH-
FimF complex (Kolenda et al., 2019). FimA is the next step in this process, which results in the fimbrial
shaft extending even farther. The lack of fimbriae is caused by deleting any of the fimA, fimF, or fimH
genes, highlighting their combined function in pilus formation (Zeiner, 2012). Though the exact
process is yet unknown, there is conjecture that fiml is involved in controlling fimbrial length and
adhesion (Rossolini et al., 1993).
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Figure 7. A diagrammatic depiction of fimbria biogenesis. During biogenesis, nascent fimbria protein
is moved across the inner membrane using the SecYEG apparatus—the fimbrial usher functions as a
pore for subunits of the fimbria to go through. FimC acts as a chaperone, thus transferring fimbria
subunits to the fimbrial usher to commence fimbrial biogenesis.

Table 1. The Table shows the various virulence factors of S. Typhi that can be targeted for vaccine
development and the roles they play.

Virulence factor |Function

1 Vi antigen Inhibit phagocytosis and complement binding (Robbins & Robbins, 1984)
2 Somatic O antigen |It produces OMPs, which are immunogenic (Benz, 1988)
(LPS)

3 H  antigen

Flagella activate innate immune responses by engaging with TLR5 and NAIP

Flagella receptors through the detection of monomeric flagellin (Hayashi et al., 2001;
Kortmann et al., 2015)
4 Fimbriae and Pili |Essential adhesion elements that aid in numerous cellular contacts during infection

and host colonization (Berrocal et al., 2015)

5 Salmonella SVP is necessary for reticuloendothelial system bacteria multiplication (Rotger &

Virulence Plasmid |Casadesus, 1999)
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6 Invasiveness S. Typhi proteins to defeat both oxygen-dependent and oxygen-independent
phagocytic cell defenses is what allows the pathogen to survive in macrophages
(Achouri et al., 2015)
7 Biofilm formation [Proteinaceous compounds produced by biofilm cells enable synergistic growth and
protect potentially harsh surroundings like acidity (Corcoran, 2013)
8 Endotoxin Lethal toxicity, pyrogenicity, and tissue necrotizing activity are among the harmful
effects of S. Typhi endotoxin (Mahamuni & Ghosh, 2017)
SPI-1 associated T3SS effector proteins: modified from (Phoebe & Lee, 2001)
9 SipA Rearrangement of cytoskeleton in host cells
SipB
Actin nucleation and translocation of other effector proteins via T3SS
10 [SipC Translocate other effectors
11 |SopA Fluid secretion in host gut which leads to diarrhea
12 |SopB
Involved in cytoskeleton rearrangement, neutrophils recruitment, and fluid
secretion as in SopA
13 |SopCand SopD  |Neutrophils recruitment and fluid secretion
14  |SopE and SptP Cytoskeleton rearrangement and suppression of innate immunity
SPI-2 associated T3SS effector proteins: modified from (Waterman & Holden, 2003)
15 |SpiC Alter vesicular transport in host cell
16 |SseF and SseG Helps in Salmonella-induced filament formation
17 |SifA and Sse] Salmonella — containing vacuole membrane integrity
18  |SifB Targeting to Salmonella induced filaments
19  |SspH2 and Ssel ~ |Rearrangement of host cells cytoskeleton
20 SrfT Results in cell death (Apoptosis)
21  |[ttr genes Located on SPI-2 and responsible for producing tetrathionate reductase which serve
as terminal electron acceptor in anaerobic conditions (Fabrega & Vila, 2013)
22 SseB, SseC, SseD  [They are located on SPI-2 and are all responsible for the formation of macromolecular
structures which serves as translocon in T3SS system (Lan et al., 2008)

doi:10.20944/preprints202311.0732.v1
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23  |MisL Located on SPI-3 and responsible for long term persistence in host cells (Dorsey et
al., 2005)

24  |MgtCB Helps the bacteria to survive within Macrophages. Also helps regulate magnesium
homeostasis (Blanc-Potard, 1997)

25  |SiiE Found on SPI-4 and responsible for adhesion to epithelium (Gerlach et al., 2007)

26  |SopB Located on SPI-5 and prevents apoptosis of epithelial cells. This allows S. Typhi to
establish a stable intracellular niche within the host cells (Knodler et al., 2002)

27  |SpvR Found on pSLT Plasmid of S. Typhi and is controls the expression of spv operon
which have several genes involved in virulence (Guiney & Fierer, 2011)

28  |SpvB An effector protein that prevents actin polymerization in host cells (Guiney & Fierer,
2011)

29  |SpvC Inhibits mitogen-activated protein kinase and immune signaling (Silva et al., 2017)

DRUGS USED TO TREAT TYPHOID FEVER

Antimicrobial resistance to the first-line medicines used to treat enteric fever is a concern that
makes managing the condition more difficult even though some drugs show some level of
effectiveness against Typhoid fever(Parry et al., 2002b). These drugs may be bactericidal (kill the
bacteria) or bacteriostatic (inhibit growth), which help to treat (Ocampo et al., 2014).

Table 2. The Table below indicate some drugs used against S. Typhi.

DRUG GROUP MODE OF ACTION REFERENCE

Chloramphenicol Chloraphenicols It attaches to the 50S ribosomal subunit, |(Dinos et al,
thus inhibiting protein synthesis, leading to [2016)

the bacteria's death.

Amoxicillin (an amingPenicillin antibiotics (Bernatova et
It attaches the p-lactam ring to Penicillin-

penicillin) al., 2013)
Binding Proteins (PBPs), which hinder the
cross-linking procedure
(transpeptidation), and activate autolytic
enzymes to prevent the production of the
bacterial cell wall. The bacterial cell wall is
compromised by this disturbance, which

results in cell lysis and, eventually,

bacterial annihilation.

Co-trimoxazole Sulfonamide By competitively inhibiting bacterial |(Smilack, 1999)

(Trimethoprim- antibiotics dihydropteroate synthetase, SMX prevents
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Sulfamethoxazole, TMP-
SMX)

the incorporation of p-aminoben zoic acid
into dihydrofolic acid. TMP prevents the
biologically active cofactor for producing
purines, thymidine, and DNA,
dihydrofolate reductase, from converting

dihydrofolate to tetrahydrofolic acid.

Ampicillin

Penicillin antibiotics

The drug binds to and suppresses

membrane-bound penicillin-binding

proteins, which are critical players in

synthesizing cell wall peptidoglycan.

The integrity of the cell wall, which exists in
a hypotonic environment, is maintained by
peptidoglycan; when it is disrupted, lysis

and cell death result.

(Ghooi &
Thatte, 1995;
Peechakara &

Gupta, 2023)

Azithromycin

Macrolides

It lowers the formation of biofilm and
mucus, inhibits bacterial quorum sensing,
the its

and broadens spectrum  of

antibacterial effects.

Additionally, it blocks the formation of the

50S big ribosomal subunit and the
expansion of the nascent polypeptide chain
by attaching to them and interfering with

their functions.

(Champney &
Burdine, 1998;
Parnham et al.,

2014)

Clarithromycin

Macrolides

It causes the gastrointestinal pathogen S.
Typhi to produce less of the rdar biofilm
activator ~ CsgD  and  consistently
downregulate the biofilm-related genes

csgB and adrA transcription.

(Zafar et al.,

2020)

Ceftriaxone

Cephalosporins

It binds to one or more penicillin-binding
proteins and prevents the final trans-
peptidoglycan step during peptidoglycan
synthesis in bacterial cell walls. This

and the

prevents production stops

(Hartman et al.,

2021)
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sequencing of cell wall elaboration during

bacterial cell death.

Cefixime Cephalosporins (Ramdhani et
It is a third-generation cephalosporin

al., 2021)
antibiotic having bactericidal activity. It
works by inhibiting penicillin-binding
proteins, which damages the

peptidoglycan production pathway and

the bacterial cell wall.

Aztreonam Monobactams (Sykes &
It was discovered to interact with specific

Bonner, 1985)
penicillin-binding proteins of bacteria,
preventing the formation of bacterial cell
walls. This reduces the virulence of the

bacteria imposed by the cell wall.

Ciprofloxacin Fluoroquinolones (Campoli-

Influence DNA metabolism by preventing |
Richards et al.,

DNA topoisomerase and DNA gyrase from
1988
functioning, which prevents S. Typhi cell )

replication.

Ofloxacin Fluoroquinolones [t significantly reduces DNA gyrase's ability |(Sato et al,
to form supercoils, disrupting bacterial |1986)

DNA processes. This is detrimental to
bacterial growth and results in the death of

the bacterial cell.

Levofloxacin Fluoroquinolones (Podder &
It encourages DNA strand breaks by .
Sadiq, 2023)
preventing DNA-gyrase in susceptible
organisms, which prevents supercoiled

DNA from relaxing.

Moxifloxacin Fluoroquinolones It binds to the DNA gyrase and |(Saravolatz &
topoisomerase IV in bacteria, preventing |Leggett, 2003)

DNA replication, repair, and transcription.

Secreted Virulence Factors of S. Typhi

The presence of bacterial exotoxins can play a significant role in the development and
maintenance of a disease. In S. Typhi, for instance, the toxin is known to play a role in patients'
symptoms and chronic infection. Multiple strategies can be used to prevent the toxin's action during
an infection.
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One of the most effective ways to prevent the spread of a disease is by using therapeutic
monoclonal antibodies (mAbs). These are highly specific to the target toxins and can only be used to
attack them without affecting the beneficial microbes and host cells. For instance, the toxin known as
Shiga-toxin IIB is responsible for the organ damage caused by gastrointestinal bleeding and
hemorrhagic colitis in patients infected with EHEC. MAbs designed to neutralize Shiga toxin
prevented the infection's early onset in healthy volunteers. Moreover, these drugs were well-tolerated
in subjects with no apparent side effects. In addition, these methods can be utilized against other AB
toxins, such as ricin, anthrax, and botulinum. In convalescent typhoid patients, antibodies related to
the CdtB toxin were detected in their sera. In a study, the researchers noted that mice given typhoid
toxoid had high levels of anti-CddtB antibodies. These antibodies protected the animals from a lethal
dose of the active toxin. Based on these findings, it was concluded that developing therapeutic mAbs
designed to target the toxin could be a promising strategy for treating typhoid. This could be
especially useful when there are increasing cases of antibiotic-resistant strains (Y.-A. Yang et al,,
2018).

Among the promising strategies for tackling bacterial exotoxins is one that involves the
interaction between the toxins and their host cells. This could result in minimal or no toxin delivery.
Most bacterial AB toxins such as Shiga-toxin IIB (Stx2B), exotoxin by E. coli O157:H7, which causes
organ damage and hemolytic uremic syndrome, including those related to typhoid, use a type of
glycan. In a study, the researchers discovered that a higher affinity glycan can be useful in treating
typhoid by interacting with the toxin's B subunit, which has five binding pockets. In another study,
the researchers discovered that a higher-affinity version of the carbohydrate receptor of Shiga-like
toxins inhibited the clinical symptoms of the disease. High affinity glycans that have been terminated
with NeubAc effectively compete with natural ligands and prevent certain biological processes, such
as axon outgrowth (Y.-A. Yang et al,, 2018) In addition, small molecules that can prevent the
endocytosis of toxins can be used to prevent their exposure to host cells (Wu et al., 2017).

These findings suggest that the development of membrane trafficking agents can be combined
with other drugs to enhance the degradation of toxins. For instance, researchers discovered that
specific small molecules can be used as transport inhibitors. They were able to block the transport of
Cholera and Shiga toxin. These studies show the potential of small cell trafficking inhibitors to treat
typhoid.

Conclusions

The spread of multidrug-resistant (MDR), extensively drug-resistant S. Typhi poses a significant
threat to human health. Although the development of vaccines has dramatically improved the
protection against this disease, it continues to spread. This is because there are no effective strategies
to control the disease in populations usually asymptomatic for long periods. Understanding how S.
Typhi causes chronic and persistent infections is essential to eradicating this disease. Currently, there
are several types of anti-S. Typhi drugs in market and in clinical trials. The development of safer and
more effective anti- S. Typhi drugs is urgently needed. The pathways that are involved in the
pathogenesis, development, and maturation of S. Typhi, such as protein synthesis, S. Typhi structures
involved in attachment, and transcriptional factors involved in transcription, fimbriae biogenesis,
flagella, the S. Typhi secretion systems have been identified as promising targets for developing anti-
S. Typhi drugs. Targeting persistent S. Typhi has been regarded as a major focus area of research.
The development of new and safer anti- S. Typhi drugs will require finding more effective and
reasonable targets. Currently, there are still a lot of unanswered questions regarding the development
of these drugs. This review summarizes current knowledge of S. Typhi that could help develop new
vaccines and other treatment methods against this pathogen.
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