VICTORIA UNIVERSITY

MELBOURNE AUSTRALIA

Combatting infectious diarrhea: innovations in
treatment and vaccination strategies

This is the Published version of the following publication

Chavda, Vivek P, Vuppu, Suneetha, Mishra, Toshika, Kamaraj, Sathvika,
Sharma, Nikita, Punetha, Swati, Sairam, Anand, Vaghela, Dixa, Dargahi,
Narges and Apostolopoulos, Vasso (2024) Combatting infectious diarrhea:
innovations in treatment and vaccination strategies. Expert Review of
Vaccines, 23 (1). pp. 246-265. ISSN 1476-0584

The publisher’s official version can be found at
https://www.tandfonline.com/doi/full/10.1080/14760584.2023.2295015

Note that access to this version may require subscription.

Downloaded from VU Research Repository https://vuir.vu.edu.au/48292/



EXPERT
REVIEW Expert Review of Vaccines

0F VACCIMES

ISSN: (Print) (Online) Journal homepage: www.tandfonline.com/journals/ierv20

©

Taylor & Francis

Taylor & Francis Grou

P

Combatting infectious diarrhea: innovations in
treatment and vaccination strategies

Vivek P. Chavda, Suneetha Vuppu, Toshika Mishra, Sathvika Kamaraj, Nikita
Sharma, Swati Punetha, Anand Sairam, Dixa Vaghela, Narges Dargahi &
Vasso Apostolopoulos

To cite this article: Vivek P. Chavda, Suneetha Vuppu, Toshika Mishra, Sathvika Kamaraj, Nikita
Sharma, Swati Punetha, Anand Sairam, Dixa Vaghela, Narges Dargahi & Vasso Apostolopoulos
(2024) Combatting infectious diarrhea: innovations in treatment and vaccination strategies,
Expert Review of Vaccines, 23:1, 246-265, DOI: 10.1080/14760584.2023.2295015

To link to this article: https://doi.org/10.1080/14760584.2023.2295015

© 2024 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

@ Published online: 19 Feb 2024.

\]
CJ/ Submit your article to this journal &

||I| Article views: 1658

A
& View related articles &'

@ View Crossmark data (&'

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=ierv20


https://www.tandfonline.com/action/journalInformation?journalCode=ierv20
https://www.tandfonline.com/journals/ierv20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/14760584.2023.2295015
https://doi.org/10.1080/14760584.2023.2295015
https://www.tandfonline.com/action/authorSubmission?journalCode=ierv20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=ierv20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/14760584.2023.2295015?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/14760584.2023.2295015?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/14760584.2023.2295015&domain=pdf&date_stamp=19 Feb 2024
http://crossmark.crossref.org/dialog/?doi=10.1080/14760584.2023.2295015&domain=pdf&date_stamp=19 Feb 2024

EXPERT REVIEW OF VACCINES
2024, VOL. 23, NO. 1, 246-265
https://doi.org/10.1080/14760584.2023.2295015

Taylor & Francis

Taylor &Francis Group

©)

a OPEN ACCESS W) Check for updates

Combatting infectious diarrhea: innovations in treatment and vaccination strategies

REVIEW

Vivek P. Chavda ®?, Suneetha Vuppu @P, Toshika Mishra®, Sathvika Kamaraj®, Nikita Sharma®, Swati Punetha®,
Anand SairamP®, Dixa Vaghela¢, Narges Dargahi® and Vasso Apostolopoulos ®%¢

aDepartment of Pharmaceutics and Pharmaceutical Technology, LM College of Pharmacy, Ahmedabad, Guijarat, India; ®Department of
Biotechnology, Science, Innovation, and Society Research Lab 115, Hexagon (SMV), Vellore Institute of Technology, Vellore, Tamil Nadu, India;
“Pharmacy Section, L.M. College of Pharmacy, Ahmedabad, Gujarat, India; “Institute for Health and Sport, Victoria University, Melbourne, Australia;
Australian Institute for Musculoskeletal Science (AIMSS), Immunology Program, Sunshine Hospital Campus, Saint Albans, Victoria, Australia

ABSTRACT

Introduction: The escalating prevalence of infectious diseases is an important cause of concern in
society. Particularly in several developing countries, infectious diarrhea poses a major problem, with
a high fatality rate, especially among young children. The condition is divided into four classes, namely,
acute diarrhea, invasive diarrhea, acute bloody diarrhea, and chronic diarrhea. Various pathogenic
agents, such as bacteria, viruses, protozoans, and helminths, contribute to the onset of this condition.
Areas covered: The review discusses the scenario of infectious diarrhea, the prevalent types, as well as
approaches to management including preventive, therapeutic, and vaccination strategies. The vaccination
techniques are extensively discussed including the available vaccines, their advantages as well as limitations.
Expert opinion: There are several approaches available to develop new-improved vaccines. In addition,
route of immunization is important and aerosols/nasal sprays, oral route, skin patches, powders, and
liquid jets to minimize needles can be used. Plant-based vaccines, such as rice, might save packing and
refrigeration costs by being long-lasting, non-refrigerable, and immunogenic. Future research should
utilize predetermined PCR testing intervals and symptom monitoring to identify persistent pathogens
after therapy and symptom remission.
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1. Introduction considered to be the primary indicator, which can lead to

Infectious diarrhea is characterized by three or more epi-
sodes of loose or watery stools in a 24-hour period.
Diarrhea is caused by enteric infections, which are
a major cause of mortality and morbidity worldwide, parti-
cularly among young children [1]. Diarrhoeal sickness
accounts for 1-1.5% of all emergency department visits
in the United States, leading to 1.8 million hospitalizations
and 3,100 fatalities per year [2]. Most affected individuals
reside in underdeveloped and developing countries.
Fatalities from infectious diarrhea surpass those from gas-
trointestinal malignancies, peptic ulcers, or inflammatory
bowel disease [3]. Approximately 1.8 billion instances of
severe diarrhea occur globally every year among children,
which are caused by pathogenic agents [4]. Most patho-
gens causing diarrhea primarily spread through the fecal-
oral route. However, each pathogen has a distinct method
of infection and varied ways of inducing clinical manifesta-
tions of diarrhea [5].

Infectious diarrhea exhibits signs and symptoms such as
fever, bloody, mucous or watery stools, sepsis manifesta-
tions or dehydration [6,7], vomiting, abdominal discomfort,
and other disorders. These signs and clinical symptoms are

diarrhea and, if not treated promptly, it can lead to hypo-
glycemia, convulsions, and death [8]. The etiology of infec-
tious diarrhea differs markedly between countries with
varying economic and hygienic statuses [9]. Infectious diar-
rhea has been associated with a broad range of distinct
pathogens [10]. The rotavirus, Salmonella sp., Shiga toxin-
producing E. coli, enterotoxigenic E. coli, V. cholerae 01,
enteroaggregative E. coli [9], V. cholerae 0139, Shigella,
Listeria monocytogenes, Vibrio parahaemolyticus, and other
non-cholera vibrio are important pathogens responsible for
infectious diarrhea in children in underdeveloped nations
[11]. In patients with compromised immune systems, infec-
tious diarrhea is caused by enteropathogenic E. coli,
Campylobacter jejuni, enteroroadherent E. coli, and
Cryptosporidium species. Entamoeba histolytica,
Cryptosporidium parvum, and Giardia lamblia are a few of
the parasites that can also cause infectious diarrhea [10].
Herein, we outline the current understanding of the patho-
genesis of infectious diarrhea-causing organisms. The clin-
ical symptoms, diagnostic procedures, treatment, and
management of these vital pathogens are all shaped by
their fundamental pathogenic mechanisms.
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Article highlights

o Infectious diarrhea accounts for approximately 1.8 billion cases
every year among children, which is caused by pathogenic, bacteria,
viruses, protozoans, and helminths.

e There are four types of infectious diarrhea, acute diarrhea, acute
bloody diarrhea, invasive diarrhea, and chronic diarrhea.

o Chronic diarrhea is identified as the most prevalent health concern.

e The pathogenesis mechanism varies with the pathogen’s nature.
Enteric pathogens disrupt tight junctions, affecting ion transport
and barrier function. Inflammation, neuropeptides, or absorptive sur-
face depletion may also contribute.

o Diarrhea management in hospitals lacks consistency. Key strategies
involve rehydration, electrolyte replacement, probiotics, diarrhea
management algorithms, anti-diarrheal medications and.

¢ Rotarix® and RotaTeq®, two approved rotavirus vaccines, have been
in use since 2006 and have significantly decreased the rate of
rotavirus infections.

2. Types of infectious diarrhoea and mechanism of
pathogenesis

2.1. Types of infectious diarrhoea

Infectious diarrhea is categorized into acute diarrhea, acute
bloody diarrhea, and chronic diarrhea (Figure 1).

2.1.1. Acute diarrhoea

The term ‘acute diarrhoea’ refers to the increase in water
content, volume, or frequency in the stool that lasts shorter
than 14 days. Acute diarrhea is frequently caused by contami-
nated food and water sources and contributes significantly to
morbidity and mortality [12]. A stool with an increase in water
content [13] and passing more than three loose or watery
stools in 24 hours are signs of acute diarrhea in infants and
children [14]. Moreover, microbial species such as Aeromonas,
Campylobacter sp., E. coli, Salmonella, and Non-typhoidal
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S. enteric are the common cause of diarrhea with symptoms
like fever, nausea, abdominal pain, bloody stool, and cramps
[15]. Furthermore, azithromycin, ciprofloxacin, doxycycline,
and metronidazole are the most prescribed drugs which can
be used for treating acute diarrhea infections.

The ileocecal valve of colon receives 8 liters of fluid but
absorbs 93% of fluid resulting in remaining 600 mL, which is
further reduced to 100 mL that is excreted as fecal matter. The
absorption of water is regulated by the coupled systems
comprising of Na/H cationic exchanger and CI/HCO; anionic
exchanger. In case of acute infectious diarrhea, the mechanism
of electrogenic sodium absorption becomes impaired. The co-
transport of sodium takes place which involves absorption of
sodium in synergy with absorption of peptides, amino acids
and glucose. Therefore, acute diarrhea requires administration
of oral rehydration [15]. The infection is categorized by the
presence of polymorphonucleocytes (neutrophils, eosinophils,
basophils, mast cells) in the feces. Polymorphonucleocytes
modulate absorption of fluid via secretion of cytokines as
well as precursor of adenosine that causes activation of
Cystic  Fibrosis Transmembrane conductance Regulator
(CFTR) [16].

Rotavirus, norovirus, adenovirus, and astrovirus are the
primary causes of severe diarrhea in infants and young chil-
dren globally [17]. Rotavirus is the primary factor behind acute
diarrhea and the need for hospitalization. It is a significant
factor contributing to disease and death on a global scale in
children under the age of 5. Rotavirus is the predominant
strain responsible for>90% of all human infections. In
a study in patients with acute diarrhea 68.8% tested positive
for rotavirus of which 61.1% were males. Among them, 27.6%
were less than 12 months old, 41.2% were 12-24 months,
19.4% were 24-36 months old, and 5.9% were 36-48 months
and 48-60 months old [18].

Acute Diarrhoea

* Increase in water content

* Brought on by viruses, microbes, and

parasites

* Influenced by tainted food and water
sources
Aeromonas, Campylobacter sp., E
coli, Salmonella, and Non-typhoidal S.
enteric

Chronic Diarrhoea

e Sloppyor mushy stools with
Increased frequency
cy of bowel movements
a high mortality rate
aused by Escherichia coli in the
stools and Giardia lamblia

Acute Bloody Diarrhoea
« Higher mortality rate
e Recurrent passing of
volumes of faeces
o Caused by Shigella, Salmonella
and Entamoeba histolytica

small

Figure 1. Types of infectious diarrhoea. The causative organisms of each type of infectious diarrhoea is described along with symptoms and complications. The
categorization of the types of infectious diarrhoea is based on the pathogenesis, symptoms, and duration of the infection (Figure created by biorender.com).
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2.1.2. Chronic diarrhoea

Chronic diarrhea is a prevalent health problem that affects
a significant portion of the population. It is defined as the
passing of sloppy or mushy stools with increased frequency,
the urgency of bowel movements, or incontinence [19].
Abdominal pain, presence of bloody or bloodless diarrhea,
and discharge of white blood cells in the feces are all signs
and clinical symptoms of chronic diarrhea [15]. Chronic diar-
rhea typically leads to nutritional and metabolic conse-
quences, such as stunted growth, and is more challenging to
manage compared to acute diarrhea. Patients with chronic
diarrhea exhibit high death rates. As such, it is imperative for
physicians to adhere to the criteria pertaining to the manage-
ment of sepsis, dehydration, fever, hypoglycemia, and malnu-
trition when treating patients. This entails consuming
a nutritious and well-balanced diet that is devoid of allergenic
proteins, as well as supplementing with additional minerals
and vitamins. In addition, chronic diarrhea has been linked to
the presence of aggregative, enterotoxigenic E. coli and
Giardia lamblia in stools, although the precise underlying
factors remain unidentified [20].

The coupled transporters in the colon, that are responsible
for the absorption of fluid, are also known as solute carrier 9
(SLC9) belonging to sodium-hydrogen exchanger family and
anion exchanger belonging to the family of SLC26. It is sug-
gestive that a single nucleotide polymorphism in the gene
SLC9A3 downregulates the activity of the intestinal transpor-
ters resulting in increased susceptibility to chronic diarrhea.
Studies have reported that downregulation of Epithelial
Sodium Channel in the case of microscopic colitis can lead
to chronic watery diarrhea [21].

2.1.3. Acute bloody diarrhoea

Acute bloody diarrhea is a medical emergency as it can be life-
threatening and requires immediate attention in the commu-
nity in order to control epidemics. It usually lasts longer, has
a higher mortality rate, and is more likely to have an adverse
effect on the growth of children. The most typical sign of
bloody diarrhea is the recurrent passing of small volumes of
feces. Children aged 4 to 6 years are frequently infected with
Shigella and Salmonella [22]. Further, Entamoeba histolytica
was the main contributing factor for causing acute bloody
diarrhea, especially in the age group of 1-3years old.
However, many substantial risk factors, including
a contaminated environment, unclean living circumstances,
incorrect handling of human waste, poor personal hygiene,
lousy food preservation, and using non-filtered water for
home use, contribute to the occurrence of bloody diarrhea
[23]. Therefore, it is critical to rule out infection in all indivi-
duals who are presented with bloody diarrhea. The method by
which enteric infections are detected have improved over the
last few years, in light of advancements in the field of mole-
cular diagnostics and the accessibility of commercial assays
based on Nucleic Acid Amplification Techniques [24].
Unfortunately, advanced techniques are not available in devel-
oping nations. Still, macroscopic blood is the most important
identifying factor in the diagnosis of bloody diarrhea. As
a result, the WHO has not emphasized investigations into

bloody diarrhea, particularly in children. In addition, patho-
gens such as enteroinvasive E. coli, Campylobacter species,
enterohemorrhagic E. coli, Shigella species, Salmonella species,
and Entamoeba histolytica can cause invasive diarrhea [11] and
results from a pathogen’s propensity to infect the distal small
intestine and colon mucosa. The causative Shigella species
produce the cytotoxin Shiga which causes hemolytic uremic
syndrome. It can also result in sepsis, intestinal perforation,
rectal prolapse, electrolyte imbalance, toxic megacolon,
arthralgia, leukaemoid reactions and seizures. On entry into
the host body, the bacteria multiply and invade colonic
epithelium secreting pro-inflammatory cytokines.
Consequently, this causes inflammatory reactions by accumu-
lating polymorphonucleocytes cells, damaging the epithelial
cells lining the gut mucosa [25].

2.2. Mechanism of pathogenesis

Diarrhea is merely a changed osmotic gradient-driven move-
ment of ions and water. Normally, the intestine is exposed to
8-9 liters of fluids in a day out of which 100-200 mL is
excreted. However, infection by enteric pathogens leads to
diarrhea by increasing the volume of the secreted fluid. This
affects the transporters involved in the movement of water
such as the sodium-dependent glucose transporter, sodium-
hydrogen exchanger isoform 3, and chloride-bicarbonate
exchanger [16].

The mechanism of pathogenesis is dependent on the type
of the causative organism (Figure 2). The enteric pathogens
are capable of regulating the transportation of ions across the
intestinal epithelium in addition to barrier function by disrupt-
ing tight junctions [16,26]. Additionally, the pathogenesis can
also be facilitated by inflammation, neuropeptides or deple-
tion of absorptive surfaces [16]. Studies reveal that cytotoxin-
producing organisms cause the infection by anchoring on the
mucosal layer leading to the activation of cytokine synthesis
that further stimulates the mucosal layer of the intestine to
secrete inflammatory mediators. In the case of invasive organ-
isms, the synthesis of cytokine and inflammatory mediators is
induced by the invasion of the intestinal mucosal layer [27].
Bacterial enteropathogens contribute to the majority of inci-
dences of infectious diarrhea. In fact, pathogenesis of
C. difficile related diarrhea is modulated by neuropeptides
and inflammatory mediators. Whereas enteropathogenic
E. coli pathogenesis is caused by the loss of microvilli which
leads to a decrease in nutrient absorption. On the other hand,
V. cholerae results in secretory diarrhea [16] and bacterial
pathogens like Salmonella spp.  Shigella spp., and
Campylobacter jejuni lead to invasive and inflammatory diar-
rhea [16,271].

In the case of V. cholerae, the most prominent toxin pro-
duced is the cholera toxin which comprises two subunits-A
and B, where A is a GTPase attached to B which facilitates its
entry into the cell. The cholera toxin influences the cAMP-
mediated activation of a chloride channel called the cystic
fibrosis transmembrane conductance regulator. The toxin can
follow another route of pathogenesis by activation of the
calcium-activated chloride channel by altering the concentra-
tion of calcium ions. Furthermore, in the event of direct
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Figure 2. Mode of the pathogenesis of infectious diarrhoea and the corresponding enteropathogens (created using Biorender.com).

transportation of ions and molecules, the cholera toxin affects
the activity of aquaporins, consecutively resulting in lower
rates of fluid absorption. In the case of infections by
C. difficile and rotavirus, in addition to the cytokine release
and enteric nerve activation by neuropeptides, the subse-
quent regulation of ion transport likewise plays an essential
part. On the other hand, Giardia causes the infection by
depleting the brush border absorptive surface and reduction
in the size of the villi [16].

The enteric pathogen, Entamoeba histolytica also causes
invasive infectious diarrhea. It releases motile trophozoites
which consecutively form cysts. The trophozoites anchor on
the epithelium of the large intestine and results in its lysis. The
target of galactose and N-acetyl-D-galactosamine on mucins
mediates the anchorage of the pathogen to the colon [28].

Rotavirus is the primary cause of gastroenteritis in infants
and is accountable for almost 20% of deaths related to diar-
rhea in children under the age of 5. The mechanism of Ca**-
dependent endocytosis is the most favorable mode of
entrance. It is characterized by the infectious rotavirus being
taken up into the cytoplasm when the concentration of Ca** is
very low. This causes a flow of Ca®* from the vesicles into the
cytoplasm. Other research has suggested that rotavirus speci-
fically targets and infects the fully developed enterocytes in
the small intestine’s middle and upper regions of the villi. This
infection ultimately results in the occurrence of diarrhea [29].

3. Diagnostic approaches

Despite the advancements that have been achieved in the
diagnosis of infectious diarrhea, in low- and middle-income
countries traditional macroscopic inspection of stool samples
is still used [30]. This dependence on conventional techniques
results from a number of interlinked reinforcing factors that
define the healthcare environment in low- and middle-income

countries. The primary reasons for this are infrastructure chal-
lenges, limited access to advanced diagnostic tools in urban
areas, financial constraints, and the upkeep of sophisticated
equipment. Recognising these challenges underscores the
importance of tailored approaches that find a balance between
the practical limitations faced by healthcare facilities in low-
and middle-income countries and advancements in technol-
ogy. Hence, early detection is crucial for its treatment.
Methods for diagnosis include culture, microscopy, and anti-
gen-based tests. It is challenging to culture enteropathogens,
especially with antibiotics. Microscopy of parasites is inexpen-
sive but insensitive and requires time, equipment, and training.

The predominant diagnostic method for infectious diarrhea
currently revolves around the widely employed microscopic
analysis of stool samples. While this technique is valuable, it
may not adequately address availability issues. In many health-
care settings, especially those in remote or resource-
constrained areas, advanced diagnostic tools such as PCR
and molecular diagnostics may not always be readily accessi-
ble [31]. As such, the variety of diagnostic methods are limited,
making prompt and precise diagnosis increasingly challen-
ging. Diarrhoeal diagnoses have been improved by antigen-
based testing; however, their properties vary and commercial
assays are not available for all significant infections [32]. It is
important that user-friendly, affordable, and widely accessible
diagnostic technologies be developed in order to identify
infectious diarrhea in any healthcare setting [33]. Table 1 sum-
marizes some of the diagnostic approaches used.

4. Treatment approaches

Despite improvements in public health and economic wealth
in the developed world, the incidence of intestinal infection
remains high and remains a significant clinical problem [49].
Diarrhea management is still inconsistent in hospitals and in
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intensive care units. Rehydration, electrolyte replacement,
probiotics, diarrhea management algorithms, and anti-
diarrheal medications are all used to treat diarrhea.
However, early detection of dehydration is the most impor-
tant aspect of diarrhea management. Oral rehydration ther-
apy, which restores water and electrolytes, is also an
important part of diarrhea management. Rehydration fluids
containing sodium chloride, potassium chloride, trisodium
citrate, glucose, and water can be administered. In pediatrics,
combining zinc with oral rehydration solution reduces the
severity of acute diarrhea episodes, decreases diarrhea recur-
rence and fluid secretion in the intestine, strengthens
immune responses, and aids in the regeneration of intestinal
epithelial cells. Food items like bananas, toast, and rice ben-
efit the patients. Furthermore, because anti-diarrheal drugs
absorb water, cause swelling, increase consistency, and
decrease the frequency of stools, they are useful in the short-
term treatment of secretory diarrhea. Anti-microbial therapy
and anti-motility drugs (opioid drugs, such as loperamide,
provide symptomatic relief for diarrhea) can also be used.
Racecadotril, crofelemer, and zaldaride are antisecretory
agents that are available in several countries and may play
a role in disease management.

With the introduction of new medications and streamlined
treatment protocols, the function of antimicrobial agents in the
treatment of infectious diarrhea is becoming more streamlined.
Popular in patients with diarrhea, probiotics containing
Lactobacillus species, Bifidobacterium, and Streptococcus faecalis
in adequate amounts have been shown to restore healthy gut
flora and prevent the colonization of pathogenic bacteria; how-
ever, they are not accepted as components of standard diar-
rheal therapy because they can cause systemic infections,
acidosis, and excessive immune stimulation in immunocompro-
mised patients. In addition, WHO collaborates with other part-
ners to promote national policies and investments that support
case management of diarrhea and its complications, as well as
increasing access to safe potable water and sanitation in devel-
oping nations. Additionally, it conducts research to develop and
evaluate new diarrhea prevention and control strategies in this
region and builds capacity for implementing preventive inter-
ventions such as source water improvements, household water
treatment, and safe sanitation [50]. The approaches prevalent
for different types of infectious diarrhea are summarized in
Table 2. In the last few decades, strategies to prevent diarrhea
have relied on several potentially strong therapies that have
been applied concurrently [53]. The four primary methods for
treating infectious diarrhea are as follows:

Table 2. Treatment strategies for different types of infectious diarrhea.

e Replenishment of electrolytes and fluids during suppor-
tive treatment.

e Symptomatic anti-diarrheal therapy- to minimize stool
recurrence as well as other sensations such as abdominal
discomfort. Some important nonspecific anti-diarrheal
agents (Figure 3).

® Anti-secretory medication treatment - intended to
reduce fecal losses.

e To limit the length and severity of the sickness, specia-
lized treatment such as antibiotic therapy has been used.

4.1. Probiotic therapy

The effectiveness of probiotics in treating acute infectious diarrhea
has been evaluated in several randomized clinical trials. The
administration of probiotics was not attributed to any adverse
repercussions. In almost all clinical trial studies, subjects who
received probiotics therapy had shorter occurrences of diarrhea
and lower stool frequency. Generally, the administration of pro-
biotics decreased the likelihood that diarrhea would persist for four
or more days by 59%, the period lasted by 25 hours, and the
number of diarrheal stools passed on day 2 following the inter-
vention by around one [54]. In a meta-analysis study however,
a few elevated odds of negative consequences were shown, such
as, abdominal pain or discomfort, nausea, lack of appetite, head-
aches, and flu-like signs [55].

4.2. Oral rehydration by supplementing with oral
rehydration solutions

The fundamental step in treating diarrhea is to adequately manage
dehydration, which is the leading cause of mortality in patients
with severe diarrhea. An oral rehydration solution with glucose and
electrolytes, developed in the 1960s and 1970s has been shown to
be a simple, affordable alternative solution, to prevent and man-
age dehydration caused by diarrhea [56]. By replenishing the
body's electrolytes and lost fluid, oral rehydration therapy helps
to treat diarrhea by retaining fluid in the body and providing
energy [8]. Oral rehydration solutions that are hypotonic are highly
advised for the treatment of mild to severe dehydration. With
a blend of an alkali-containing dextrose sodium solution, intrave-
nous rehydration is provided to those with extreme dehydration.
For young children suffering from extreme dehydration who are
unable to receive oral rehydration solution intravenously, nasogas-
tric feeding tubes are utilized as rehydration methods [57].

Infectious Diarrhoea Treatment approaches References
Acute diarrhea e Rehydration therapy [15]
o Antibiotic regime (fluoroquinolones, azithromycin, ciprofloxacin)
¢ Symptomatic treatment
Chronic diarrhea e Rehydration therapy [51]
o Administration of loperamide, cholestyramine, clonidine or tricyclic antidepressants
Acute bloody diarrhea e Rehydration therapy [52]

« Antibiotic regime of ciprofloxacin, co-trimoxazole, ampicillin, azithromycin, pivmecillinam or ceftriaxone
¢ Administration of metronidazole for amoeboid infection




ANTI-MOTILITY AGENTS
¢ Loperamide
¢ Di-phenoxylate
(Lomotil)-atropine
combination

Non-specific anti-
diarrhoeal agents

ADSORBENTS

¢ Activated Charcoal

¢ Mineral clay adsorbents
a. Kaolin
b. Diosmectite

« Silicon based adsorbents
a. Methyl silicic acid hydrogel (Enterosgel)
b. Sllicon dioxide or sllica (Atoxil, Polisorb)

—
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ANTI-SECRETORY AGENTS
* Racecadotril
o Zaldaride maleate
¢ Bismuth Salicylate
* SP303

c. Silica acid gel (Silicol gel, silicea)

¢ Natural adsorbents

a. Alginate
b. lignin
c. Pectin
d. Chitin

Figure 3. Non-specific anti-diarrhoeal agents (Figure created by BioRender.com).

For treating cholera in adults and children, rice-based oral
rehydration salt solution is superior to regular oral rehydration
solutions, and can be used anywhere it is practical to prepare [53].

e Young children with recurrent diarrhea are recom-
mended to take daily supplements of multivitamins and
minerals, including magnesium.

e Probiotics are considered safe and efficient, according to
several meta-analyses of controlled clinical trials [53].
Studies on gastroenteritis caused by viruses provide
more persuasive data than those on infections caused
by bacteria or parasites. There is evidence for the efficacy
of several lactobacilli strains, such as Lactobacillus casei
GG and Lactobacillus reuteri ATCC 55,730, as well as
Saccharomyces boulardii. Additionally, crucial is the
administration’s timing.

e (Clear evidence supports the efficacy of S. boulardii or
L. rhamnosus GG in treating antibiotic-associated diar-
rhea in adults or children following antibiotic therapy.
In fact, L. casei DN-114 001 was found to reduce anti-
biotic-associated diarrhea and C. difficile diarrhea in
admitted elderly patients [53].

4.3. Supplementation of zinc

Zinc deficiency is prevalent in low- and middle-income coun-
tries, particularly among infants. It impedes development and
increases the morbidity and mortality caused by diarrhea,
pneumonia, and malaria. Infants with diarrhea have a limited
zinc intake at baseline, resulting in increased net zinc losses
throughout the illness. Since 2004, the WHO and UNICEF have
recommended zinc as a treatment for diarrhea. By

administering zinc (20 mg per day until diarrhea ceases), the
incidence, severity, and need for hospitalizations associated
with diarrhea in children from developing nations can be
reduced [56].

4.4. Antibiotic therapy

Early antibiotic therapy effectively manages the acute symp-
toms of diarrheal disease, reducing its duration to approxi-
mately 1.5days [58]. Clinical trials assessed the efficacy of
antibiotics like bicozamycin, norfloxacin, ciprofloxacin, and
fleroxacin, showing a significantly higher rate of clinical cure
within 72 hours in the antibiotics group (Table 3).

e Azithromycin has emerged as the drug of choice for the
treatment of Helicobacter pylori infectious diarrhea as
a result of the rise in enteropathogen resistance to first-
line antibiotics such as fluoroquinolones and trimetho-
prim-sulfamethoxazole.

* An analogous range of effectiveness to ciprofloxacin is
shared by another fluoroquinolone antibiotic called levo-
floxacin. Levofloxacin is widely utilized in treating diar-
rhea, just like ciprofloxacin, since it has the same
potential to shorten the period to a therapeutic cure.
Levofloxacin often only needs one dose to be successful;
but, with some enteric pathogens, a three-day protocol
may be recommended (e.g. Campylobacter spp.).

5. Preventive approaches

The administration of suitable oral solutions, i.e. oral rehydra-
tion treatment, is used to prevent or treat diarrheal
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dehydration. In both affluent and developing nations, oral
rehydration treatment minimizes the need for hospitalization
whilst being a cost-effective technique for treating acute gas-
troenteritis. Hand washing and sanitization also play an impor-
tant role in the prevention of neglected diseases [66]. Global
oral rehydration solutions coverage rates are still below 50%,
and improvements are recommended. Specific quantities of
significant salts lost in diarrheal stool are included in oral
rehydration salts, which are utilized in oral rehydration treat-
ment. Compared to regular oral rehydration solutions, the new
lower-osmolarity of oral rehydration salts (recommended by
WHO and UNICEF) with lower salt and glucose concentrations
has less side effects, and a lower requirement for intravenous
infusions. Regardless of age or the kind of diarrhea, including
cholera, this formulation is advised [67].

The WHO advocates a comprehensive approach to prevent
and alleviate diarrhea, especially in resource-limited environ-
ments with a high prevalence of diarrheal diseases. The solu-
tions are intricate and encompass a spectrum of efforts
focused on improving access to clean water, immunization,
sanitation, and hygiene. The WHO supports various essential
preventive measures. Rehydration can be achieved through
the use of oral rehydration salt solution, an economical blend
of clean water, salt, and sugar, typically available at a minimal
cost per treatment. This solution is absorbed in the small
intestine, replenishing the water and electrolytes lost in the
feces [68].

In instances of severe dehydration or shock, the recom-
mended approach for rehydration involves the use of intrave-
nous fluids [69]. To disrupt the cycle of malnutrition and
diarrhea, it is imperative to offer nutrient-rich foods, including
breast milk, during episodes. Equally vital is providing children
with a nutritious diet, specifically emphasizing exclusive
breastfeeding for the initial six months of life, during times
of good health. Further, the use of zinc supplements has
demonstrated a 25% reduction in the duration of diarrhea
episodes and a correlated 30% decrease in stool volume. It is
imperative to consult with a healthcare professional, especially
in instances of prolonged diarrhea, the presence of blood in
the stool, or signs of dehydration [70]. The rehydration solu-
tions prevent dehydration by facilitating the healing of the
intestinal mucosa substituting the electrolytes and water lost
(refeeding) [71]. Vaccination also provides a suitable and effec-
tive preventive strategy for infectious diarrhea. There are var-
ious vaccines approved or in the stage of clinical trials against
various pathogens that cause infectious diarrhea.

6. Vaccination

An alternative approach to overcome infectious diarrhea is via
vaccination, as a preventative measure, which will ultimately
lower the number of cases, hospitalizations and mortality. In
the field of public health, vaccination’s accessibility, use, and
efficacy in reducing diarrhea are essential elements. The
worldwide impact of vaccinations is largely dependent on
their accessibility, which includes their manufacture, distribu-
tion, and prices [72]. The use element entails the execution of
vaccination programs, which include outreach initiatives,

immunization campaigns, and the incorporation of vaccina-
tions into standard healthcare procedures. In addition, the
efficacy of these vaccinations is assessed based on their capa-
city to provide protection against particular diseases, lower
the frequency of diarrhea, and lessen its intensity [73].
Preventing infectious diarrhea necessitates a comprehensive
strategy that includes vaccination against targeted pathogens,
advocating for proper hygiene practices [74], ensuring access
to safe water and sanitation, and educating communities on
appropriate food handling practices [30]. Additionally, main-
taining sufficient nutrition, incorporating probiotics for gut
health, and implementing surveillance for early detection all
play crucial roles in preventing the occurrence of infectious
diarrhea [75]. Effectively preventing diarrhea through vaccines
necessitates a comprehensive strategy that considers not just
their accessibility and usage but also their proven effective-
ness across diverse populations.

In fact, a monovalent rotavirus vaccine in phase Ill human
clinical trials in Malawi and South Africa was 77% effective
against serious rotavirus infections [76]. Rotarix® and
RotaTeq®, two approved rotavirus vaccines, have been in
use since 2006 and have significantly decreased the rate of
rotavirus infections throughout the world [5]. Generally,
infants receive the vaccination via oral administration. The
first dose is administered within 6 to 12 weeks after birth
followed by a second dose at 24 to 32 weeks. However, bloody
stools, excruciating stomach pain, and bilious emesis have
been reported as adverse effects of the Rotarix and RotaTeq
vaccines. The range of vaccines designed to combat diarrheal
diseases goes beyond the Rotavirus vaccine, involving diverse
strategies against pathogens such as cholera, Shigella, enter-
otoxigenic E. coli (ETEC), norovirus, and Campylobacter jejuni.
Oral cholera vaccines, exemplified by Dukoral and Shanchol,
have proven effective in reducing cholera incidence. Similarly,
in several countries, studies have demonstrated the effective-
ness of both the killed oral cholera vaccine (WC) and the
inactivated or killed whole cell plus recombinant cholera
toxin B subunit vaccine (rBS-WC) [76].

Vaccines targeting Shigella and ETEC are in development
stages, with ongoing clinical trials assessing their efficacy.
A norovirus vaccine, in preliminary studies is being evaluated,
vaccines against Campylobacter jejuni, a prevalent bacterial
cause of diarrhea, is also being evaluated [77]. Highlighting
an all-encompassing strategy for vaccine development, with
continuous evaluations of efficacy against different diarrheal
infections, supporting the worldwide prevention and manage-
ment of diarrheal illnesses. Currently, traditional (killed, live
attenuated, toxoid or conjugate vaccines) and reverse vacci-
nology (DNA/mRNA, vector, recombinant subunit, plant vac-
cines) vaccines are in development or are already available.
Adjuvants, delivery systems, and other vaccine components
are also required for an adequate immune response. The
classification of vaccines is presented in Figure 4.

Despite the well-established burden of infectious diarrheal
diseases worldwide, there are currently only licensed vaccines
for rotavirus, cholera, and typhoid fever based on Salmonella
typhi. Additionally, current findings on the GI.1 and Gll.4 gen-
otype vaccines has shown a strong immune response against
several infectious diarrheal illnesses in human clinical studies
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Figure 4. Classification of vaccines.

[78]. After a single dose, these vaccines strongly induce anti-
body responses. However, vaccines are also essential against
contagious diarrheal diseases and, particular combinations
must take into account the target population and severity of
disease. The significant advancement of combination vaccines
will contribute to the total eradication of various diarrheal
pathogens, including ETEC, Shigella, Salmonella,
Campylobacter and Norovirus [72,79].

6.1. Classification of vaccines

6.1.1. mRNA vaccines

In the case of infectious diarrhea, the mRNA vaccine would be
designed to target specific pathogens that cause the illness
[80]. An advantage of using mRNA-based vaccines is that they
do not use live viruses, and as such, the risk of side effects is
minimized. However, identifying the optimal viral antigens is
a challenge and multiple vaccines would need to be devel-
oped incorporating multiple proteins antigens. Nevertheless,
mMRNA-based vaccines hold promise for next generation vac-
cines against infectious diarrhea.

6.1.2. Live vaccines

Live vaccines have been used for decades to prevent infec-
tious diarrhea caused by bacteria and viruses. Live vaccines
use weakened or attenuated forms of the pathogen to stimu-
late an immune response and protect against disease.

One prominent example of a live attenuated vaccine is the
Rotavirus vaccine, which is intended to prevent watery diar-
rheal illness brought on by Rotavirus infections, which are an
important root cause of serious intestinal infections in young
children and newborns [81].

* GMMA (Whole cell inactivated vaccine)

Rotavirus is extremely infectious and one of the leading global
causes of acute gastroenteritis, which can have serious conse-
quences for both morbidity and death, particularly in areas with
scant resources. The WHO)has given initial endorsement to the
following rotavirus vaccines: Rotarix (manufactured by
GlaxoSmithKline), RotaTeq (developed by Merck), and, more
recently, Rotasiil (produced by Serum Institute of India Ltd.) and
Rotavac (created by Bharat Biotech Ltd.) [82]. These vaccines are
generally very effective, but there are many adverse events
reported with their use, especially in the very young or the immune
compromised [82]. A disadvantage of live vaccines is that they are
required be stored and transported at specific temperatures and
can be difficult to maintain. In addition, live vaccines can be more
expensive to produce than other types of vaccines, which can be
a barrier to their widespread use.

6.1.3. Attenuated vaccines

Attenuated vaccines have been used successfully to prevent dis-
eases such as measles, mumps, and rubella, as well as infectious
diarrheal diseases such as rotavirus and cholera. Attenuated vac-
cines have the ability to provide long-lasting humoral and cellular
immunity [5,83], however, as attenuated vaccines contain a live,
weakened form of the pathogen, there is a risk that it could mutate
back to its virulent form and cause disease. The risk is generally low,
but it can be of concern in individuals with weakened immune
systems or in populations with high rates of malnutrition.

In countries with low rotavirus mortality, it was found that the
effectiveness of rotavirus vaccine was 86%, whereas in countries
with medium rotavirus mortality, it showed 77% effectiveness, and
in countries with elevated rotavirus mortality, it was 63%.
Moreover, in low-mortality countries, the Rotarix vaccine showed
86% effectiveness, compared to 54% in medium-mortality coun-
tries and 58% in high-mortality countries. Furthermore, the
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effectiveness of the RotaTeq vaccine among infants younger than
12 months and among children aged 12-23 months was 86% and
84%. Additionally, in countries that had high mortality rate the
effectiveness of vaccines comes to be 66% [84]. Moreover, it was
found that rotasiil significantly reduced the risk brought on by the
rotavirus serotypes present in the vaccine with the vaccine efficacy
60.7%, 95% Cl 44.1% to 72.3% [85]. RotaTeq is a pentavalent
inactivated vaccine with five human-bovine reassortants that
have 85% to 98% efficiency. In contrast, Rotarix is an attenuated
monovalent vaccine with excellent tolerability and no difference in
side effects when compared to placebo controls, especially intus-
susceptions. It has broad cross-reactivity against the most widely
known serotypes and an efficacy of 85%-98% [86]. In the Kanungo
study, a total of 1979 eligible infants were allocated randomly to
either a single vaccine regimen or a mixed vaccine regimen
(Rotavac- protein based vaccine). The results demonstrated that
both Rotavac and Rotasiil showed similar efficacy with 53.6% and
36-67% [87,88] and protection [89]. Additionally, rotavirus-based
vaccines promote the development of antibodies that are neutra-
lizing to heterotypic human rotaviruses and shield kids from rota-
virus infectious diarrhea [90]. The WHO has prequalified RotaTeq
(Merck), Rotarix (GlaxoSmithKline), and, more recently, Rotasiil
(Serum Institute of India Ltd.) and Rotavac (Bharat Biotech Ltd.)
rotavirus vaccines [91].

Further, ETVAX, an oral, inactivated vaccine against toxin-
producing E. coli bacteria that expressed high levels of proteins,
elicited strong immune responses. The subunit protein, LCTBA,
induced immune responses in 80-100% of children aged (2-5
years) and 50-80% in infants aged (6-11 months). The ETVAX
vaccine also resulted in significant induction of mucosal immune
responses against the wide array of target antigens identified in
the study population (like colonization factors, heat-labile toxin
B subunit, and 078 Lipopolysaccharides) and the effectiveness of
the responses can be enhanced using dmLT adjuvants. The vaccine
also exhibited efficacy in development of immunological memory
effective against colonizing factors and heat-labile toxin B subunit
that continued for around 1-2years [92]. The dmLT adjuvant
boosts the IgA antibodies by increasing the generation of IL-17A
from mature T-cells, resulting in enhanced mucosal immune
response [93]. Additionally, the vaccines also induces systemic
immune responses targeting the O-78 lipopolysaccharides [92].
The IgA antibodies are secreted by lymphocytes and significantly
target all five vaccine antigens (CS3, CS5, CS6, LTB and CFA/I)T. The
secreted IgA is detected in the plasma. The IgA and IgG are
reported to target LTB eliciting immune responses [94].

6.1.4. Recombinant vaccines

In the context of infectious diarrhea, recombinant vaccines have
been developed for several pathogens, including rotavirus, enter-
otoxigenic Escherichia coli, and Shigella. Recombinant rotavirus
vaccines, typically administered orally, are highly effective in pre-
venting severe diarrhea and is included in routine childhood
immunization programs in many countries [95]. Around the
world, rotavirus is the main factor in severe acute gastroenteritis
in children under the age of five, and it accounts for 128,500 to
215,000 vaccine-preventable fatalities each year. It has been found
that rotavirus hospitalizations and diarrhea-related deaths have
decreased by 36% and 59%, respectively, in countries that have

introduced rotavirus vaccines into their national immunization
programs [96]. Moreover, to enhance the immune response the
recombinant VP8* subunit proteins with common strains of rota-
virus infecting humans such as (DS-1 (P [4]), 1076 (P [6]), and Wa (P
[8])) were combined with an aluminum adjuvant and the P2
epitope of tetanus toxoid. Its formulations involved choosing alu-
minum hydroxide as an appropriate adjuvant as it is the best buffer
to preserve antigen stability and improve antigen binding to the
adjuvant. Further, it was found that the neutralization titer against
a homologous antigen was increased 20-fold by the adjuvant, and
the P2-fusion also improved the serum neutralizing antibody
responses [97].

Shigellosis is an infectious diarrheal disease that has been linked
to multiple epidemics of shigella, which results in thousands of
fatalities each year. Thus, as candidates for cross-protective vac-
cines, conserved subunit vaccines utilizing recombinant invasion
plasmid antigens (Ipa) have been investigated [98].

Generally recombinant vaccines are safer with less side effects
compared to live or attenuated-based vaccines. Recombinant vac-
cines have the added advantage of being produced in large
quantities in a relatively short period of time [99]. This is particularly
important in the context of infectious diarrhea, where outbreaks
can occur rapidly and vaccines may need to be produced and
distributed quickly to prevent the spread of disease. An exemplar
of a recombinant vaccine is the inactivated Cholera vaccine with its
recombinant toxin B subunit; correspondingly, Shigella vaccine
strategies rely on recombinant protein synthesis. During the past
30 years, killed whole-cell oral cholera (rBS-WC, Dukoral) vaccine
designed using recombinant cholera toxin B subunit provides
protection and safety against cholera. This vaccine is primarily
used by travelers to endemic regions where cholera management
historically relies on access to clean water, good sanitation, and
health education [100].

The exact methods by which mucosal vaccinations induce
protective immune responses are still unclear. Dukoral is an oral
vaccination intended to prevent both cholera, which is caused by
Vibrio cholerae, as well as traveler's diarrhea, which is caused by
ETEC [101]. V. cholerae and the recombinant cholera toxin
B-subunit protein (CTB) are both included in the Dukoral vaccine.
The heat-inactivated V. cholerae 01 Inaba classic strain and Ogawa
classic strain, and formalin-inactivated V. cholerae 01 El Tor strain
and Ogawa classic strain are used in vaccine preparation. To con-
trol and preserve the purity of vaccine antigens, a bicarbonate
buffer is provided with the vaccine, in order to neutralize any
remaining stomach acid [102].

National Institute of Child Health and Development
(NICHD) researchers have created parenteral conjugate vac-
cines based on this idea. These vaccines are composed of
O polysaccharides generated from the LPS of relevant
Shigella serotypes covalently bonded to a carrier protein
(PsA or CRM9-mutant diphtheria toxin) [103]. Live attenuated
Shigella and lipopolysaccharide (LPS) conjugates have shown
success in clinical studies among the many vaccination plat-
forms examined [104]. Dukoral is a recombinant vaccine man-
ufactured by Valneva, which is originally sold in many nations,
including Canada, Australia, New Zealand, and Europe, which
shows long term efficacy against infectious diarrhea [105].
Additionally, it has also demonstrated 77% vaccine efficiency
against serious rotaviral infection.



6.1.5. VLP-based vaccines

In the last decade virus-like particles (VLP) have shown to be
effective in stimulating protective antibody responses, especially
against human papilloma virus which resulted in the commercia-
lization of Gardasil, cervical cancer vaccine [106]. In this regard, the
current preclinical studies of norovirus vaccines for infectious diar-
rheal diseases have focused on the application of VLPs, which
mimic the structure of the virus and stimulate an immune
response. For the optimum balance of immunogenicity and toler-
ability of the formulation, 50 g of Gll.4 (Genogroup 11.4) VLPs and
159 of Gl.1 (Genogroup 1.1) VLPs are acceptable. Moreover, the
safety and immunogenicity of several bivalent HuNoV VLP vaccine
candidate formulations were evaluated in healthy 18- to 64-year-
old people, demonstrating the safety of all candidate HuNoV for-
mulations. Overall, with no discernible effect of monophosphoryl
Lipid A, the formulation of 15 g Gl.1 (Genogroup I.1) VLPs/50 g GlI.4
(Genogroup 11.4) VLPs evoked the greatest balance of immuno-
genicity, indicating its potential for advancement in clinical devel-
opment [107].

The oligomeric RV-VP6 and the HuNoV GlI.4-1999 and Gl.3 VLPs
were combined to create a trivalent vaccine. RV-VP6 increased
activation and maturation of antigen-presenting cells (APCs), as
well as the absorption of HuNoV VLPs by APCs, according to in vitro
experiments [108]. According to in vivo research, the trivalent
vaccination produced type-specific IgGs and antibodies that
blocked the HuNoV VLPs’ ability to attach to Human Norovirus
Histo-Blood Group Antigen (HBGA) receptors [109]. A newborn
gnotobiotic pig was utilized as a model in one investigation to
assess the effectiveness of HuUNoV P particles and VLPs as protec-
tive agents. Several VLP-based norovirus vaccine have shown
broad spectrum humoral and cellular immune responses [110]. In
phase | and Il human clinical trials VLP vaccines are safe, well-
tolerated and without any adverse effects. However, challenges
remain in the development of a norovirus vaccine, including the
need for a vaccine that is effective against the diverse array of
norovirus strains and the development of a vaccine that provides
long-term protection [111]. A list of vaccines for infectious diarrhea
are presented in Table 4.

7. Conclusion

Diarrheal diseases continue to be a prominent global cause of
mortality and morbidity. This category encompasses various infec-
tions such as typhoid, paratyphoid fever, cholera, bacterial and
amoebic dysentery, emphasizing the necessity to extend attention
beyond bacterial origins and acknowledge the substantial impact
of viral diarrhea, especially in children. While bacterial infections
have traditionally been the primary focus, recognizing the signifi-
cance of viral diarrhea, predominantly affecting children, is crucial
for global public health. Viruses like rotavirus and norovirus sig-
nificantly contribute to childhood infectious diarrhea.
Understanding the prevalence and severity of viral diarrhea, parti-
cularly in children, enables tailored public health initiatives addres-
sing a broader range of infectious agents. This approach enhances
the overall effectiveness of strategies aimed at reducing the occur-
rence and impact of diarrheal diseases among vulnerable popula-
tions. In many cases, the causative agent of diarrhea remains
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unidentified due to the involvement of several yet-to-be-
identified pathogens.

Significant efforts have been made in managing and treating
infectious diarrhea, with advancements in diagnostic approaches,
therapeutic measures, and vaccination strategies targeting various
pathogen classes. Preventive measures include consuming clean,
contamination-free, hygienically prepared food or water, along
with maintaining a nutrient-rich diet to prevent infectious diarrhea
development. Rehydration solutions play a crucial role in preven-
tion and treatment by keeping patients hydrated. Treatment often
involves antibiotic therapy and/or other medications tailored to
the causative organism, necessitating accurate diagnosis through
microbiological or molecular screening. Diverse vaccine formula-
tions, including killed, toxoid, conjugate, live attenuated, DNA/
mRNA, subunit, vector-based, recombinant, or plant-based vac-
cines, offer a myriad of methods to develop improved vaccines.
The integration of these multifaceted approaches in preventing,
diagnosing, and treating infectious diarrhea is poised to enhance
outcomes, reduce hospitalizations, and decrease mortality rates in
the coming years

8. Expert opinion: new directions

Infectious diarrhea is a major problem in developing countries,
leading to high fatality rates, mainly among young children. As
such, early detection and identification of the etiologic agents
are essential to diagnose, control and treat infections. Several
therapeutic approaches were presented herein each with the
aim to treat the disease and contain the transmission. Some
management modalities include gut therapy using probiotics,
oral rehydration, zinc supplementation, antibiotic therapies and
vaccines. Rehydration therapy and other medical approaches
are frequently employed in conjunction with probiotic therapy,
which is regarded as a type of supportive care, for alleviating
diarrhea [54]. It's crucial to remember that probiotic strains and
formulations might differ, and their efficacy can vary depending
on the root cause and symptoms of the diarrhea.

Extensive research has been conducted to develop safer, more
efficient vaccines for infectious diarrhea, targeting various enteric
pathogens with the goal of minimizing hospitalizations and fatal-
ities. Progress in diagnosing infectious diarrhea has been achieved
through the utilization of PCR testing for disease-causing patho-
gens, including, C. difficile. Serological testing is another method
through which diarrhea-related infections can be identified. This
testing is dependent on multiple factors, such as antibody titer for
a particular antigen within the serum, or the capture antigen’s
specificity. In addition, through vaccination against microorgan-
isms such as Shigella or E. coli. infectious diarrhea can be reduced.
Recent efforts have made use of gold nanoparticles for DNA-based
vaccines with preclinical animal testing showing promise in animal
models, preventing bacteria such as E. coli from forming colonies in
the digestive tract and causing symptoms such as diarrhea [136].

Newer interdisciplinary techniques such as machine learning
and deep learning are proving extremely useful in predicting when
new waves of infectious diarrhea approach. In the context of
shifting weather patterns, machine learning offers a potentially
useful method for forecasting patterns of infectious diarrhea.
One such case study could be observed in South Africa, in
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Table 4. Vaccines for infectious diarrhea.

Vaccine Details (Target Pathogen) Product name, Clinical phase and efficacy Advantages and Disadvantages Refs
RotaTeq Merck Sharp & Dohme Corp FDA approved [91,112]
Live attenuated oral pentavalent Prequalified and licensed internationally by World Prevents rotavirus gastroenteritis caused by (types
vaccine Health Organization. G1, G2, G3, G4, Q9)
(Rotavirus) Used in infants, 6-32 weeks old
Rotarix GlaxoSmithKline Biologics FDA approved [91,113]
Live attenuated oral vaccine Rotarix has received prequalification from the World Prevents rotavirus gastroenteritis caused (by G1,
(Rotavirus) Health Organization non-G1 types)
Used for infants, 6-24 weeks old
Rotasiil Serum Institute of India Ltd Active immunization of healthy infants (age of 6 [82,114]
Live attenuated oral vaccine Rotasiil has qualified in phase-IV and has shown weeks)
Freeze-dried efficacy Prevents gastroenteritis caused by rotavirus
(Rotavirus) infection
Rotavac Bharat Biotech Ltd Prevents gastroenteritis caused by rotavirus infection [82]
Live attenuated oral vaccine 56% efficacy in phase Ill clinical trials. Safe and effective
(Rotavirus)
Peru15 or CholeraGarde Avant Immuno-therapeutics Effect of booster dose [115]
recombinant live vaccine Peru15 or CholeraGarde recombinant live vaccine in Easy to manipulate
Live attenuated oral vaccine phase Il and Il trials, showed it to be safe and Elicits mucosal immunity
It involves the Core deletion of effective. Disadvantage: it can undergo reverse mutations

CT and Modification of recA
(Vibrio cholerae)
VA1.3 and VA1.4 Different laboratories are involved High side effects [116]
Live attenuated oral vaccine Advantages - safe and immunogenic
Non-toxigenic V. cholerae and
insertion of the ctxB, VA1.3 and

AmpR
(Vibrio cholerae)

IEM 108 China CDC It is cultivable [117]
Live attenuated oral vaccine IEM 108 in preclinical studies is effective in killing Single dose could cause active colonization
Introduction of ctxB gene and bacteria and other toxoids. Elicits high-titre serum vibriocidal antibodies
rstR gene (neutralizes the toxin). Stimulates mucosal immunity
Insertion of the Clostridium Provides high protection

thermocellum endoglucanase A,
thereby Inactivation of
hemagglutinin activity.

(Vibrio cholerae)

V. cholerae 638 Finlay Institute, Cuba Provides complete protection against cholera toxin [118,119]
Live attenuated oral vaccine A single dose of live-attenuated oral vaccine against ~ Protection against faecal shedding of the challenge
Deletion of CTX¢ Vibrio cholerae 638 is both safe and effective. agent
(Vibrio cholerae)

TLPO1 Finlay Institute, Cuba Good colonizing capacity [120]
Live attenuated oral vaccine In terms of attenuation and immunogenicity, Reduces the possibility of stable virulence reversion
Deletion of CRC266 0139 strain preclinical studies in animal models have shown that  in the human gut.
with CTX@, mshA the live attenuated vaccine strain TLPO1 performs Vaccine strain is unable to produce biofilms, which
(Vibrio cholerae) satisfactorily. may have implications for vaccine biosafety.

CVvD 112 University of Maryland, U.S.A. Safe and effective [121]
Live attenuated oral vaccine CVD 112 in initial pre-clinical studies shows short Provides protection against O1 and 0139 V. cholera
Deletion of VC 0139 with ctxA, term protective efficacy of 84%. species

zot, ace, and, cep
(Vibrio cholerae)

VCUSM2 University of Sains Malaysia Safe and effective [122]
Live attenuated oral vaccine VCUSM2, a recently developed vaccine is Provides protection against 0139 V. cholera
Deletion causes an ALA immunogenic and generates mild adverse effects in
auxotrophy animal models.
(Vibrio cholerae)
S.sonnei strain WRSS1 Walter Reed Army Institute of Research Not suitable for immuno-compromised people [123]
Live attenuated oral vaccine The WRSS1 oral vaccine in phase | clinical trial was Well tolerated and immunogenic in phase | human
Involves the deletion of the found to be immunogenic in both adults and clinical trials
plasmid-encoded virG (icsA) children at doses up to 10° CFU.
protein

Loss of motility (actin mediate)
(Shigella sonnei)

S.sonnei strain WRSs2, WRSs3 In volunteer trials and animal model studies, these Refrigeration required [124]
Live attenuated oral vaccine candidates were shown to be innocuous and Against shigellosis it is efficacious, safe and
Deletion of the plasmid-encoded immunogenic, as well as effective against shigellosis. immunogenic

virG (icsA), senA, senB, msbB2
(Shigella sonnei)

S.flexneri 2a strain CVD 1208S Center for vaccine development 41% coverage against Shigella strains [125]
Live attenuated oral vaccine During phase | and Il clinical trials, the S. flexneri 2a Safe and effective
Deletion of guaBA, setAB, and strain CVD 1208S showed promising outcomes.
senA

(Shigella sonnei)

(Continued)
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Vaccine Details (Target Pathogen) Product name, Clinical phase and efficacy Advantages and Disadvantages Refs

S.flexneri 2a strain SC602 Pasteur Institute Safe, effective, immunogenic [126]
Live attenuated oral vaccine A relatively straightforward vaccine concept, Sf2aWC
Deletion of the plasmid-encoded vaccine was shown to be both safe and
virG (icsA) protein immunogenic in phase | clinical trial.

(Shigella flexneri)

S.dysenteriae 1 strain SC599 Pasteur Institute Safeguard against the toxicity of other Shiga toxins [127]
Live attenuated oral vaccine S.dysenteriae 1 strain was found to provide Pathogens that express gene 1.

Loss of invasion protection in animal studies Effective
IcsA, and Shiga toxin A subunit
(stxA)
(Shigella dysenteriae)

Inactivated whole Vibrio Shanchol or mOrcVAX Increases the bioavailability of vaccine [128]
combination Since it's in preclinical trial and animal model study Therapeutic efficacy is improved
Oral vaccine it was initially treated with inactivated whole vibrio Safe and immunogenic
Killed whole cells only (O1 and elicits immune responses
classical and El Tor biotypes
0139)

(Vibrio cholerae)

Inactivated whole Vibrio Dukoral Safe, effective, immunogenic, protection for up to 2 [129]
combination + CTX B subunit Inactivated whole vibrio combination in phase-lll years
Oral vaccine study produced the “gold standard” efficacy study
(Vibrio cholerae) outcomes.

CVD 103-HgR recombinant live Orochol, Mutachol, Berna Biotech U.S. FDA approved [130]
vaccine CVD 103-HgR has passed the phase-| clinical trial and Well-tolerated
Oral vaccine efficacy of the vaccine was considered to be 90%. Provides protection against V. cholerae O1 for up to
Deletion of 94% of the gene 6 months
encoding the CT A, Hg2, and 90% efficacy in a single dose
resistance gene
(Vibrio cholerae)

Parenteral Shigella glycoconjugates NICHD Phases | and Il human clinical trials completed [131]
O-polysaccharide is covalently Parenteral Shigella glycol-conjugate vaccine have Cost-effective, safe, and, immunogenic. Intra-
linked with the carrier protein reached phase | and Il human clinical trials with muscular injection
(Shigella flexneri) immunogenic outcomes.

Inactivated S. sonnei Emergent Biosolutions Phase | trial completed [132]
Formalin inactivated In animal studies, inactivated S. sonnei was Shows tolerability and immunogenicity
Oral vaccine immunogenic and protective, and in a Phase | trial, it
(Shigella sonnei and Vibrio was well tolerated and immunogenic.
cholerae)

Shigella invasion complex (Invaplex) Walter Reed Army Institute of Research Excellent safety and immunogenicity profiles in [133]
Inactivated nasal vaccine Shigella invasion complex (Invaplex) has passed preliminary clinical studies, and it is currently being
Production by purification of LPS phase-l and Il trials shown antigenicity and evaluated in specific populations (children and
and recombinant IpaB, IpaC protection during the preclinical trials in humans. travellers to endemic countries)

Inactivated
(Shigella flexneri)

Proteosomes to which S. sonnei or ID BiomedicalA Shows tolerability and immunogenic responses [134]
S.flexneri 2a LPS is adsorbed This vaccine has qualified the phase 2a trials and Multivalent vaccine approach
Nasal vaccine shown a greater efficacy and highly immunogenic
Outer membrane protein vesicles  during clinical trials.
of Group B meningitides
(Shigella flexneri and Shigella
sonnei)

Salmonella vaccine vector Ty21a Aridis Highly stable, easy to manipulate [135]
Oral vaccine Salmonella Ty21a vector vaccine is an attenuated DNA-based vaccine

Live Salmonella typhi vaccine
vector expressing S.sonnei or
S.dysenteriae antigens
(Salmonella Typhi)

humoral immune response.

licensed vaccine Ty21a which elicits antigenicity and

Effective delivery system
Safe and immunogenic

a dataset located across nine provinces, the machine learning
technique Support Vector Machines, as well as deep learning
techniques such as Long Short-Term Memory Networks, were
used for prediction via climate change. Forecasting patterns of
infectious diarrhea amidst changing weather necessitates
a thorough strategy that combines epidemiological and environ-
mental data utilizing advanced analytics, notably machine learning
[137]. The initial stages encompass the compilation of historical
data concerning infections and weather factors, succeeded by pre-
processing to manage anomalies and identify correlations. Public
health practitioners can utilize real-time technologies as part of the

implementation, and updates based on new data and changing
trends guarantee continued relevance and accuracy through con-
tinuous monitoring. In response to shifting patterns of infectious
diarrhea brought on by fluctuations in the weather, this meticulous
methodology allows for early planning in public health and
focused treatments [138].

These methods are also employed for other diseases such as
Hepatitis, Typhoid, and Scarlet fever. The methodology employed
in these studies involved the use of loperamide purchases as
substitute data for diarrhea cases in the region (readings were
taken over 10 years from November 2008 to March 2018), as well
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as eight other environmental factors — wind velocity, maximum
and minimum temperature, specific humidity, air temperature,
precipitation rate, surface pressure, and potential evaporation
rate. From the data, it was observed that the parameters which
were most effective with regard to increasing diarrhea occurrence
were evaporation, humidity, precipitation, and temperature, which
were in line with evidence from other studies that indicated corre-
lations between temperature, evaporation, and diarrhea [137,139].
A similar test was also conducted in China using artificial neural
networks — specifically, the back-propagation neural network. The
study was based on prior studies with data indicating that morbid-
ity related to diarrhea was highest on days with extreme tempera-
ture or rainfall levels. Data from January 2005-January 2009 were
collected, with all of the cases of infectious diarrhea within the
dataset being confirmed (either by clinics or laboratories). Nine
parameters were employed including, weekly average minimum
and maximum temperatures, overall average temperatures, aver-
age humidity, and wind speed [139]. Further, the method used for
prediction was regression modeling — for which three models were
used i.e. back-propagation neural network, with an additional
model (multiple linear regression), was used to predict the next
week’s number of infectious diarrhea cases. The results revealed
that of all the prediction models used, the back-propagation neural
network demonstrated the best performance prediction-wise,
with the meteorological factors that had the most correlation
with infectious diarrhea identified as being temperature-related -
minimum, maximum, and average temperature [139].
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