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Abstract: Cryptosporidium species and Giardia duodenalis are infectious intestinal protozoan pathogens
that cause alarming rates of morbidity and mortality worldwide. Children are more likely to have
clinical symptoms due to their less developed immune systems and factors such as undernutrition,
especially in low- and middle-income countries. The severity of the symptoms and clinical manifesta-
tions in children may vary from asymptomatic to life-threatening depending on the Cryptosporidium
species/G. duodenalis strains and the resulting complex stepwise interactions between the parasite,
the host nutritional and immunologic status, and the gut microbiome profile. Structural damages
inflicted by both parasites to epithelial cells in the large and small intestines could severely impair chil-
dren’s gut health, including the ability to absorb nutrients, resulting in stunted growth, diminished
neurocognitive development, and other long-term effects. Clinically approved cryptosporidiosis and
giardiasis drugs have broad antimicrobial effects that have incomprehensible impacts on growing
children’s gut health.

Keywords: children’s gut health; gut microbiota; cryptosporidiosis and giardiasis; undernutrition;
immunocompromised

1. Introduction

Approximately 1.6 million deaths per year are attributed to diarrheal diseases globally.
The most recent Global Burden of Disease (GBD) study placed diarrhea as the third lead-
ing cause of the increase in disability-adjusted life-years (DALYs) and death [1]. Clinical
disease can cause injury to the intestinal lining and alter the intestinal microbiota due to
diarrhea-inducing bacteria, viruses, and protozoan parasites [2]. Among the most com-
mon bacterial causes of diarrhea in children are Shigella species and Escherichia coli, which
can either be enteropathogenic, enterotoxigenic, enteroinvasive, or Shiga-toxin-producing
strains [3,4]. The treatment of bacteria-induced diarrhea includes the use of antibiotics,
such as macrolides (azithromycin), glycopeptides (vancomycin), cephalosporins (ceftri-
axone), and fluoroquinolones (ciprofloxacin), which are active against different diarrheal
pathogens [3-5]. A challenge to antibiotic treatment is the potential presence of antimi-
crobial resistance leading to treatment failure, and the alteration of the gut microbiome,
which may have subsequent metabolic and inflammatory effects [6]. Rotavirus-induced
diarrhea is the leading cause of severe childhood gastroenteritis and a major contributor
to the global burden of diarrheal diseases in infants and children under the age of five
years [2,7]. Antiviral therapy has not been developed, but the global prevalence of rotavirus
gastroenteritis has been massively reduced by universal rotavirus vaccination [8].
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Infectious protozoan parasites are a major cause of severe diarrhea in infants and
young children worldwide [9,10]. A disproportionate burden of childhood diarrhea mor-
bidity and mortality caused by infectious protozoan parasites is shouldered by low- and
middle-income countries (LMICs), especially among children with undernutrition. A sys-
tematic review of 46 studies conducted in 19 African countries from 2005 to 2020 reported
that the prevalence of these diseases in children 5-17 years old increased from 19.4% in
the first 5-year timeframe to 25.2% in the final year [11]. Among these studies, Giardia
and Cryptosporidium were the second and third most common parasites detected [11].
The Global Enteric Multicenter Study (GEMS) of enteropathogens and other multicenter
studies also demonstrated that Cryptosporidium and Giardia were frequently detected in
the stools of children across seven sites in sub-Saharan Africa and South Asia [10,12-14].
These studies consistently demonstrated that Cryptosporidium was an important cause of
pediatric diarrhea, but this was less so for Giardia. Co-infection with both Cryptosporidium
and Giardia, or in combination with other pathogens, has been reported in studies from
several LMICs [15-17]. Infectious protozoan parasites are ubiquitous in the environment
and can be found in food, water, and soil. Overall dietary quality, environmental impact,
reduced access to urgent medical services, and the quality of healthcare facilities are other
reasons for the higher burden of diarrheal diseases in LMICs versus high-income countries
(HICs). Unlike bacterial gastroenteritis that can be treated with a variety of antibiotics
(and alternative options in cases of resistance), or rotavirus-induced diarrhea that can
be prevented with vaccination, cryptosporidiosis and giardiasis have limited treatment
options and no clinically approved vaccines. Cryptosporidium and Giardia infections are
challenging to prevent, and the clinical symptoms require specific medications to treat,
they are therefore of high public health importance. A large burden of diarrheal diseases of
children under the age of 5 years in the world’s poorest countries is due to infections with
Cryptosporidium and /or Giardia. This article will be focused on these infections and their
impact on overall gut health in children.

2. The Causative Parasites
2.1. Cryptosporidium Species

Cryptosporidiosis is caused by protozoans in the genus Cryptosporidium, which are
unicellular, obligate, intracellular parasites. Cryptosporidium species reside in intracellular,
extracytosolic, parasitophorous vacuoles underneath the apical plasma membranes of the
infected intestinal epithelial cells of mammalian hosts [18]. There are at least 44 validated
species of Cryptosporidium [19]. The morphological differentiation of Cryptosporidium based
on oocysts or cell analysis is not definitive for species identification [20,21]. Therefore,
many species of Cryptosporidium were earlier thought to be C. parvum, which was first
described in the small intestines of mice and subsequently in other mammals. Many of
the Cryptosporidium species have been known to infect non-human organisms. C. galli and
C. avian genotype VI have been found in avian species. C. bovis, C. ryanae, and C. andersoni
have been known to infect cattle. C. felis is mostly known to infect cats, and C. canis has
been found in multiple dog species. C. melagridis was described in turkeys. Advances
in molecular epidemiologic tools and improved genotypic characterization have helped
in identifying more than 20 Cryptosporidium species and genotypes in humans. Human
infection is nonetheless predominantly caused by C. parvum and C. hominis, although
C. felis, C. meleagridis, C. canis, and C. muris have also been associated with human zoonotic
diseases [19,21-27]. Protozoan parasites of the genus Cryptosporidium have six develop-
mental stages in their overall life cycle [27-29]. The developmental stage that initiates
human infection and outbreaks is the environmentally resistant and dormant but infectious
oocyst stage. Once oocysts are ingested, they excyst, forming active stages (sporozoites,
trophozoites, merozoites, etc.) that invade and replicate in the mammalian host’s small
intestine (Figure 1) [27,29,30].
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Figure 1. This is a simplified figure showing similarities in the life-cycle stages that initiate human
infection and outbreaks of Cryptosporidium and G. duodenalis. The figure also shows the differences
in their impacts on epithelial cells as a result of infection. Adapted from “Cryptosporidium Infection
Cycle” by Biorender.com (28 August 2023).

2.2. Giardia duodenalis

Evolutionarily, Giardia belongs to an early branching group, the excavates, thought to
have split from the rest of the eukaryotes before plants and animals diverged. The extreme
divergence from other eukaryotes is evident in the parasite’s unique morphology, with its
two nuclei and four pairs of flagella that allow its motility and attachment to the intestinal
epithelium.

This genus of flagellated protozoans infects humans and several other animals. There
are currently eight known species of Giardia, which have subtle morphological differences:
G. agilis, G. ardeae, G. psittaci, G. muris, G. microti, G. peramelis, G. cricetidarum, and G. duode-
nalis [31]. G. duodenalis is also interchangeably called G. intestinalis and G. lamblia [32,33].
Recently, G. duodenalis has been recognized as the preferred scientific name and G. lamblia
the previous name [33]. Morphological differences between the species are commonly
identified by features such as the shape and position of the trophozoite bodies, the size of
the ventrolateral disk in comparison to the cell length, as well as ultrastructural features
visible via electron microscopy [34]. Only one species in this genus, G. duodenalis, causes
clinical giardiasis in humans and most mammals, although there is a complex of various
assemblages that differ in host specificity. The assemblages are subcategories of G. duode-
nalis characterized by subtle genomic differences but wide mammalian host diversity [35].
The assemblages are named from A to H, and some are further subdivided by genotype.
G. duodenalis strains from assemblages A and B are more common in humans and may also
be zoonotic. Assemblage A has three phylogenic clusters, of which Al is the dominant
zoonotic genotype. All primarily infects humans but is sometimes isolated in animals,
while AIIl is commonly associated with wild ruminants [36]. Although assemblage B is
heterogeneous, humans are still predominantly affected [37]. Almost all cases of diarrhea
involving G. duodenalis assemblages A and B are in young children in LMICs. Most G. duo-
denalis assemblages infect animals. Domestic animals, such as dogs, cats, and livestock, are
the hosts with the widest range of assemblages A-F. There have been sporadic reports of
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non-A/non-B assemblages or mixed assemblages detected in humans [38-40]. Rats and
mice are the primary hosts for assemblage G, and grey seals and gulls are the primary hosts
for assemblage H [40]. Cryptosporidium and Giardia are similar in that they have a non-
replicating, transmissible form that is stable in the environment and a replicative form(s)
that mainly inhabits the small intestine. Unlike Cryptosporidium species, all G. duodenalis
genotypes have only two morphologically distinct life-cycle stages: a motile, flagellated
trophozoite that colonizes the proximal small intestine of the mammalian host, and a
dormant but infectious cyst stage that can survive for several months in the environment
(Figure 1).

3. Transmission and Prevalence

There is an association between the high prevalence of symptomatic cryptosporidio-
sis/giardiasis and a lack of clean or safe drinking water, sanitation infrastructure, health-
care, and/or access to public health information. Undernutrition, which impairs cellular
immunity, and immunodeficiencies increase the risk of infection and developing symp-
toms [41,42]. In sub-Saharan Africa and Asia, 2.9 and 4.7 million cases of cryptosporidiosis,
respectively, are estimated to occur annually in children less than 24 months of age. Globally,
it is estimated that cryptosporidiosis could be linked to 50 million diarrheal episodes annu-
ally, with over 200,000 Cryptosporidium-attributable deaths in < 2-year-old malnourished
children from Africa and Asia due to moderate-to-severe diarrhea [43-47]. Meanwhile,
giardiasis accrues approximately 200 million global symptomatic cases annually, albeit
many cases of Giardia-associated acute diarrhea may be linked to co-infection with other
microorganisms [44,45,48]. Infections are established after the ingestion of dormant, envi-
ronmentally resistant infective cysts (G. duodenalis) or oocysts (C. parvum and C. hominis),
passed in the feces of mammalian hosts [44,49,50]. The most common method of infec-
tion involves the consumption of contaminated food or water (Figure 1). The presumed
most common method of Cryptosporidium infection for young, malnourished children is an
infected household contact. The infectious dose of cysts/oocysts that is needed to infect
50% of humans (IDsg) varies by parasite strain among healthy adults. For many isolates,
<10 cysts/oocysts can result in infection [50-53], although some have shown IDgys of
>80 oocysts [53]. Cryptosporidium oocysts and G. duodenalis cysts are not only shed in vast
numbers during diarrhea but are also shed via asymptomatic colonization [54-56].

Human Cryptosporidium infection was formerly thought to be a zoonosis, but, over the
last few decades, studies have demonstrated that most infections are caused by C. hominis,
for which humans are the natural host, or by strains of C. parvum, which are primarily
spread from person to person [18]. A recent prospective study demonstrated person-
to-person spread from both asymptomatic and symptomatic infected persons [54]. The
hardy, highly infectious oocysts can survive for prolonged periods in the environment
and are not killed by chlorine, facilitating transmission via chlorinated water. One study
demonstrated that the provision of clean drinking water did not reduce the incidence of
cryptosporidiosis [57]. In the U.S., Cryptosporidium is the most common cause of illness
transmitted by recreational water. The earliest record of Cryptosporidium as a waterborne
pathogen in the United States was in Braun Station, Texas, where over 2000 individuals
were diagnosed with cryptosporidiosis after the contamination of their community water
supply [58,59]. The parasites have also been linked to waterborne diarrhea, with the largest
U.S. outbreak involving 403,000 cases when the Milwaukee water supply was contaminated
with Cryptosporidium oocysts [60].

Globally, nearly 200 million people have symptomatic Giardia infection annually,
with total diagnosed incidence rates of approximately 2-3% in HICs and 20-30% in
LMICs [32,45,48,61]. Although LMICs face many challenges in combating the spread
of these pathogens, there is also evidence to suggest that Cryptosporidium and Giardia are
a growing health concern in HICs as well. Cryptosporidium has been demonstrated to
have high zoonotic potential, which contributes to the disease occurrence in HICs. The
fact that Cryptosporidium can be transmitted from infected bovine offspring to humans
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illustrates its zoonotic potential [62,63]. While the main form of transmission is from person
to person, studies have also shown that the transmission of this pathogen is possible from
humans to both lambs and mice [62,63]. Various strains of the parasite have been found
in other livestock species, such as sheep, goats, horses, and pigs [44]. Cryptosporidium
may disproportionately affect people of lower socioeconomic status or those in rural areas
with exposure to livestock. Agricultural workers in HICs may have a higher potential for
acquiring preventable infectious diseases, similar to people living in LMICs [64].

The primary way that Giardia initiates infection is typically through the ingestion of
a Giardia cyst (Figure 1). The cyst is a non-motile Giardia oocyte that is resistant to harsh
environmental conditions and can survive in water for 1-4 months until ingested by a
mammalian host [55,65]. G. duodenalis’s zoonotic potential could also be problematic in
HICs. Common household pets such as dogs and cats are known to be effective carriers of
the parasite and raise the question of the safety of caring for untested pets in households
with immunocompromised individuals and young children [66]. The ubiquitous nature
of the infective G. duodenalis cysts around dog parks could complicate the control of the
transmission from pet to pet. There is, however, conflicting evidence about whether
exposure to pets poses a threat to humans. In several studies from New Zealand, exposure
to infected dogs was not associated with an increased risk of giardiasis, while, in England,
studies have suggested that household pets could be associated with an increased risk of
disease [66]. Furthermore, an analysis of the literature data based on recent advances in
molecular typing tools suggests that zoonotic giardiasis is not as common as previously
acknowledged [67]. Nonetheless, cryptosporidiosis and giardiasis are of both human public
health and veterinary importance.

4. Pathogenesis and Clinical Presentation

The pathogeneses of Cryptosporidium and Giardia in children are complex. The molec-
ular mechanisms underlying virulence (or pathogenesis) are not fully understood and
involve an interplay of host immune responses, parasite virulence factors, and the health
status of the host gut microbial community.

4.1. Cryptosporidiosis

Cryptosporidium species are obligate, intracellular parasites that can damage host in-
testinal epithelial cells and disrupt the normal balance of fluids and electrolytes. Infectious
Cryptosporidium oocysts excyst in the intestinal lumen after ingestion. The sporozoite at-
taches to the intestinal lining using membrane-associated glycoproteins, including gp40/15,
which bind to the target cells’ receptors on the ileal brush border, which then enables entry
into the host cells, particularly in the terminal ileum [68-72]. Following attachment, the
parasite is engulfed by the host cell, causing the elongation of nearby microvilli. This
process establishes the parasitophorous vacuole, located within the host cell’s plasma mem-
brane, and a remodeled host-cell cytoskeleton. Subsequent structural changes in the cell
also include an invagination at the vacuole interface, which becomes an essential pathway
for nutrient access in the host-cell cytoplasm for the parasite [69,73]. Because the parasite
has limited abilities for biosynthesis, this nutrient pathway is important for its survival.
The parasite undergoes two rounds of asexual replication, which damages the intestinal
epithelium, before entering the sexual cycle to produce oocysts that are passed in feces.
This process causes the hyperplasia of intestinal crypt cells and the inflammation of the
lamina propria, particularly in immunodeficient patients [74]. This could result in watery
diarrhea and dehydration. Similarly, studies on human ileocecal cell lines reported that
infection with C. parvum could induce apoptosis as a host response. The disruption of
the intestinal barrier indicated by the increased permeability and absorption of lactose
to mannitol has been present in some symptomatic cases of cryptosporidial infection in
children and HIV-positive adults [75]. However, some people exposed to Cryptosporidium
are not infected, others are infected and asymptomatic, and others develop diarrhea or
enteritis. As mentioned earlier, clinical progress is influenced by a variety of factors, includ-
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ing mannose-binding lectin (MBL), which may play an important protective role in young
children and immunodeficient individuals. Polymorphisms in the MBL2 gene can lead to
the low production of MBL, making children more prone to diarrheal diseases, including
cryptosporidiosis [76-79]. Younger children infected with Cryptosporidium species some-
times develop a persistent inflammatory response of the mucosal surfaces characterized by
peripherally circulating proinflammatory cytokines, such as TNF-oc and ILF-8 [80]. These
proinflammatory cytokines also attract leukocytes to the intestinal tract, which contribute to
the onset of diarrhea [80]. For instance, children living with inflammatory bowel diseases,
such as Crohn’s disease, typically have increased TNF-o concentrations that have inhibitory
impacts on growth plate chondrocytes. This suggests that immune-deficient children with
this disease who are also infected with Cryptosporidium could have elevated levels of TNF-«,
resulting in stunted growth [81]. Some Cryptosporidium species are more virulent based on
the resulting severity of the tissue damage and inflammation in the infection [27].

4.2. Giardiasis

The molecular mechanisms involved in the pathogenesis of Giardia parasites are
complex and involve several gene products, including cysteine proteases, variant-specific
proteins (VSPs), and adhesion molecules. A simplified version of the molecular mechanisms
is presented below. Following ingestion, the Giardia cyst makes its way to the stomach
and travels to the small intestine. The acidic conditions of the stomach and enzymes
from the pancreas are detected by the trophozoites and act as a signal for their emergence
from the cyst. Upon excystation in the small intestine, the trophozoite deploys a series of
enzymes that help it digest the host’s intestinal proteins. G. duodenalis cysteine proteases,
beta-N-acetylglucosaminidase, and beta-N-acetylgalactosaminidase play different roles
in impairing the natural innate barrier function. They ultimately degrade the intestinal
mucus layer, thereby paving the way for G. duodenalis access to the epithelial cells and
the subsequent attachment to the inner epithelial lining of the intestine [82,83]. Giardia
replicates in vertebrate hosts after colonization via attachment to the surface of the small
intestine with the help of its adhesive ventral disk. Because G. duodenalis is non-invasive,
it damages the host’s small-intestine epithelial cell lining by inducing an alteration in the
expression of tight-junction proteins that maintain the integrity of the intestinal barrier.
Cleavage of tight-junction proteins causes increased intestinal permeability, increases in
fluid secretion, and decreases in ion absorption, causing a disordered transportation of
water and electrolytes within the small intestine, resulting in diarrhea [84,85]. Damages
to the mucosal layer and the impairment of the tight-junction integrity alter the epithelial
cell defense against intestinal microorganisms, resulting in a variety of immune responses
followed by an increase in proinflammatory cytokines [86]. Inflammation of the gut is
common due to the redox disruptions caused by varying abundances of Gamma and Beta
proteobacteria. These bacteria are considered facultative anaerobes that are sensitive to
redox potentials. Increased oxygen tension in the gut anaerobic environment is generally
associated with inflammatory induction in the host. Modifications of bacterial biofilms can
also increase the production of proinflammatory cytokines, which can occur in giardiasis
and, to some extent, in cryptosporidiosis [87,88]. The ensuing intrusions and immune
responses may cause mucosal oxidative stress, potentially altering the host microbiota,
which could be more devastating in children [89]. The Giardia induction of Th17-cell
immune responses is associated with increased IL-17 levels in both children and murine
models. IL-17 is critical in the immune response to this parasitism, as it is a key cytokine
that links T-cell activation to neutrophil activation and mobilization [90,91]. IL-17A also
acts as a mediator in antimicrobial activities and transports immunoglobulin A (IgA) across
the epithelium to the intestinal lumen. IgA transport creates a chemical barrier that is
critical in the clearance of Giardia, as IgA targets non-variable antigens produced by Giardia.
The resulting impairment of the host’s ability to effectively absorb necessary nutrients
within the small and large intestines contributes to undernutrition and a shift in the gut
flora ecological balance [92-94]. Other long-term effects from the pathologic intrusion



Microorganisms 2023, 11, 2323 7of 17

include intestinal epithelial cell apoptosis, the shortening of the microvilli of intestinal cells,
and decreased surface areas of intestinal epithelial cells from the loss of microvilli and
villi [92] (Figure 2).

= Intestinal microbiotz

Figure 2. Blender software version 3.5.1-generated image showing a host infected with Cryp-
tosporidium (left) and Giardia (right). Cryptosporidium and/or G. duodenalis infection could alter
the gut microbiota ecological balance (colored particles) through dysbiosis in the mucosal layers
of epithelial cells. Giardia duodenalis cysteine proteases, beta-N-acetylglucosaminidase, and beta-N-
acetylgalactosaminidase can efficiently break down mucins, which are the molecular framework of
the epithelial mucosal layers on the intestine. Histological evidence of the marked depletion of intra-
cellular mucin and gastrointestinal mucosal injury have been reported in HIV-positive individuals
with cryptosporidiosis [74].

The resulting immune responses, barrier responses, enzyme deficiencies, and shorten-
ing of the microvilli can cause many acute and chronic symptoms, which can be especially
dangerous for children’s gut health and overall development. A lack of IgA can prolong
a Giardia infection, and stimulating Giardia-specific IgA is a primary area of research for
giardiasis vaccine development.

5. Symptoms and Clinical Manifestation

During the initial six months of life, most human infants receive much of their pas-
sive immunity from breast milk, which can be useful in reducing Cryptosporidium and
Giardia pathologic effects. In addition, the composition and diversity of the gut microbial
community can play a crucial role in regulating parasites” colonization and modulating
the host immune responses. As part of the physiological process associated with growth,
the infant’s gut microbiota undergoes several changes that can be influenced by genetic,
nutritional, and environmental factors and are vastly different from one child to the other.
The proper establishment of a healthy microbiota community at an early age can therefore
determine the degree of susceptibility and/or resistance to intestinal illnesses through
efficient cell signaling directed by microbial flora metabolic byproducts [95]. Abnormal
alterations in intestinal bacterial metabolic activities can affect cryptosporidiosis and giar-
diasis diarrhea progression based on the degree of gut dysbiosis, or microbial imbalance,
in the host [91,96]. It is nonetheless common for infected children to have asymptomatic
cryptosporidiosis and giardiasis. The molecular, microbiota, and immunologic determi-
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nants of asymptomatic cryptosporidiosis and giardiasis are not fully understood. However,
variability in immunity or virulence and other factors, including the parasite load, may
play roles in the severity after infection, ranging from severe clinical manifestations to
asymptomatic infection [58,97].

Conversely, infections with parasites such as Giardia and, less significantly, Cryp-
tosporidium during childhood may pose a risk of intestinal mucosal disruption causing a
shift in the gut community microbial ecological balances, leading to impaired immune
responses in the gut (Figure 2). Dysbiosis can specifically cause increased inflammation
and tissue damage, which may worsen the severity of cryptosporidiosis and giardiasis
diarrhea [91,96]. Cryptosporidiosis and giardiasis illness can not only be self-limited but
can also be acute or chronic and persistent [92,98-101]. These infections have similar clini-
cal symptoms, including diarrhea, abdominal pain, vomiting, and fever. The impact on
children can be particularly profound, as both parasitic infections can contribute to malnu-
trition, stunted growth, and poor cognitive function, with severe cases causing potentially
fatal dehydration [10,12,94]. Asymptomatic presentations of the two parasitic infections
and the overlapping symptomatology with other parasitic diarrheal diseases are significant
public health challenges for which there are limited available diagnostic, treatment, or pre-
ventative remedies in hyperendemic LMICs. Although they share some similar symptoms,
there are significant differences between cryptosporidiosis and giardiasis in terms of their
molecular pathogeneses, pathophysiologies, and overall clinical manifestations of infection
(Table 1).

Table 1. A comparison of Giardia vs. Cryptosporidium infection in children at a glance.

Some Differences

YT Cromt . Similarities References
iardia ryptosporidium
Microbial biofilm disruption, altered No significant changes in the . .
. . . . . . Lo . Diarrhea is a common
species diversity, and abundance in bacterial microbiota in diversity associated svmptom [91,102]
intestinal microbiota. or structure. ymp ’
Increased cases more often in More common in children aged Infection lasts longer in children [62,91,103]
children aged 3-6 months old. 6-12 months old. than adults with treatment. T
. -, Children with Cryptosporidium are -,
Children are 17.9-fold more sensitive 10.6-fold more sensitive to the Could cause malnutrition due [102,104]

to infection than adults.

infection than adults. to lack of nutrient absorption.

Giardia infection in children may Children that are HIV-positive are
cause inflammation of the joints. more susceptible to Cryptosporidium.

No significant difference in
prevalence between males and [91,104,105]
females among children.

Cryptosporidial diarrhea may be life-threatening and unremitting in some patients,
such as children with compromised immune functions, malnutrition, severe HIV infection,
or other immunodeficiencies. In immunocompetent persons, cryptosporidiosis diarrhea
lasts longer than most infectious diarrhea, often persisting for more than 10 days. Clinical
manifestations of Cryptosporidium infection sometimes do not include diarrhea but can
manifest beyond the GI tract, including by causing respiratory tract diseases and with
cough, croup, shortness of breath, hoarseness, and wheezing [28].

There are conflicting conclusions on the role of G. duodenalis as the etiologic agent of
diarrhea [106,107]. In the GEMS cohorts, Giardia infection was associated with an altered
gut microbiome in children with and without diarrhea [12]. A follow-up study showed no
consistent association between Giardia infection and diarrheal symptoms [13]. Other studies
demonstrate that giardiasis can cause moderate-to-severe diarrhea, flatulence, weight loss,
stomach cramps, and bloating, while chronic infections have been linked with chronic
fatigue, long-term irritable bowel syndrome, colitis, food allergies, intestinal permeability,
and stunted growth in children [106,108-111]. Acute symptom onset usually occurs within
1-2 weeks after infection. These symptoms usually resolve within four weeks without
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treatment; however, chronic infections may persist and could cause potentially danger-
ous weight loss and vitamin deficiency [56]. Less than half of infected persons develop
symptoms in human challenge studies, and asymptomatic infection is common [112]. The
severity of the symptoms may be determined by many factors, including the G. duodenalis
strain’s assemblage, subgenotypes, virulence factor expression, and other factors, such as
the antigenic variability of the parasite [32,113,114]. For instance, the pathophysiological
damage to the epithelial permeability due to the alteration of intestinal tight junctions
observed in many cases could be G. duodenalis strain-dependent [115]. Some G. duode-
nalis strains have evolved mechanisms to evade host immune responses by altering the
expression of their surface antigens, VSPs, which modulate the specific immune responses
mounted by each patient, leading to different clinical outcomes. Antigen variability has
also been cited as an impediment to Giardia vaccine development [116]. This is because
trophozoite lysis by specific antibodies can limit parasite invasion, which can differ based
on genotype [37,117]. In addition, lactose intolerance can develop after infection due to
epithelial surface damage, further impairing nutrition [112].

6. Diagnosis

The accurate diagnosis of cryptosporidiosis and giardiasis is important for prevention
and treatment. Diagnostic tests differ in sensitivity and specificity depending on the testing
mechanisms and the stage of infection. For the majority of the population affected by
these parasites, inexpensive tests and rapid results are essential for prompt therapy. Cryp-
tosporidiosis and giardiasis are both often diagnosed through the microscopic identification
of the cysts and oocysts found in fecal matter. However, antigen detection and molecular
diagnosis are emerging and are likely to be relatively simple to perform and beneficial in
places with limited numbers of trained microscopists [118,119].

Microscopic examination is most frequently performed on stool samples from patients
experiencing prolonged diarrhea, abdominal cramping, and vomiting. While used, this
method is not very sensitive for either parasite. Cysts and oocysts are concentrated using
NaCl flotation and observed using a wet mount under a light or phase-contrast microscope.
For easier identification, staining can be used to distinguish parasites from fecal debris.
Giardia cysts and trophozoites are visualized using iodine, methylene blue, or Giemsa
staining [120]. Cryptosporidium oocysts in stools are visualized with modified Ziehl-Neelsen
(ZN) stains, while Giemsa staining in Cryptosporidium diagnostics is used primarily in
histopathologic biopsies. Immunological assays yield higher sensitivity and specificity
results and use fluorescently labeled antibodies with microscopy to detect parasites.

Antibodies with enzyme reporters in ELISA kits are commercially available and allow
for the processing of samples within 10-15 min [121]. Rapid (antigen) diagnostic tests
(RDTs) are available for Giardia and Cryptosporidium, generally using lateral flow techniques.
RDTs have been associated with a better correlation to the Cryptosporidium causality of
diarrhea vs. molecular testing, which can be too sensitive, resulting in false positives due
to asymptomatic colonization [122]. Protocols for antibody detection in serum, saliva, and
fecal matter can be used to determine the presence of IgA, IgG, and IgM for both parasitic
infections. Positive results could reflect current or past infection. Children infected with
Giardia have increased IgA and IgA responses in their serum and saliva samples compared
to other infected and uninfected children [120]. In one study, one-year-old children who
developed high fecal IgA levels directed to Cryptosporidium Cp23 sporozoite protein were
less likely to have delayed growth and recurring infections compared to children with low
fecal IgA levels to the same antigen [123].

Molecular methods are not used to diagnose patients with Giardia in clinics; however,
these methods are used to diagnose Cryptosporidium using DNA detection. PCR-based
molecular testing is under development in diagnostic laboratories to reduce false nega-
tives [121]. PCR methods that are used in Giardia are primarily research-based for the study
of different assemblages and sub-types in strains [120]. Biofire and other commercial nucleic
acid detection methods for the simultaneous detection of stool pathogens, including Giardia
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and Cryptosporidium, have recently replaced microscopy, culture, and antigen diagnostics
for stools in many HIC clinical diagnostic laboratories [124]. Multiplex nucleic acid tests are
now the most sensitive diagnostic methods; however, in some cases, they are oversensitive.
In order to determine whether acute diarrhea is associated with Cryptosporidium, a cutoff
minimal organism concentration or low PCR cycle time will often be applied [47].

With new developments in technology and medical advances, diagnostic tests are
under reevaluation for neglected infectious diseases, such as Giardia and Cryptosporidium.

7. Current Therapy for Cryptosporidiosis and Giardiasis

Despite the great public health concern about the high prevalence among children,
the treatment of symptomatic and asymptomatic cryptosporidiosis and giardiasis is often
constrained by limited therapeutic options. The efficacy of the currently available antipar-
asitic agents is suboptimal. In addition, there is no standard dose regimen for persons
with immunodeficiencies [125]. Nitazoxanide is the only Food and Drug Administration
(FDA)-approved drug with some dual therapeutic effect for the treatment of human and
animal cryptosporidiosis and giardiasis (Table 2) [126]. It is also the only FDA-approved
drug for the treatment of cryptosporidiosis [47,126,127], and in a randomized trial, it was
shown to lead to 2 fewer days of diarrhea compared to untreated patients with cryp-
tosporidiosis [128]. Clinical experience with severely immunocompromised patients and
malnourished children has demonstrated frequent therapeutic failure [129,130]. Indeed,
effective nitazoxanide therapy may be mediated by the stimulation of innate immune
responses that lead to interferon production and antiparasite immune responses [131,132].
This may not be effective in malnourished or immunocompromised individuals. Treatment
should also include supportive care, including standard fluid and electrolyte replacement.
The avoidance of foods that will exacerbate diarrhea, those high in sodium or glucose, will
help to manage the illness [5]. Additionally, improving a child’s diet with supplements
would help reduce the symptoms. A deficiency in vitamins, especially zinc, negatively
impacts the immune system response. Zinc is vital for the normal function of lymphocytes,
including T cells, and improves intestinal epithelium regeneration. Zinc supplements have
been shown to reduce the length and severity of diarrhea in children [133,134]. Loperamide
is a nonprescription antidiarrheal drug sometimes used as supportive therapy for patients
with cryptosporidiosis and giardiasis, especially those with excessive diarrhea [127]. Lop-
eramide, however, is not recommended for use in children due to serious adverse events in
infants and toddlers (less than 3 years) [135]. The need for antiparasitic treatment stems
beyond just humans to animals, as veterinary practices are a critical point in mitigating the
spread of zoonotic diseases.

Food and Drug Administration (FDA)-approved treatments for giardiasis include
metronidazole and other 5-nitroimidazoles, as well as the benzimidazole; albendazole
(Table 2). However, a substantial number of clinical presentations involve metronidazole
(and/or other 5-nitroimidazole drugs, such as tinidazole and secnidazole)-resistant Giar-
dia [136-139]. Second-line drugs such as albendazole, nitazoxanide, furazolidone, and paro-
momycin also have lower efficacy than nitroimidazoles and/or potentially dangerous side
effects [7]. Quinacrine is effective at treating some metronidazole-resistant giardiasis but
was withdrawn from the U.S. market due to poor tolerability and limited demand [140,141].
A combined treatment regimen of metronidazole and albendazole or quinacrine can be
effective for patients with metronidazole-resistant giardiasis [140,142]. In addition to these
widely discussed limitations, some first- and second-line giardiasis drugs (metronidazole,
secnidazole, nitazoxanide, paromomycin, and tinidazole) have broad-spectrum antimicro-
bial activity, which may lead to the development of gut dysbiosis [143-146]. As discussed
above, gut dysbiosis has the potential to cause severe long-term complications in children.
The urgency of this public health problem necessitates the accelerated development of
alternative drugs for clinical use against Giardia and Cryptosporidium strains, including
those with resistance to current treatments.
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Table 2. Common treatments available for pediatric cryptosporidiosis and giardiasis with recom-
mended doses.

Recommended Dose Duration of X
Drug for Children Treatment Side Effects References

Hives; difficulty breathing; swelling of throat,
Nitazoxanide * 100-200 mg per 12 h 3 days tongue, eyes, and face; headache; [147]
stomachache; nausea; discolored urine.

. Dizziness; headache; vomiting/nausea;
3 times a day for

Metronidazole * 15 mg/kg per day 5 davs diarrhea; stomach cramps; loss of appetite; [148]
y dry mouth and metallic taste in mouth.
. Nausea/vomiting; diarrhea; bitter or metallic
# 7 4
Tinidazole 50 mg/kg per day 1 dose taste in mouth; abdorminal pain. [149,150]
Secnidazole # 30 mg/kg 1 or 2 doses Gastrointestinal jcriict disorders similar to [151]
Tinidazole.
Abdominal pain; nausea/vomiting;
# pam, &
Albendazole 10 mg/kg per day 5 days headache. [152]
2 times a dav for Loss of appetite; abdominal pain; diarrhea,
Mebendazole * 100 mg y flatulence; nausea/vomiting; headache; [153]
3 days tinnitus

# Drug for treatment of Giardiasis. * Drug for treatment of cryptosporidiosis and giardiasis.

8. Conclusions and Future Outlook

Overall, a complete understanding of the mechanistic links between the host immune
system, pediatric gut microbiota development, and establishment of symptomatic Cryp-
tosporidium and/or Giardia infection is still lacking. The dramatic difference between the
LIMC and HIC prevalence of protozoan parasite-induced diarrhea demonstrates the need
for more strategic interventions. While creating clean water availability and addressing
sanitation infrastructure shortcomings would be ideal, this solution will not come as rapidly
as needed to combat these diseases. The establishment of surveillance programs using
accurate testing kits that are accessible is essential for the better management/treatment
and/or prevention of outbreaks in children living in poverty. In addition, other effective
countermeasures are needed to address the threat posed by these parasites in the event of
intentional release. Providing medical interventions that are safe, affordable, and accessible
with improved efficacy will be a critical step in finding solutions that work. Therefore,
evaluation of new therapies should include an assessment of their physiological impact on
the gut normal flora, and preference should be given to therapies that do not result in an
altered microbiota. In conclusion, further discussions on the impact of Cryptosporidium and
Giardia infection and the drugs used for their treatment on children’s native gut microbial
and overall health should be encouraged as part of the public health discussion.
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