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Understanding the influence of the microbiome on childhood infections
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ABSTRACT ARTICLE HISTORY
Introduction: The microbiome is known to have a substantial impact on human health and disease. ~ Received 29 December 2023
However, the impacts of the microbiome on immune system development, susceptibility to infectious Accepted 4 April 2024
diseases, and vaccine-elicited immune responses are emerging areas of interest. KEYWORDS

Areas covered: In this review, we provide an overview of development of the microbiome during Colonization resistance;
childhood. We highlight available data suggesting that the microbiome is critical to maturation of the gastrointestinal microbiota;
immune system and modifies susceptibility to a variety of infections during childhood and adolescence, host-microbe interactions;
including respiratory tract infections, Clostridioides difficile infection, and sexually transmitted infec- metagenomic sequencing;
tions. We discuss currently available and investigational therapeutics that have the potential to modify ~ Pediatric infectious diseases;
the microbiome to prevent or treat infections among children. Finally, we review the accumulating  'espiratory microbiota
evidence that the gut microbiome influences vaccine-elicited immune responses among children.

Expert opinion: Recent advances in sequencing technologies have led to an explosion of studies

associating the human microbiome with the risk and severity of infectious diseases. As our knowledge

of the extent to which the microbiome influences childhood infections continues to grow, microbiome-

based diagnostics and therapeutics will increasingly be incorporated into clinical practice to improve

the prevention, diagnosis, and treatment of infectious diseases among children.

1. Introduction pioneering microbes from the maternal vaginal, gut, and skin
microbiota. Over the ensuing days and months, these microbial
communities undergo substantial shifts in composition due to
changes in the local microenvironment, environmental exposures,
and microbial competition. For instance, shortly after birth, the gut
is an aerobic environment typically containing high abundances
of facultative anaerobes, including bacteria from the genera
Enterobacter, Enterococcus, and Escherichia [3]. In the subsequent
days, the gut becomes increasingly devoid of oxygen, leading to
an increase in the abundances of Clostridium and other strictly
anaerobic bacteria [4]. The gut microbiota then enters
a transitional phase characterized by high abundances of
Bifidobacterium species, particularly among breastfed infants,
before becoming enriched with Bacteroides, Clostridium, and
Ruminococcus following the introduction of solid foods [3-5].
Although typical developmental patterns have been described
for microbial communities at several anatomical sites during
early life, there is an enormous amount of variability in the com-
position of these microbiomes as they mature across individuals.

The human microbiota is comprised of trillions of microbes —
including bacteria, fungi, viruses, and archaea - that have co-
evolved with our species for millennia. The number of microbes
colonizing our bodies is truly staggering; for instance, infants have
an estimated 1.9 trillion human cells but are colonized by more
than twice that number of microbial cells, including approximately
4.4 trillion bacterial cells [1]. The human microbiome, which refers
to the collection of microbial genomes harbored by this micro-
biota, is equally vast; in an analysis of 3,655 oral and fecal samples
across 13 studies, investigators identified more than 45 million
unique bacterial genes harbored by these individuals, approxi-
mately half of which were unique to a single sample [2]. By mass,
most of the microbes that colonize our bodies reside within the
gastrointestinal tract, but complex microbial communities also
inhabit the entirety of the aerodigestive tract, skin, and genitour-
inary tract. Increasingly, this human microbiota is recognized to
play critical roles in the maintenance of health and protection from
infections, particularly during childhood. In this review, we provide
an overview of the factors that influence microbiome develop-
ment during childhood, summarize the available data regarding 1.2. Factors that influence microbiome composition
the impact of the microbiota on the risk and severity of childhood  during childhood

infections, and discuss the potential utility of microbiome-based

- ) . ) Although recent studies suggest that host genetics influences
therapies to prevent or treat infections among children.

the microbiota during childhood [6,7], the overwhelming major-
ity of the observed variation in microbiota composition results
from environmental exposures (Figure 1). During infancy, deliv-
At no point across the lifespan is the microbiome as dynamic as  ery mode, feeding practices, and antibiotic exposures have the
during childhood. At birth, infants are colonized by trillions of largest impact on microbiota development. In a longitudinal

1.1. Development of the microbiome during childhood
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Article highlights
e The microbiome resists colonization and infection by exogenous
pathogens through diverse mechanisms collectively referred to as
colonization resistance.

Shifts in microbiome composition during early childhood impact
immune maturation and can have lasting effects on infection sus-
ceptibility and severity.

Microbiome-based therapies have the potential to prevent and treat
infectious diseases during childhood.

The gut microbiota may impact the immunogenicity of routine child-
hood vaccinations.

study of the gut microbiomes of nearly 600 infants in the United
Kingdom, Shao and colleagues demonstrated that infants born
via Caesarian section (C-section) had disrupted acquisition of
maternally derived strains of Bacteroides, a bacterial genus that
includes potentially beneficial (commensal) species, and more
frequent high-abundance colonization by Enterococcus and
other potential pathogens than vaginally delivered infants [8].
Similarly, in a study of 102 Dutch infants, Bosch and colleagues
demonstrated that C-section delivery was associated with
a delay in upper respiratory tract colonization by the health-
associated bacteria Corynebacterium and Dolosigranulum [9].
Delivery mode has also been shown to influence microbiota

=
=

composition during infancy at other anatomical sites, including
skin and the oral cavity [10,11]. Additionally, numerous studies
have described the impact of breastfeeding on gut microbiota
composition during infancy. In a study of more than 1,000 one-
month-old infants, Barnett and colleagues found that an increas-
ing proportion of feeds containing breast milk was associated
with higher relative abundances of Bifidobacterium and
Lactobacillus, both of which contain keystone species that
broadly influence the gut microbial community [12].
Interestingly, Holst and colleagues found that supplementation
of infant formula with five different human milk oligosaccharides
was associated with a shift in the gut microbiota composition of
formula-fed infants such that it more closely resembled that of
breastfed infants [13]. Thus, breastmilk appears to have dose-
dependent beneficial effects on the gut microbiota that can be
replicated to some extent in formula-fed infants through the
administration of specific prebiotics. Finally, early-life antibiotic
exposures are recognized to have profound and lasting effects
on the microbiota. In a recent trial of three commonly prescribed
antibiotic regimens among 147 Dutch neonates, antibiotic expo-
sures were associated with decreased gut abundances of several
potentially beneficial genera, including Bacteroides and
Bifidobacterium, and increased gut abundances of genera con-
taining common pathogens, including Enterococcus and
Klebsiella [14]. Interestingly, a variable degree of gut microbiota
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Figure 1. Host and environmental factors that influence human microbiome composition. Diet has a major influence on the composition of human microbial
communities across the lifespan. Delivery mode is among the most important influences on the microbiota during infancy. Other environmental exposures, such as
antibiotic treatment or daycare attendance, can have profound, short-term effects on microbiota composition. Host genetics influences microbiota composition at all

ages, albeit to a far lesser extent than environmental exposures.



disruption was observed across the different antibiotic regimens,
and alterations of the gut microbiota were found to persist for at
least 1 year after antibiotic exposure [14]. Antibiotics also influ-
ence the composition of microbial communities at other anato-
mical sites; in a longitudinal study of the nasopharyngeal
microbiomes of 179 healthy infants in Botswana, Kelly and col-
leagues found that antibiotic exposures were associated with
losses of several generally beneficial genera (Corynebacterium,
Lactobacillus) and gains of genera containing common respira-
tory pathogens (Haemophilus, Moraxella) [15].

The comparatively few pediatric microbiome studies that
have been conducted after infancy suggest that the microbiota
continues to develop and mature in response to environmental
exposures. In particular, increasing age has consistently been
associated with changes in microbiota composition during tod-
dlerhood. During the second and third years of life, the gut
microbiota increases in diversity (number of species), and
a gradual loss of Bifidobacterium species is typically observed;
together, these shifts over time result in the gut microbiota of
older children more closely resembling that of adults [16,17].
Diet and nutrition also continue to have substantial effects on
the microbiota after infancy and likely contribute to changes in
microbiota composition observed with age. This has perhaps
been demonstrated most profoundly by studies of the micro-
biomes of children experiencing undernutrition. The gut micro-
biomes of children with malnutrition or stunting have been
shown to be developmentally immature, with composition
resembling children of younger chronological age [18,19].
Moreover, this phenomenon can be effectively reversed by
complementary foods designed to enrich for specific bacterial
species in the gut microbiota. For example, in a double-blind,
randomized controlled trial of such a microbiota-directed com-
plementary food, the gut microbiota of 63 children with mod-
erate acute malnutrition demonstrated improved maturity and
enrichment by several bacterial species that typically increase in
abundance during weaning [20]. Finally, antibiotic exposures
can have long-term impacts on microbiota composition after
infancy. In a study of preschool and school-aged Finnish chil-
dren, the gut microbiota of children who received penicillin
recovered in 6-12 months, whereas the gut microbiota of chil-
dren who received macrolide therapy had still not fully recov-
ered 2 years after antibiotic exposure [21]. The effect of
antibiotic exposures on the gut microbiota of children likely
varies based on the agent and duration of treatment, and
future studies are needed to quantify the degree and duration
of microbiota disruption associated with specific antibiotic
exposures.

Other environmental factors have been associated with
alterations to the microbiota during childhood. Among 33
Japanese children, those who attended daycare were less likely
to have nasopharyngeal microbiota profiles dominated by the
health-associated species Corynebacterium propinquum [22].
Similarly, the gut microbiomes of 61 children attending daycare
differed from those of 24 home-schooled children, with daycare
attendance being associated with enrichment of the gut micro-
biota with several bacteria that were more abundant in older
children and adults [23]. Finally, several other environmental
factors were associated with gut microbiota composition during
the first 3 years of life in a study of 903 children from the United
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States and Western Europe, including maternal body mass index,
probiotic exposures, vitamin D supplementation, geographic
location, siblings, furry household pets, and living on a farm [24].

1.3. The microbiome and colonization resistance during
childhood

The human microbiota provides protection against infection by
preventing colonization and invasion by exogenous pathogens.
This important function of the microbiota, referred to as coloniza-
tion resistance, occurs through a variety of mechanisms, including
competition for nutritional sources, production of antimicrobial
compounds, alterations of the local microenvironment, and mod-
ulation of host immune responses (Figure 2). In turn, perturbations
of the microbiota in response to external factors can lead to
a reduction in colonization resistance, rendering children more
susceptible to infections. Colonization resistance was first recog-
nized in the 1950s when it was noted that mice that were treated
with the antibiotic streptomycin were susceptible to Salmonella
infection at oral doses far lower than the typical minimal infectious
dose [25]. Subsequent studies have established that the human
microbiota similarly resists infections caused by enteric pathogens
as well as infections by pathogens at other mucosal surfaces.
Moreover, as methods to study microbial interactions have
advanced over time, so too has our understanding of the mole-
cular underpinnings of colonization resistance. For instance, using
fecal samples collected from children, Osbelt, and colleagues
demonstrated that specific strains of Klebsiella oxytoca cultured
from these samples effectively prevented or eradicated coloniza-
tion by a multidrug-resistant strain of Klebsiella pneumoniae in
mice [26]. The authors subsequently demonstrated that these
protective strains of K. oxytoca more effectively utilized gut carbo-
hydrate sources than the K. pneumoniae strain or nonprotective
strains of K. oxytoca, demonstrating that protective K. oxytoca
strains resist gut colonization by K. pneumoniae through nutrient
competition [26]. Future studies of the molecular mechanisms of
colonization resistance have the potential to further our under-
standing of human microbial ecology and inform the develop-
ment of microbiome-targeted therapies that prevent or treat
childhood infections.

1.4. Interactions between microbes and the host immune
system during childhood

Early-life colonization of mucosal surfaces by microbes is critical
to immune system development [27]. Our understanding of
mechanistic relationships between the microbiota and the host
immune system is largely derived from experiments conducted
using germ-free animals. In these animals, the absence of
microbes in early life affects nearly every aspect of the immune
system, resulting in deficiencies in mucosal defenses and epithe-
lial cell morphology, altered lymphoid structures, and impaired
adaptive immunity [28]. These profound disruptions of immune
system development relate to the critical roles that the micro-
biota plays in immune system education and the development
of immune tolerance. Studies that have introduced commensal
microbes at various points during the lifespan of germ-free mice
have identified windows of opportunity during which exposure
to microbes can correct these immune system defects [29].
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Figure 2. Overview of mechanisms of colonization resistance. Commensal microbes can inhibit colonization and invasion by exogenous pathogens through direct (a)
and indirect (b) mechanisms. Direct mechanisms of colonization resistance include competition for space or adhesion sites, nutrient consumption, or secretion of
antimicrobial peptides or other factors that directly kill exogenous pathogens. Indirect mechanisms of colonization resistance include altering the local
microenvironment so that is it less hospitable to exogenous pathogens and modulation of host immune responses, including by altering cytokine production,
recruiting leukocytes to mucosal surfaces, and stimulation production of host antimicrobial peptides by epithelial cells.

Notably, early-life microbiota disruption in human infants has
been linked to the later development of several immune or
inflammatory disorders, including atopic diseases, inflammatory
bowel disease, and asthma [30-32]. The predisposition to these
conditions may relate to altered cellular immunity, as an absent
or altered gut microbiota influences T helper and T regulatory
cell functions in mice [33,34]. Taken together, these observations
demonstrate that the early-life microbiota primes the immune
system for the generation of antigen-specific immune responses
to pathogens while simultaneously restraining immune
responses to commensal microbes and host antigens.

The human microbiota continues to modulate immune system
function throughout the lifespan. In health, microbiome-host

homeostasis is characterized by low levels of inflammation and
immune cell recruitment sufficient to create a state that is primed
to respond to potential pathogens [35,36]. In contrast, alterations
of the microbiota can result in a loss of homeostasis and
unchecked inflammation and immune activation, contributing to
the pathophysiology of diseases such as asthma, ulcerative colitis,
and allergic rhinosinusitis [37]. Communication between com-
mensal microbes and the host at mucosal surfaces is primarily
mediated through interactions between conserved microbial anti-
gens, referred to as microbial-associated molecular patterns, and
pattern recognition receptors (e.g. Toll-like receptors) present on
epithelial cells and antigen-presenting cells [38]. Activation of
these host receptors initiates innate and adaptive immune



responses that are required to maintain homeostasis between the
host and the microbiota. Additionally, commensal microbes pro-
duce metabolites and other molecules that can directly modulate
specific aspects of the host immune system. For instance, some
gut bacteria release short-chain fatty acids, secondary bile acids,
and other metabolic products that have beneficial effects on
intestinal integrity and mucosal immunity [39,40].

The microbiota influences the development of host immune
responses to pathogens through several mechanisms.
Commensal microbes can induce host epithelial cells to secrete
antimicrobial peptides that target specific pathogens, as well as
other commensal species [41]. While multiple stimuli can induce
epithelial cell secretion of antimicrobial peptides, antibiotic-
mediated depletion of the gut microbiota reduces antimicrobial
peptide secretion and increases susceptibility to enteric patho-
gens [42]. Further, microbial interactions with host epithelial and
immune cells can modulate cytokine production and inflamma-
tion at mucosal surfaces and alter the recruitment and behavior
of immune cells. Studies in antibiotic-treated or germ-free mice
have identified specific cytokines whose production is induced
by the commensal microbiota. For example, Sequeira and col-
leagues found that Bacteroidetes-elicited interleukin-36 secretion
was sufficient to prevent K. pneumoniae colonization of the gut
[43]. Similarly, Brown and colleagues demonstrated that micro-
biota-stimulated secretion of granulocyte-macrophage colony-
stimulating factor promoted clearance of respiratory pathogens
from the lungs [44]. These studies highlight the multifaceted
impact that microbes have on host immune function. While
studies in germ-free animals and associative human studies
have identified important roles for the microbiota in immune
system development, further work is needed to elucidate the
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molecular mechanisms of these microbe-host interactions and
more clearly define such relationships outside of the gut.

2. The microbiome and the risk and severity of
childhood infections

With advances in our knowledge of the factors that disrupt
microbiome composition during childhood and the role that
the microbiota plays in immune development, there has been
substantial interest in identifying microbiome characteristics
that are associated with infection susceptibility or severity
(Figure 3). Although most of the research in this area has
focused on the upper respiratory and gut microbiomes, micro-
bial communities at other body sites are increasingly recog-
nized to influence the development and course of childhood
infections.

2.1. The microbiome and childhood respiratory
infections

Globally, acute respiratory infections cause more than 740,000
child deaths each year [45]. These infections are preceded by
establishment of pathogens within the upper respiratory tract.
As described above, the microbiota strongly influences colo-
nization resistance and host immune responses to potential
pathogens, and there is growing evidence that the upper
respiratory microbiota is a key determinant of respiratory
infection susceptibility and severity. Two recent studies eval-
uated associations between pathogen colonization and micro-
biota composition to identify potential interspecies
interactions that underlie colonization resistance in the

Nasal

microbiome Respiratory viruses
Pneumonia

Gut

microbiome Bloodstream infection
C. difficile infection
Other enteric infections

Vaginal
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{Sexually transmitted

infections

@ Actinobacteria
@ Bacteriodetes
@ Firmicutes

@ Proteobacteria
© Other

Figure 3. The impact of the microbiome on infections during childhood and adolescence. Substantial variability exists in the composition of the microbial
communities that colonize children and adolescents at different anatomical sites. The pie charts in this figure depict the relative proportion of sequencing reads
assigned to specific bacterial phyla at six body sites. Variability in microbiome composition across individuals at a specific anatomical site contributes to observed

differences in infection susceptibility and severity across children.
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upper respiratory tract. Kelly and colleagues evaluated asso-
ciations between upper respiratory microbiota composition
and the risk of colonization by the major human respiratory
pathogen Streptococcus pneumoniae (pneumococcus) among
infants in Botswana, identifying species of Corynebacterium as
playing a major role in pneumococcal colonization resistance
[46]. Moreover, they demonstrated that specific strains of
Corynebacterium secrete factors that inhibit in vitro growth of
S. pneumoniae [46]. Stubbendieck and colleagues similarly
identified associations between the presence of Rothia species
in the upper respiratory tract and colonization by Moraxella
catarrhalis, a leading cause of acute otitis media and bacterial
rhinosinusitis [47]. The authors then demonstrated that speci-
fic Rothia strains secrete a peptidoglycan endopeptidase that
inhibits M. catarrhalis in vitro [47]. Other recent studies
demonstrated that nasal administration of commensal bacter-
ial strains can prevent or eradicate upper respiratory coloniza-
tion by common respiratory pathogens, including Neisseria
meningitidis (meningococcus) and Staphylococcus aureus
[48,49]. Future mechanistic studies and clinical trials have the
potential to unveil additional mechanisms underlying the
colonization resistance provided by the upper respiratory
microbiota and lead to a new class of probiotics administered
nasally for the prevention of respiratory infections.

There are accumulating data that early-life infections alter
microbiome composition or function, contributing to differ-
ences in colonization resistance and infection susceptibility
later in childhood. In a longitudinal study of 114 healthy
infants, de Steenhuijsen Piters and colleagues found that
asymptomatic viral infections occurring in the first few months
of life were associated with a strong upper respiratory mucosal
interferon response that coincided with enrichment of the
upper respiratory microbiota by genera containing common
pathogens (Haemophilus, Moraxella) [50]. Further, infants with
early acquisition of these genera had a greater number of
respiratory infections in the first year of life than infants that
did not become colonized in the first few months of life,
suggesting that early encounters with respiratory viruses
may alter the host response and create an environment that
promotes future infections [50]. Dissanayake and colleagues
used a human airway epithelial cell model to demonstrate that
rhinovirus infection promotes adhesion of M. catarrhalis to
respiratory epithelium, identifying a potential mechanism by
which respiratory viruses may influence upper respiratory
microbiota composition [51]. Recent studies have similarly
identified alterations of the upper respiratory microbiota in
the setting of infections caused by other respiratory viruses,
including influenza viruses, respiratory syncytial virus (RSV),
and severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) [52-54]. Finally, early-life colonization by Mycoplasma
pneumoniae, a common cause of community-acquired pneu-
monia, has been associated with a less diverse upper respira-
tory microbiota, a higher relative abundance of the common
respiratory pathogen Haemophilus influenzae, and a history of
recurrent respiratory infections among young children [55].

The severity of respiratory infections is also influenced by
upper respiratory microbiota composition. A cross-sectional
study of children and adolescents found that a microbiota profile

dominated by the putatively beneficial bacterial genera
Corynebacterium and Dolosigranulum was associated with the
absence of respiratory symptoms among individuals with SARS-
CoV-2 infection [53]. Similarly, Penela-Sanchez and colleagues
reported that children with rhinovirus/enterovirus-associated
lower respiratory tract infections requiring intensive care had
a less diverse upper respiratory microbiome and higher abun-
dances of Haemophilus than children with asymptomatic infec-
tions caused by these viruses [56]. The severity of infections
caused by RSV also varies substantially among children, with
some data suggesting that microbe-host interactions within
the respiratory tract influence RSV disease severity. A cross-
sectional study of young children found that microbiota profiles
dominated by H. influenzae or Streptococcus were more prevalent
both among all children with RSV infection and the subset of
these children who required hospitalization compared to healthy
controls [54]. Moreover, RSV-infected children with these micro-
biota profiles had higher peripheral blood expression of genes
related to Toll-like receptor signaling and neutrophil and macro-
phage activation than children with RSV who had other micro-
biota profiles [54]. Future studies integrating data on the
respiratory microbiota and host immune responses are likely to
lead to an improved understanding of the extent to which the
upper respiratory microbiota affects the severity of respiratory
virus infections during childhood.

2.2. The microbiome and childhood infections arising
from the gut

Substantial evidence links the gut microbiota to the risk of
enteric infections and other infections arising from the gut.
Clostridioides difficile infection (CDI) is the prototypical infection
arising from a loss of gut colonization resistance. Ling and col-
leagues reported that CDI in children was associated with higher
gut abundances of genera containing common pathogens (e.g.
Enterococcus, Escherichia/Shigella, and Klebsiella) and lower abun-
dances of specific gut anaerobes (e.g. Bacteroides,
Faecalibacterium, Parabacteroides), suggesting that the former
may facilitate C. difficile colonization and the latter may contri-
bute to C. difficile colonization resistance [57]. Notably, entero-
cocci have been observed to be enriched in the gut microbiomes
of individuals with CDI in several studies [58,59]. In a recent study
that investigated the impact of enterococcal co-colonization on
CDI in mice, Smith, and colleagues found that enterococci pro-
vide fermentable amino acids that facilitate colonization by
C. difficile, while C. difficile toxin-mediated damage to the gut
mucosa enhances enterococcal growth, providing mechanistic
evidence that the presence of one of these species may promote
the fitness of the other species within the human gut [60].
Interestingly, gut colonization by toxigenic C. difficile is common
during the first 12 months of life but is typically asymptomatic,
while CDI is a relatively common cause of enterocolitis among
older children with medical comorbidities or recent antibiotic
exposure [61,62]. The mechanisms underlying the low incidence
of severe CDI among infants have not been defined, with both
the gut microbiota and host immunity postulated to play roles.
Infants colonized by toxigenic strains of C. difficile were reported
to develop robust anti-toxin humoral immune responses, but the



extent to which these adaptive immune responses are also pre-
sent in older children and adults is unknown [63]. Finally, persis-
tent colonization by C. difficile among infants is associated with
lower abundances of several gut anaerobes (e.g. Bifidobacterium,
Lacticaseibacillus, and Lactobacillus), suggesting that gut micro-
biota composition influences eradication of C. difficile even after
colonization has established [62,64]. Taken together, these stu-
dies demonstrate the importance of the gut microbiota to the
pathogenesis of CDI in children and identify mechanisms of
microbe-microbe and microbe-host interactions that could
inform development of novel strategies to prevent CDI.

Bloodstream infections cause substantial morbidity and
mortality among several vulnerable populations of children.
Among premature infants, late-onset sepsis is frequently
caused by gut-derived bacteria, and these infections are
often preceded by loss of potentially beneficial species from
the gut microbiota and an increase in the gut abundance of
the BSl-causative strain [65,66]. Similar gut microbiota altera-
tions have been observed prior to BSI among children under-
going hematopoietic cell transplantation (HCT), among whom
antibiotic exposures appear to be the major driving factor for
pathogen expansion within the gut prior to BSI onset [67].
These and other such studies suggest that serial metagenomic
sequencing of the gut microbiota might be a useful approach
to identifying children in these patient populations who are at
high risk of BSI. As an early proof of concept of this approach,
Margolis and colleagues recently reported that ratios of the
abundances of bacterial species in the gut microbiota prior to
HCT were of some utility in predicting the risk of children
developing bacterial infections after HCT [68]. Additional stu-
dies investigating serial metagenomic sequencing for the
identification of children at high risk of infections are antici-
pated in the coming years as the costs of metagenomic
sequencing continue to decline and analysis of these data
becoming increasingly high-throughput.

The gut microbiota is also the major reservoir of antibiotic-
resistant microbes in human populations. Shotgun metage-
nomic sequencing, which theoretically enables detection of all
antibiotic resistance genes present within a sample (referred to
as the ‘resistome’), has substantially advanced our ability to study
antibiotic resistance during childhood. Several studies of the gut
resistome among children have demonstrated that acquisition of
antibiotic-resistant bacteria occurs early in life, even in the
absence of antibiotic treatment or other recognized risk factors
[69,70]. For instance, in a study of nearly 3,000 neonates from
seven low- and middle-income countries in Africa and South
Asia, extended-spectrum beta-lactamase and carbapenemase
genes were detected in rectal swab samples from more than
half of neonates [71]. Similarly, in a study of 42 Vietnamese
infants, children, and adults, the gut microbiomes of infants
were found to harbor more antibiotic resistance genes than
those of older age groups [72]. Interestingly, treatment of chil-
dren with antibiotics has been shown to increase the gut abun-
dances of bacterial genes conferring resistance to that antibiotic
class as well as genes conferring resistance to other antibiotic
classes, thus further challenging the selection of empirical anti-
biotics for children with suspected infections who have had
recent antibiotic exposures [73,74]. Although these and other
studies have improved our understanding of the resistome
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during childhood, further work is needed before this knowledge
can be translated into strategies that prevent antibiotic-resistant
infections in children.

2.3. The cervicovaginal microbiome and sexually
transmitted infections

Adolescents account for more than half of new sexually trans-
mitted infections (STIs) in the United States [75]. Most notably,
Chlamydia trachomatis and Neisseria gonorrhea are more com-
mon in adolescents than in any other age group, while indi-
viduals 13 to 24 years of age accounted for 19% of new HIV
infections between 2017 and 2021 [76,77]. The mucosa of the
reproductive tract is the primary entry point for STls. Although
previous work has demonstrated that the microbiota influ-
ences STI susceptibility in both the male and female repro-
ductive tracts, the majority of studies conducted to date have
focused on the cervicovaginal microbiota. The composition of
the cervicovaginal microbiota varies widely across individuals,
and is influenced by hormone levels, contraceptive use, sexual
behaviors, nutrition, stress, and tobacco use [78]. Among
women of reproductive age, the cervicovaginal microbiota is
frequently dominated by Lactobacillus species which produce
lactic acid and help to maintain the low pH of the cervicova-
ginal microenvironment [79]. Cervicovaginal microbiomes
with high abundances of Lactobacillus crispatus, Lactobacillus
gasseri, Lactobacillus iners, or Lactobacillus jensenii have gen-
erally been associated with health, while microbiomes with
low abundances of these species, higher microbial diversity,
and high abundances of Gardnerella, Prevotella, and other
anaerobes have often been observed in disease [80]. In parti-
cular, the latter changes in cervicovaginal microbiota compo-
sition are often associated with an increase in vaginal pH and
the presence of vaginal discharge, the hallmarks of bacterial
vaginosis [78]. In turn, bacterial vaginosis is associated with
increased risks of acquisition of several STls, including
C. trachomatis, Trichomonas vaginalis, and human papilloma-
virus [81-83]. Though the mechanisms underlying these asso-
ciations require further study, bacterial vaginosis is
a proinflammatory state that is associated with epithelial bar-
rier disruption and impaired mucosal immunity, each of which
has the potential to increase STI susceptibility [84].
Interestingly, although bacterial vaginosis does not appear to
increase the risk of N. gonorrhoeae acquisition, there are some
data that suggest that it may influence symptoms of this STI
[85]. In particular, women with asymptomatic gonorrhea fre-
quently have cervicovaginal microbiomes with high abun-
dances of Lactobacillus species, while women with
symptomatic infections often have microbiomes similar to
those observed in bacterial vaginosis [85].

The composition of the cervicovaginal microbiota has also
been associated with the risk of HIV infection. Women with
cervicovaginal microbiomes with low abundances of
Lactobacillus or who have recently been diagnosed with bac-
terial vaginosis are at higher risk of acquiring HIV [86,87].
Moreover, the cervicovaginal microbiota has been shown to
influence the effectiveness of pre-exposure prophylaxis for
HIV. Though antiretroviral-based HIV prophylaxis has been
shown to be highly effective in men, studies in women have
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yielded variable results with both orally and vaginally admi-
nistered formulations [88-91]. In a study conducted among
South African women, Klatt and colleagues found that the
vaginal microbiota strongly influenced the efficacy of
a vaginally applied antiretroviral microbicide gel used for the
prevention of HIV infection [92]. More specifically, tenofovir
vaginal gel reduced HIV acquisition by 61% among women
with a Lactobacillus-dominant cervicovaginal microbiome, but
by only 18% among women with other cervicovaginal micro-
biome profiles [92]. After observing that vaginal tenofovir
concentrations were negatively correlated with the cervicova-
ginal abundances of Gardnerella vaginalis and other anae-
robes, the authors demonstrated that G. vaginalis
metabolizes tenofovir more quickly than host cells are able
to convert it to its active form, elegantly demonstrating one
such mechanism by which microbes can influence the effec-
tiveness of antibiotics and other therapeutics [92].

2.4. The oral microbiome and childhood caries

The oral microbiome is integral to the pathogenesis of early
childhood caries, a condition caused by specific bacteria in the
supragingival plaque that create an acidic microenvironment
that promotes tooth demineralization and decay. Higher
abundances of Streptococcus and Veillonella have been
observed in the oral microbiomes of children who develop
early caries, with some data suggesting that Streptococcus
mutans is the primary causative agent [93]. In a study that
used extracted teeth from children with severe caries, Kim and
colleagues concluded that S. mutans is at the core of caries
biofilms and produces an extracellular scaffold that provides
a protective barrier to other microbes living within this mixed-
species biofilm [94]. However, other microbial species are
likely to contribute to the development of caries. For instance,
cohort studies from Scandinavia and Japan revealed that
fewer than half of children with caries had S. mutans detected
in their oral cavities, while the mean relative abundance of
S. mutans among 20 Swedish adolescents with caries was
0.16% [95,96]. Finally, Teng and colleagues reported that the
abundances of S. mutans and multiple other bacterial species
in the salivary and plaque microbiota informed development
of a model that was highly accurate in predicting the risk of
future dental caries among preschool-aged children [97].

3. Therapeutic manipulation of the child
microbiome

With accumulating evidence that the microbiota influences
infection risk and severity, there has been substantial interest
in the development of microbiome-targeted therapies for the
prevention or treatment of infections. Although most studies
have been conducted in adults, several such interventions
have been studied in infants and children.

3.1. Probiotics

Because the gut microbiota is recognized to play a critical role
in the development of late-onset sepsis and necrotizing

enterocolitis, there has long been interest in modifying the
gut microbiota of premature infants through the administra-
tion of probiotics. A recent meta-analysis that included 106
randomized controlled trials of more than 25,000 infants con-
cluded that multiple-strain probiotics, especially when com-
bined with prebiotics, were associated with lower incidences
of severe necrotizing enterocolitis and mortality, whereas sin-
gle-strain probiotics combined with lactoferrin were most
effective in lowering the incidence of sepsis [98]. In a study
of 123 premature infants (gestational age <32 weeks), Beck
and colleagues found that infants who received probiotics
frequently transitioned to a gut microbiome profile dominated
by the probiotic strain that persisted long after probiotic dis-
continuation [99]. Similarly, in a randomized, controlled trial of
a multiple-strain probiotic containing Lacticaseibacillus rham-
nosus and several strains of Bifidobacterium conducted among
premature infants, Bifidobacterium strains were found to stably
colonize the gut weeks after probiotic discontinuation,
whereas long-term engraftment of the Lacticaseibacillus strain
was not observed [100]. These studies, which generally con-
trast with what has been observed in studies of probiotics in
adults, suggest that early life may present a unique opportu-
nity for probiotics to have long-term effects on gut microbiota
composition, although these effects are likely to differ across
probiotic strains [101,102]. Finally, administration of probiotics
to infants may also prevent gut colonization by antibiotic-
resistant bacteria, with several studies reporting that infants
receiving probiotics harbor fewer antibiotic resistance genes
than infants not receiving these products [103,104].

Most studies of probiotics in older children have evaluated
these products among children with acute diarrhea or for the
prevention of antibiotic-associated diarrhea or CDI. Probiotic
trials conducted among children with diarrheal illnesses have
yielded mixed results, with some studies suggesting modest
benefit. For instance, in a study of a probiotic containing
a strain of the yeast Saccharomyces boulardii conducted
among 112 children with acute diarrhea, children receiving
the probiotic had illnesses that were on average 1-day shorter
than placebo recipients [105]. In addition, a probiotic contain-
ing strains of Lactobacillus helveticus and L. rhamnosus did not
alter the clinical courses of 886 children with acute gastroen-
teritis; moreover, no differences in gut microbiota diversity or
composition were observed among probiotic and placebo
recipients and only transient colonization by the probiotic
strains was seen among children in the treatment group
[106]. Use of probiotics for the prevention of antibiotic-
associated diarrhea or CDI among children have been active
areas of research over the past several decades. In a recent
meta-analysis of 33 trials involving 6,352 participants, Guo and
colleagues concluded that probiotics more than halved the
risk of antibiotic-associated diarrhea among children 0 to 18
years, with nine children needing to be treated for every case
prevented [107]. A recent meta-analysis of data from 31 clin-
ical trials involving 8,672 adults and children found that pro-
biotics reduced the risk of CDI among participants receiving
antibiotics by 60%; however, this effect was only observed in
trials in which the baseline risk of CDI was above 5% [108].
Although the conclusions of these analyses should be inter-
preted with some caution given the substantial heterogeneity



of the included trials with regard to the probiotic strain and
the timing and duration of administration, these data do
suggest that probiotics can effectively prevent antibiotic-
associated diarrhea in children and may additionally be of
benefit for pediatric populations that are at very high risk of
CDI. Unfortunately, the relatively high numbers needed to
treat to prevent these conditions combined with the costs
and challenges of administration has limited routine use of
probiotics among children receiving antibiotics.

3.2. Fecal microbiota transplantation

Fecal microbiota transplantation (FMT) has been used in the
management of recurrent CDI for nearly two decades,
although use of this procedure in children has been limited
until relatively recently. Fortunately, there have been several
recent studies demonstrating that FMT is a safe and effective
treatment for children with recurrent CDI. For instance,
Nicholson and colleagues recently summarized outcomes of
372 patients aged 11 months to 23 years with recurrent CDI
who underwent FMT at 18 pediatric health centers between
2004 and 2017 [109]. In this study, fewer than 5% of patients
had a severe adverse event, and success rates of FMT
increased over time, exceeding 75% in the last several years
of the study [109]. With the success of FMT in treating children
with recurrent CDI, use of this procedure has more recently
expanded to include other pediatric patient populations and
indications, with small case series demonstrating possible
benefits of FMT in children being evaluated for HCT who are
colonized by multidrug-resistant organisms, children with
inflammatory bowel disease, and children with severe acute
graft-versus-host disease following allogeneic HCT [110-112].
FMT has also been studied as an approach to modify the gut
microbiota of infants born via C-section delivery. In one small
study involving seven mother-to-infant FMTs, the gut micro-
biomes of infants born via C-section who were treated with
maternal FMT were more similar to the gut microbiomes of
vaginally delivered infants than those of infants born by
C-section who did not undergo FMT [113]. With the accumu-
lating data regarding the safety of FMT in children, it is likely
that use of this procedure will expand in pediatric patient
populations in the coming years.

3.3. Phage therapy

Phage therapy, in which viruses that target and kill bacteria
(bacteriophages) are used for infection treatment, dates back
more than a century; however, there has been renewed inter-
est in phages as a result of rising antibiotic resistance. Few
controlled trials of phage therapy have been conducted
among children; most notably, a clinical trial of Escherichia
coli bacteriophages in children presenting with acute diarrhea
was stopped early due to a lack of clinical and microbiological
response [114]. However, there have been several reports of
treatment of children with multidrug-resistant bacterial infec-
tions with phage therapy that have reported favorable clinical
outcomes [115-117]. Similarly, in a case series of phage ther-
apy for nontuberculous mycobacterial infections that included
children and adults, a favorable clinical or microbiological
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response was observed in 11 of 20 patients, with the varied
treatment responses possibly being related to heterogeneity
of host risk factors, characteristics of the infections, and the
poorly understood pharmacodynamics of phage therapy [118].
Several controlled studies of phage therapy are ongoing,
including a study that will evaluate the efficacy of phage
therapy in children and adults who have exhausted other
treatment options for infections [119]. With the global rise in
antibiotic resistance and significant gaps in the preclinical and
clinical antibiotic pipelines, it is likely that phage therapy will
continue to be explored as a treatment option for children
with infections caused by multidrug-resistant bacteria.

4. The gut microbiota and immune responses to
childhood vaccination

Vaccines have contributed to an unprecedented reduction in
child mortality over the past century and continue to prevent
nearly 3 million child deaths each year [120]. However, for
reasons that remain poorly understood, the immunogenicity
and effectiveness of vaccines are highly variable between
children within the same population and across different
populations of children. For instance, oral rotavirus vaccines
are less immunogenic and less effective in preventing severe
rotavirus-associated diarrhea among children in low- and mid-
dle-income countries than among children in high-income
countries [121-124]. Although several factors are likely to
contribute to these individual and population-level differences
in vaccine-elicited immunity, the gut microbiota is increasingly
recognized to play a significant role in modulating develop-
ment of these immune responses.

Perhaps the most compelling data supporting an associa-
tion between the gut microbiota and responses to childhood
vaccines comes from experiments conducted in animal mod-
els. In a landmark study, Lynn and colleagues demonstrated
that infant mice that were exposed to ampicillin and neomy-
cin prior to receipt of inactivated or live vaccines developed
inferior vaccine-induced antibody responses [125]. Moreover,
rescue of antibiotic-treated mice with FMT from untreated
mice prior to administration of 13-valent pneumococcal con-
jugate vaccine restored antibody responses to this vaccine,
whereas antibody responses remained inferior among antibio-
tic-treated mice that received FMT from other antibiotic-
treated mice [125]. Interestingly, treatment of adult mice
with antibiotics did not impair humoral immune responses
to pneumococcal conjugate vaccine, suggesting that vaccine-
elicited immune responses may be particularly susceptible to
modulation by the gut microbiota early in life [125]. Other
studies conducted using animal models have similarly shown
that the gut microbiota can influence immune responses to
vaccines for hepatitis B virus, rabies virus, Mycobacterium
tuberculosis, and avian influenza virus [126-129].

Findings from clinical studies of the impact of the gut
microbiota on vaccine-induced immunity have demonstrated
varied and often conflicting results (Table 1). Several correla-
tive clinical studies reported associations between gut micro-
biota composition and the response to specific childhood
vaccines. For instance, Harris and colleagues found that the
gut microbiota composition of infants in Ghana administered
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Table 1. Correlative clinical studies that evaluated the bacterial gut microbiome as a modulator of immune responses to vaccination.

Reference  Author, Year Population Vaccine Notable associations
[130] Praharaj et al., Indian infants (n=120) OPV ¢ no differences in microbiome composition by OPV response
2019
[131] Zhao et al., Chinese infants (n=107) OPV e OPV responders had | microbiome diversity, { Firmicutes, * Actinobacteria than OPV
2021 nonresponders
[132] Harris et al.,  Ghanaian (n=78) and Dutch (n  ORV e Ghanaian ORV responders had 1 Streptococcus bovis, ¢ Bacteroidetes vs. ORV
2017 = 154) infants nonresponders
e gut microbiome composition of Ghanaian ORV responders more similar to Dutch infants
vs. Ghanaian ORV nonresponders
[133] Harris et al.,  Pakistani (n =20) and Dutch (n ORV o Pakistani ORV responders and Dutch infants had 1 Clostridium cluster XI, 1
2018 =10) infants Proteobacteria than Pakistani ORV nonresponders
[134] Parker et al.,  Indian infants (n=170) ORV * no differences in microbiome diversity or composition by ORV response
2018
[135] Fix et al., Nicaraguan infants (n =45) ORV e no differences in microbiome composition by ORV response
2020
[136] Huda et al., Bangladeshi infants (n =48) BCG, e 1 Actinobacteria (mostly Bifidobacterium) associated with stronger CD4+ cell responses
2014 OPY, to BGC, OPV, TT
TT, e 1 Rothia associated with more robust IgG response to TT
HepB
[137] de Koff et al., Dutch infants (n = 66) MenC e 1 Escherichia coli and Lachnospiraceae associated with more robust salivary anti-MenC
2022 19G responses
[137] de Koff et al., Dutch infants (n=101) PCV-10 e 1t Escherichia coli and Bifidobacterium associated with more robust salivary IgG
2022 responses to 8 pneumococcal serotypes

OPV, oral poliovirus vaccine; ORV, oral rotavirus vaccine; BCG, bacille Calmette-Guerin vaccine; TT, tetanus toxoid; HepB, hepatitis B vaccine; IgG, immunoglobulin G;
10-valent pneumococcal conjugate vaccine; MenC, meningococcal group C conjugate vaccine.

oral rotavirus vaccine differed based on vaccine response, with
vaccine responders having a higher abundance of
Streptococcus bovis and a lower abundance of the bacterial
phylum Bacteroidetes than nonresponders [132]. Further, the
gut microbiota of Ghanaian vaccine responders was actually
more similar to that of Dutch infants than to Ghanaian vaccine
nonresponders [132], suggesting that gut microbiota compo-
sition may contribute to the varied effectiveness of oral rota-
virus vaccines in low- and middle-income compared to high-
income countries. Huda and colleagues similarly reported that
higher gut abundances of the bacterial phylum Actinobacteria
were associated with more robust cellular immune responses
to oral poliovirus, bacille Calmette-Guérin (BCG), and hepatitis
B virus vaccines, while the abundance of Rothia correlated
positively with antibody responses to tetanus toxoid [136].
Notably, the gut microbes identified as being associated with
vaccine responses have generally not been consistent across
clinical studies, while other such correlative studies have
reported no associations between the gut microbiota and
vaccine responses [130,131,134,135]. These varied findings
across studies could reflect the small sample sizes of these
studies, biological differences in the populations being stu-
died, or residual confounding by nutritional, socioeconomic,
or environmental factors.

With the recognition that the gut microbiota may influence
immune responses to vaccination comes the possibility that
targeted modification of the gut microbiota could promote vac-
cine-elicited immunity. In particular, there has been substantial
interest in the use of probiotics as vaccine adjuvants. Isolauri and
colleagues reported that oral administration of Lactobacillus casei
strain GG was associated with a more robust serum antibody
response to oral rotavirus vaccine than placebo among 54 infants
in Finland [138]. Similarly, Kukkonen and colleagues found that
a consortium of four bacterial strains was associated with the

development of higher quantitative antibody responses to
Haemophilus influenzae type B vaccine than placebo among
Finnish infants, although antibody responses to diphtheria and
tetanus did not differ in these groups [139]. While promising,
findings from these studies have not been evaluated in large
clinical trials, and probiotics did not improve vaccine immuno-
genicity in several other trials conducted among young children
[140-142]. Unfortunately, the substantial variability in the com-
position and timing of administration of the probiotics evaluated
in the clinical trials conducted to date precludes comparisons of
findings across studies. Finally, a single study evaluated the
impact of antibiotic treatment on vaccine-elicited immune
responses among children. In a placebo-controlled trial that
included 754 Indian infants, treatment with azithromycin before
vaccination did not improve the immunogenicity of oral polio-
virus vaccine despite reducing fecal biomarkers of environmental
enteropathy and the prevalence of enteric pathogens [143].

5. Conclusion

In conclusion, the human microbiota undergoes marked shifts in
composition during early life as a result of environmental expo-
sures. During infancy, these microbes are essential to immune
maturation, promoting the generation of protective immune
responses to potential pathogens and the development of
immune tolerance to commensal microbes and host antigens.
Throughout childhood, the commensal microbiota influences
the risk and severity of infections through a complex network
of microbe-microbe and microbe-host interactions collectively
referred to as colonization resistance. This important function of
the microbiota influences the risk of many infectious diseases
that are common among healthy children and adolescents,
including acute respiratory infections, enteric infections, and
sexually transmitted infections. Moreover, the microbiota plays



a key role in the pathogenesis of gut-derived BSIs among vul-
nerable groups of children, including premature infants and
pediatric HCT recipients. Data from animal experiments and
correlative human studies also suggest that the microbiota
influences immune responses to childhood vaccines. Taken
together, the studies highlighted in this review demonstrate
the substantial influence of the microbiota on infectious dis-
eases during childhood and the enormous potential of micro-
biome-based therapies to prevent or treat infections and
promote vaccine-elicited immunity among children.

6. Expert opinion

Our understanding of the influence of the microbiota on child-
hood infections has advanced remarkably over the past several
decades. However, several important gaps in knowledge
remain. To date, we know surprisingly little regarding factors
that shape microbial communities and their influence on infec-
tions outside of the gastrointestinal and respiratory tracts or in
older children and adolescents. For instance, few prior studies
have investigated the microbiota of the male reproductive tract
and the extent to which it influences the transmission of STls
among adolescents. Additionally, the overwhelming majority of
studies of the early life microbiome have focused solely on
bacteria, effectively disregarding the potential impact of
microbes from other kingdoms on childhood infections.
Finally, there is growing recognition that the microbiome field
needs to move beyond correlative studies in order to accelerate
the development of microbiome-based interventions to pre-
vent or treat infections and other diseases in children.

One of the main challenges facing the field is translating what
we have learned about the microbiome to develop effective
diagnostics and therapeutics for childhood infections. Next-
generation sequencing technologies have the potential to revo-
lutionize our approach to diagnosing infections. Recently, several
commercial laboratories have developed assays that enable
detection of clinically relevant microbes in a variety of human
samples with a short turnaround time, providing results that can
be used to guide clinical decision-making. These sequencing
technologies also have the potential to transform the field of
infection prevention and control. Multilocus sequence typing,
which involves sequencing of only a handful of microbial genes
that typically represent less than 1% of the genome, remains
a standard approach for the evaluation of healthcare-associated
infection clusters [144]. The increasing use of whole-genome
sequencing, which enables analyzes of entire genomes and has
far higher resolution for strain comparisons than multilocus
sequence typing, has the potential to improve allocation of the
limited resources, time, and personnel available for infection
prevention and control investigations [145].

Since November 2022, the first two microbiota-based human
therapeutics for adults with recurrent C. difficile infection have
been approved by the United States Food and Drug
Administration (FDA). While the approval of these products
represents a major milestone for the microbiome field, there
are still no FDA-approved microbiota-based therapies for the
prevention or treatment of other infections or for use in children.
One potential barrier to the development of microbiome-based
therapies relates to the current regulatory approaches to
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therapeutic approval. Many microbiome-based therapies devel-
oped for infection prevention are likely to act by blocking or
eradicating pathogen colonization as a precursor to infection.
Colonization by potential pathogens is most frequently an
asymptomatic state that would fall outside of the outcomes
that have historically been used for therapeutic approval by
regulatory bodies. Moreover, the sample sizes that would be
needed to demonstrate that such therapies reduce the incidence
of symptomatic infections may be prohibitively large. To realize
the full potential of microbiome-based therapies for infection
prevention, regulatory approval processes may need to be mod-
ified to consider pathogen colonization as a proxy for infection
and as a valid clinical trial outcome for product approval. Another
challenge to the development of microbiome-based therapies
for children is that pediatric populations are often excluded from
clinical trials until therapeutics have been shown to be effective
in adults. As described in this review, the microbiomes of chil-
dren differ markedly from those of adults, and early life may
represent a critical period during which the microbiome is
more malleable to microbiome-targeted interventions. Thus,
some microbiome-based therapies may only have an effect in
children or may be more effective in children than in adults,
which could lead to such products being abandoned if pediatric
populations are not included in early clinical trials.

As sequencing technologies and analytic methods become
increasingly high-throughput and accessible, we anticipate that
the study of the child microbiome will advance in several ways
over the next 5 years. First, there will be an increase in studies
investigating the extent to which fungi, viruses, archaea, and
protozoa influence childhood infections through both microbe-
host and microbe-microbe interactions, including interspecies
interactions spanning microbial kingdoms. Moreover, we will
see a continued shift from simple correlative studies to transla-
tional studies that utilize novel experimental models or that
integrate data on microbial gene expression, microbial and
host metabolites, and host immune responses. Additionally,
commercial next-generation sequencing assays will be further
validated as diagnostic tools and incorporated into routine clin-
ical practice. Eventually, in time, the pathways for regulatory
review and approval will be updated to enable development
of an increasingly broad range of microbiome-based therapies
that reduce the burden of infectious diseases among children.
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