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Urinary tract infections (UTIs) are a common condition in children and often lead to hospitalization. A
considerable proportion of children with UTIs (up to 30%) experience at least one recurrence, placing
them at risk for long-term complications such as renal scarring. Since the concept of the microbiome
was first introduced in 2001, increasing attention has been given to the role of the urinary tract
microbiome in maintaining urinary tract homeostasis. Dysbiosis of the urinary microbiome has been
recognized as a factor associated with an increased risk of various urinary tract diseases, including
UTls. However, the specific role of the urinary microbiome in the pathophysiology of pediatric UTls
remains incompletely understood. The present review examines recent studies on the urinary
microbiome in children and summarizes current strategies for modulating the urinary microbiome to

prevent UTI recurrence in the pediatric population.
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HIGHLIGHTS

This study explores the vital roles of the urinary microbiome in pediatric urinary tract infection. It highlights the concurrent
nonantibiotics prophylaxis strategies which modulating urinary microbiomes in children.

INTRODUCTION

Urinary tract infection (UTI) is common in the general
population. Approximately 50%-80% of women experi-
ence acute uncomplicated cystitis at least once in the
lifetime, and the recurrence rate ranges from 30% to
44%, often within 3 months [1].

For children, UTl is also one of the most frequent in—
fections [2], resulting in frequent hospitalization and a

high economic burden [3]. The prevalence of UTl is ap-

proximately 7.0% in febrile infants aged {24 months and
7.8% in older children, accounting for 5%-14 % of pedi—
atric emergency room visit [4]. Among the pediatric pa—
tients with prior UTI, the rate of UTI recurrence within
the first 6 to 12 months ranges from 12% to 30%, with
risk of long-term morbidity [5-7]. Moreover, recurrent
UTI could induce renal scaring, resulting in chronic renal
insufficiency [8]. Therefore, it is necessary for clinicians
to understand the pathophysiology of UTI recurrence

and proper strategies to prevent recurrence of UTI in
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children.

Since the concept of microbiome was first suggested
by Lederberg and McCray [9], multiple studies have
demonstrated that gastrointestinal, vaginal and urinary
microbiome are associated with homeostasis of urinary
tract [10], and the imbalance of microbiome could result
in urinary disease, including UTI. However, there are only
a few studies on the role of microbiome in pathophysi-
ology and prevention of pediatric UTI. Therefore, the
current review aimed to characterize the role of urinary
microbiome in pediatric UTI based on the recent litera—
ture, and to summarize contemporary strategies modu-—

lating microbiome to prevent UTI recurrence in children.

DIAGNOSTIC TECHNIQUES FOR
URINARY MICROBIOME IN CHILDREN

From the 1950s, standard urine culture supported the
paradigm that urine is sterile except in the case of infec-
tion [11]. Conventional urine culture has been the gold
standard diagnostic test for UTI since the 1950s, which
utilizes 5% sheep blood agar and MacConkey agar, aer—
obically incubated at 35 for 24 hours [12]. The cutoff
value of >105 CFU (colony-forming unit)/mL has been
universally suggested across all bacterial species to de—
fine UTI, but with the issue of oversimplification [13]. In—
deed, the validity of the standard urine culture is ques—
tionable with approximately 90% of false-negative rate
[12]. Moreover, the detection ability of urine culture is
rather limited, favoring aerobic and fast-growing
Gram-negative uropathogens [14,15]

However, with novel techniques to diagnose UTI in a
culture-independent manner, such as whole-genome
sequencing, and next-generation sequencing including
16S ribosomal RNA sequencing, the notion that normal
urine is sterile has become obsolete [15,16]. Indeed, the
Human Microbiome Project, the first large-scale map-—
ping of the human microbiome, clearly showed that mi-
crobiome of various anatomical sites contribute to multi-
ple and diverse human health and disease states [17].

With high concordance with urine culture in children,
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16S ribosomal RNA analysis provides an additional de—
tective value in children with equivocal culture analysis
[al.

Furthermore, to overcome a methodological challenge
which is the inability of the culture-independent genom-—
ic sequencing technique to differentiate DNA from live
versus dead bacteria [16,19], an enhanced quantitative
urine culture (EQUC) protocol, using multiple culture
media and incubation conditions to cultivate bacteria
which do not grow under standard conditions, was de—
veloped [14,20]. The EQUC protocol provides the 84%
detection of uropathogens compared to 33% by the

conventional standard urine culture [20].

URINE SAMPLING IN CHILDREN

To assess urinary microbiome, proper urine sampling
should be performed. As the bladder capacity of children
is smaller than that of adults, urine sample collection
should be carefully considered in pediatric cohorts. Fur-
thermore, the nature of urine as a low microbial biomass
sample provides methodological challenges to evaluate
urinary microbiome [21,22]. For nontoilet-trained chil-
dren, noninvasive sampling (midstream urine, adhesive
bags, or nappy pads) showed a high prevalence of con-
tamination in urine cultures [23]. Therefore, there are 3
techniques to obtain urine samples in current research
on pediatric urinary microbiome; clean-catch midstream
urine, transurethral catheterization and suprapubic aspi—
ration. Although suprapubic aspiration provides the
“cleanest” urine sample, it has not been recommended
in pediatric cohorts due to its invasiveness and ethical
considerations, especially in healthy children [22]. There—
fore, clean-catch midstream urine and transurethral
catheterizations account for approximately equal propor—
tions of current urine sampling techniques cohorts [24].

In toilet-trained children with urinary continence, mid-
stream voided urine is usually sufficient, recognized as
the dominating urine sampling technique in infant [23].
Meanwhile, either first voided or midstream urine sam-

ples showed no significant differences regarding 16S ri—
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bosomal RNA analysis [25].

URINARY MICROBIOME IN
“HEALTHY” CHILDREN

Using 16S ribosomal RNA sequencing analysis, up to
200 difference genera of urinary microbiome have been
detected, including previously unidentified microbial taxa
[26-29]. Several studies which examined urinary micro-
biome in pediatric cohorts, defined “healthy” children as
those who are asymptomatic for UTI and have urinary
continence. Approximately 83.0%-90.5% of healthy
children have urinary microbiome, but there is no con-
sensus regarding the taxonomy of healthy urine micro-
biome [24].

The origin of urinary microbiome is still not entirely
elucidated. Kinneman et al. [27] demonstrated that even
the urine samples from infants and young children
younger than 48 months contain urinary microbiome.
The most common species identified in urine samples
were tissierellaceae, prevotellaeae, veillonellaceae, en—
terobacteriaceae, and comamonadaceae, while the 5
most common genera were Prevotella, Peptoniphilus,
Escherichia, Veillonella, and Finegoldia [27]. Robertson et
al. [30] suggested that the composition and function of
human microbiome in the first 1,000 days are primarily
determined by birth mode, maternal microbiome, expo-
sure to antibiotics, and feeding practices in early life. In-
deed, the fetus is considered to be sterile during normal
pregnancy, gaining bacteria through maternal transmis—
sion at delivery [31]. The composition of infant microbi—
ome matures within 2-3 years after birth [30,31].

There are several studies evaluating the microbiome of
prepubertal “healthy” children after toilet training [32-35].
Kassiri et al. [32] revealed that the predominant genera
from urine sample in prepubertal “healthy” boys were
different with those in adults, suggesting that the devel-
opment of the urinary microbiome starts in early life and
becomes more stable in adulthood. Recently, Kelly et al.
[33] demonstrated that the predominant taxa of urinary

microbiomes in prepubertal children do not include taxa
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which are common in adults (e.g. Lactobacillus in fe—
males and Staphylococcus in males) and the diversity of
urinary microbiome increased with age, mainly in boys.

According to sex, the composition of urine microbiome
differed significantly, probably due to differences in
sex-specific anatomy and sex hormones levels in the
prepubertal period [34]. Recently, Kelly et al. [33]
showed that alpha diversity of urinary microbiome was
significantly higher in prepubertal girls compared to
boys. Another case-control pilot study which included
toilet-trained prepubertal female showed that the com-—
position of urinary microbiome did not differ according to
bladder and bowel syndrome [35].

URINARY MICROBIOME IN CHILDREN
WITH URINARY TRACT INFECTION

To date, there are few studies are on the urinary mi-
crobiome in children with UTI. Kinneman et al. [27]
demonstrated that the episode of UTI significantly de—
creased alpha diversity of urinary microbiome in not toi-
let-trained children. They also showed that the usage of
antibiotics within 2 weeks prior to urine sampling signifi-
cantly reduced the diversity of urinary microbiome. In
contrast, Forster et al. [36] suggested that alpha diversi—
ty was higher in febrile children with UTI. Although there
were differences in the predominant microbial taxa be-
tween children with and without UTI, there was no sig—
nificant difference in beta diversity between the 2
groups. A recent pilot study conducted showed that the
recurrence of UTI reduced urinary microbiome diversity.
When comparing the diversities of urinary microbiome
according to the numbers of UTls, the diversity was sig—
nificantly reduced in patients who experienced 3 and
more episodes of UTls. Meanwhile, prophylactic use of
antibiotics did not result in the elimination of the urinary

microbiome [33].
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DYSBIOSIS OF URINARY MICROBIOME
AND URINARY TRACT INFECTION

While the advantages of bacteria from the host are
rather clear, including nutrient supply, pH and oxygen, it
is still unclear what benefits the urinary microbiome pro-
vide to the host. However, several roles of urinary mi-
crobiome in the homeostasis of the urinary tract have
been suggested. For instance, commensal microbiome
might compete with uropathogens for common re-
source, enhance immune system of the host and create
a barrier [37].

Although there is no consensus how to define ‘healthy’
urinary microbiome, the imbalance of urinary microbi-
ome might be associated with the presence of UTI. In—
deed, the imbalance or disruption of the host microbi-
ome, termed dysbiosis may result in disease
susceptibility and pathophysiology of skin, respiratory
tract, or gastrointestinal disease in children [38].

In urologic field, dysbiosis of the urinary microbiome is
suggested to be related to an increased risk of UTI [39],
nephrolithiasis [40], and lower urinary tract symptoms/
benign prostatic hyperplasia [41]. For pediatric cohort,
dysbiosis of microbiome is also reported to be associat—
ed with urinary diseases [42-45].

Conventionally, Escherichia coli was recognized as the
most predominant pathogen of primary UTI (approxi-
mately 80%) in pediatric cohort [46], followed by Klebsi-
ella, Enterobacter, Proteus and Citrobacter [2,47]. How-
ever, whole-genome sequencing revealed that there
were no differences in the genomic content of virulence
factors genes between strains isolated from patients
and healthy individuals. Therefore, E. coli is suggested to
be part of the commensal urinary microbiome, and their
uropathogenicity might be the result of an imbalance in
urinary microbiome composition [48]. Kinneman et al.
[27] showed that pediatric patients with UTI showed
significantly reduction of alpha diversity compared with
children without UTI.

www.euti.org

MODIFICATION OF THE URINARY
MICROBIOME TO PREVENT PEDIATRIC
URINARY TRACT INFECTION

Considering that dysbiosis of urinary microbiome is
related with UTI [43,44], the strategies of modifying uri-
nary microbiome could be a potential option for prophy—
laxis against UTI in children. Those strategies could be
divided into 2 classes; antibiotic prophylaxis and non-an—
tibiotic prophylaxis [43,49].

1. Antibiotics Prophylaxis for Pediatric UTI

Although low-dose continuous antibiotic prophylaxis
has been attempted to prevent recurrent UTI and sub-
sequent complications [50], its efficacy is controversial.
Storm et al. [61] suggested that long-term antibiotic pro—
phylaxis failed to decrease the frequency of UTI or pre—
vent renal scarring, but increased the risk of antibiotic
resistance, impacted the microbiome, and induced po-
tential long-term side effects. The updated Cochrane
Systematic Review in 2019 demonstrated that antibiotics
may provide limited or no significant benefit to reduce
recurrent UTI compared to placebo or no treatment, but
causing the risk of antibiotic resistance of approximately
2.5 times higher [50].

Another systematic review concluded that continuous
antibiotic prophylaxis in children is not recommended
due to its limited efficacy and the risk of antimicrobial
resistance, but could be suggested for those with sig—
nificant obstructive uropathies until surgical correction
[52]. Meanwhile, another multicenter randomized trial
demonstrated that continuous antibiotic prophylaxis
presents a small but significant advantage in prevent a
first event of UTI in UTl-nalve infants with grade Il or
severe vesicoureteral reflux. However, the authors also
reported that continuous antibiotic prophylaxis showed
an increased prevalence of non-E. coli organisms and
antimicrobial resistance [53].

Considering the controversial efficacy of antibiotic pro—
phylaxis and the probability of antibiotic resistance, a va—

riety of novel strategies have been tried to prevent UTI
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in pediatric population [43,54].

2. Nonantibiotics Prophylaxis for Pediatric UTI

Table 1 summarized the concurrent studies which
evaluated the therapeutic effect of nonantibiotics pro-
phylaxis, comparing that of conventional antibiotic pro-
phylaxis in pediatric population [565-69].

1) Human breast milk

Breastfeeding is suggested to play a key role in the
induction and education of pediatric immune system,
protecting children [70]. Indeed, breastfeeding might be
a cost-free, natural prophylaxis against pediatric UTI,
particularly during the first 6 months of life [71]. Breast-
feeding during this period is known to affect the diversi-
ty of the gut microbiome, with greater Bacteroides and
Bifidobacterium [30]. Furthermore, as human breast milk
contains high level of immunoglobulins [72], human
breast milk could provide antibacterial effect by prevent-
ing bacterial adherence to the gastrointestinal mucosa
and urothelium [73].

The presence of the human milk oligosaccharides
(HMOs) might explain how breastfeeding could prevent
pediatric UTI. HMOs are the third most important com-
ponent in human breast milk, improving the gastrointes-
tinal barrier and promoting a Bifidobacterium-rich gas-
trointestinal microbiome, which provides protection
against infection [74]. Moreover, HMOs act as soluble
decoy receptors for surface adhesins of a variety of
pathogens, blocking uropathogens from urothelium [75].

However, the protective effect of human breast milk
against UTI in vivo remains rather controversial. Lin et al.
[76] suggested that HMOs could protect bladder epithe-
lial cells from cytotoxicity and proinflammatory effects
by uropathogenic E. coli (UPEC). In contrast, a prospec-
tive study in 2018 failed to show any correlation of
breastfeeding with the number of UTI episodes within 5

years [77].

2) Cranberry products
Oral intake of cranberry products, primarily in juices,
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have been used as a folk medicine for centuries to pre—
vent and treat UTI [78]. Although no definitive mecha—
nism how cranberries prevent UTI has been established,
several hypotheses have been proposed. Recently, an—
thocyanidins and proanthocyanidins, which are tannins
(polyphenols) are suggested to explain the antimicrobial
mechanisms of cranberries [54]. The isolated A-type
proanthocyanidin oligomers purified from cranberries in—
hibited adhesion of P-fimbriated UPEC adhesion to
uroepithelial cells [79], depending on the concentration
of cranberry products and the number of cultures the
bacteria were exposed to cranberry products [80]. In
addition to proanthocyanidins, other phenolic compo—
nents such as myricetin and quercetin [81], or xyloglucan
oligosaccharides [82] are also suggested as potential in—
hibitor against the adhesion of P-fimbriated UPEC to
bladder epithelium. Moreover, cranberry products could
also modulate human gut microbiome [83] and probably
preventing dysbiosis of gut microbiome, which could
partially explain the mechanisms how cranberries pre—
vent UTI [84].

To the best of our knowledge, there are 2 meta-anal—-
yses evaluating the efficacy of cranberries to prevent
UTI recurrences in the pediatric cohort. A meta-analysis
including 23 studies with 3,979 patients showed that
cranberry products as adjuvant therapy could substan—
tially decrease the recurrence rate of UTI in susceptible
population, including children [85]. Another meta-analy-
sis concluded that cranberry products could reduce the
risk of UTI recurrence in children with a normal urinary
tract, which was as effective as antibiotic prophylaxis
[86]. In terms of safety issue, cranberry is very safe for
most children, but intaking large amounts could cause
diarrhea [87].

3) Probiotics

Probiotics are defined as “live microorganisms which
could provide a health benefit on the host when admin—
istered in adequate amounts, confer” [88]. Probiotics,
mostly containing Lactobacilli, is also recognized as a

potential prophylaxis against symptomatic UTI recur-
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rence [89]. A multicenter randomized trial showed that
cow’s skim milk fermented with Lactobacillus paracasei
CBA L74 could prevent common pediatric infectious dis—
eases, such as acute rhinitis, tracheitis, laryngitis, phar-
yngitis and otitis media [90,91]. Indeed, Lactobacilli are
prevalent in the healthy vaginal flora, performing an-
ti-biofilm, antioxidant, pathogen-inhibition, and immuno-
modulation activities against vaginal infection and further
UTI [92].

Several articles demonstrated the effectiveness of
probiotics to prevent UTI recurrence in children. For chil-
dren with normal urinary tract, probiotics were more ef-
fective than placebo at decreasing the risk of recurrent
UTI after their first episode of febrile UTI [64]. Another
recent randomized controlled trial showed that probiotics
containing Lactobacillus rhamnosus PL1 and Lactobacil-
lus plantarum PM1 decreased UTI of almost 50% com-
pared to the placebo group [93].

However, the prophylactic effect of probiotics against
recurrent UTI is rather controversial. According to the
Cochrane Systematic Review, probiotics failed to show
significant benefit in the prevention of pediatric UTI
compared to with placebo or no treatment. However, as
the evidence level was limited, the potential benefit of
probiotics was not entirely denied [94]. Another me-
ta-analysis also demonstrated that monotherapy of pro-
biotics did not reduce the prevalence or recurrence of
UTI in children, but showed a moderate efficacy when
used as adjuvant therapy to antibiotics [95]. Meanwhile,
Meena et al. [86] found that probiotics provide more
beneficial effect to reduce the recurrence of UTI in chil-
dren with normal urinary tract. Compared to antibiotics,
probiotics failed to show significant benefit in preventing
UTI, but reduced the risk of antibiotic-resistant bacteria.

There is no consensus with regard to the selection of
probiotic strains, accurate dosage, mode of administra—
tion, or proper duration of therapy. Moreover, a variety of
factors influencing the viability of probiotic bacteria
during production, storage, and delivery until consump-—
tion time, including temperature, pH, molecular oxygen,

and additives may affect the clinical outcomes of probi-
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otics. In addition, the effects of probiotics are
strain-specific, and may not be in other strains of the
same bacteria [43]. In terms of safety, probiotics are
considered to be safe and well-tolerated. The most fre—
quent side effects of oral probiotics included diarrhea,
nausea, vomiting, constipation, and vaginal symptoms
[94].

Although probiotics are mainly administered orally in
children, probiotics could be administered vaginally or as
intravesical instillation. The vagina serves as a potential
reservoir for uropathogens, resulting in UTI [96]. Indeed,
vulvovaginitis is reported to result in UTI by modifying
the perineal microbiome and increased colonization of
uropathogens [97], while the loss of vaginal Lactobacilli
raises the risk of colonization with uropathogenic mi-
crobes [89]. In addition, probiotics maintain vagina’s
characteristic low pH, by producing lactic acid [43].
Therefore, it would be reasonable to suggest that vaginal
probiotics as an efficient method to prevent recurrent
UTI. Although the preliminary observational studies have
shown promising results in adults, there is a lack of
studies on the efficacy of vaginal probiotics in children.

Stapleton [96] reported that vaginal probiotics contain—
ing Lactobacillus crispatus (Lactin-V; Osel) significantly
prevented UTI recurrence in premenopausal women.
The side effects included vaginal discharge, itching, or
moderate abdominal discomfort. Gupta and colleagues
[89] also demonstrated that either vaginal probiotics or
in combination with oral probiotics could effectively pre—
vent recurrent symptomatic UTI episodes in premeno—
pausal women, without no serious adverse events.

Regarding intravesical instillation of probiotics, Forster
et al. [98] suggested that intravesical instillation of Lac—
tobacillus rhamnosus GG (LGG) could be safe route of
administration, with self-resolved symptoms within one
week. Groah et al. [99] also showed that intravesical
LGG could be safe and well-tolerated in adult and pedi—
atric patients with neurogenic lower urinary tract dys—
function under clean intermittent catheterization. The
same authors reported that intravesical LGG alters the

composition and diversity of urinary microbiome [100].
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4) Intravesical instillation of glycosaminoglycan

The glycosaminoglycan (GAG) layer, which covers the
urothelial epithelium of bladder, forms a barrier to pre-
vent the adherence of uropathogens [101]. Recently, the
GAG replacement therapy with intravesical instillation of
combined hyaluronic acid and chondroitin sulfate is tried
in the patients with recurrent cystitis, post-radiation cys—
titis and bladder pain syndrome, suggested as a potential
prophylaxis against UTI [102,103].

However, there are only 2 studies on the effectiveness
of intravesical GAG replacement therapy in children with
recurrent UTI [104,105]. In 2015, a case-series first re—
ported the efficacy of intravesical hyaluronic acid instilla—
tion in children with recurrent UTI, demonstrating that
86.7% experienced overall complete or partial response
within 24 months [104]. Cicek et al. [105] showed that
intravesical hyaluronic acid instillation significantly de—
creased mean UTls per patient-month during a follow-up
period of 16 months, among the pediatric patients with
spina bifida and neurogenic bladder who undergo clean
intermittent catheterization.

5) Immunostimulants and autologous bacterial lysates

Since the oral vaccine, Uro-Vaxom/OM-89 was first
approved in Europe, immunostimulants have become a
promising prophylaxis against recurrent UTI, providing
UTl-free rates of 55%-90% [106]. A recent meta-analy—
sis suggested that vaccines could be effective in the
short term (6-12 months) at reducing recurrent UTI for
adult females, but the evidence level was limited [107].
Another systemic review also showed that immunostim-
ulants could decrease the risk of UTI recurrence com-
pared to placebo [108].

However, a majority of previous studies on the effica—
cy of immunostimulants included only adult population.
Only a few studies assessed the effectiveness of im—
munostimulants in children. A recent meta-analysis re—
ported that immunostimulants could reduce the risk of
acute upper respiratory tract infections by 39% in chil-
dren, despite limited quality of evidence [109]. To the
best of our knowledge, there is no previous studies on

90

the efficacy of immunostimulants for prevention of pedi—
atric UTI.

Autologous bacterial lysates are manufactured with
the isolated bacteria from the infected site, inactivated
by heat, and homogenized in a suspension, favoring im-
munoglobulin (Ig) G and IgM production and T-lympho-
cyte activation [110,111]. In adult, autologous bacterial ly—
sates were reported to reduce UTI recurrence [112]. A
prospective study also showed a promising result in
children with recurrent UTI due to congenital anomalies
of the urinary tract after surgical intervention, showing
insufficient response to antimicrobial therapy. The autol-
ogous bacterial lysates reduced the presence of E. coli
in the urine culture from 92.5% of patients at the begin—
ning of the study, to 55.5% and 34% for the second and
third months, respectively [113].

CONCLUSIONS

With advanced techniques such as EQUC and
high-throughput molecular gene sequencing analysis,
the presence of urinary microbiome is now well-known.
Recently, the urinary microbiome has been recognized
to play an important role in maintaining homeostasis and
health of urinary tract. In childhood, starts to mature and
changes with age, stabilizing in the adulthood. The im-—
balance or dysbiosis of the urinary microbiomes may
cause a variety of pediatric urinary tract disease, includ—
ing UTL. Indeed, the potential effect of manipulating uri-
nary microbiome on the prevention of UTI seems prom-
ising. Further larger scale, well-designed, prospective
studies are required to elucidate the association be-
tween the urinary microbiome and the common risk
factors of pediatric UTI, including vesicoureteral reflux,
obstructive uropathy, overactive bladder, or neurogenic
bladder. This will enable the development of novel mi-
crobiome-based prophylactic strategies to control recur—
rent UTI in children.
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