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Abstract

Purpose of Review While antibiotics have been a staple in the management and even prevention of urinary tract infections
(UTTs), it is not without significant consequences due to intolerance and development of antibiotic resistant bacteria. These
concerns necessitate alternatives to antibiotic use in the management of pediatric UTIs. This review seeks to evaluate non-
antibiotic means of preventing UTI in the pediatric population.

Recent Findings The search for preventative alternatives to antibiotics has included D-mannose, cranberry, and probiotics.
These products similarly work through competitive inhibition of uropathogens in the urinary tract.

Summary Pediatric studies exist highlighting the use of cranberry extract/juice and probiotics in UTI prevention, although
significant heterogeneity amongst studies have limited overarching recommendations for their use. Data of D-mannose use
is extrapolated from adult literature. More studies are required in the utility of each treatment, with some emphasis on larger

sample sizes and clarifications regarding dosing and formulation.

Keywords Urinary tract infection - Pediatric - Probiotics - D-mannose - Cranberry - Proanthocyanidin

Introduction

The burden of urinary tract infections (UTIs) on patient and
family and health care systems is extraordinary. UTIs are
one of the most common outpatient bacterial infections,
with approximately 150 million cases diagnosed worldwide
each year [1, 2]. In the United States (U.S.) alone, they are
responsible for 8 million physician visits per year and annual
hospitalization costs of $2.8 billion dollars [3, 4].

UTIs affect 2.4-3.4% of children in the U.S. annually [5,
6]. Of these, 12-30% will have a subsequent UTI [7-10].
The long-term sequelae of UTlIs is of particular concern in
the pediatric population. UTIs can lead to renal scarring with
resulting hypertension and renal damage that may progress
to ESRD [11-13]. The risk of renal scarring only increases
with the number of UTIs [14], necessitating a focus on UTI
prevention in this particular population.
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Current Landscape of UTI Management

While the acute management of UTIs has centered on antibi-
otic use, means of preventing UTIs in UTI-prone individuals
is somewhat more difficult to clarify. Surgical interventions
can be used to address certain anatomic factors believed to
be predisposing the pediatric population to infection, such as
vesicoureteral reflux (VUR) or obstructive pathology. Anti-
biotics have also been utilized as a preventative measure in
cases of recurrent UTIs, showing a decrease in female recur-
rent UTIs in the adult literature [15]. Controversy exists,
however, over the efficacy of prophylactic antibiotic use to
prevent UTI in the pediatric population, drawing into ques-
tion its regular practice. Certain seminal pediatric studies
have demonstrated that antibiotic prophylaxis decreases the
risk of UTI in children with a history of prior UTI (with
and without VUR) [16, 17]. Antibiotic prophylaxis to pre-
vent UTIs is actually a recommendation in the American
Urological Association guidelines in certain children with
VUR [18]. A 2019 Cochrane Database systematic review
looking at the impact of antibiotic prophylaxis in pediatric
patients with primary VUR, however, did not show a ben-
efit of low dose antibiotic prophylaxis in preventing repeat
symptomatic and febrile UTIs [19].
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In addition to questions of antibiotic prophylaxis efficacy,
there are real concerns regarding antibiotic overuse and ris-
ing bacterial antibiotic resistance rates [20]. The Center for
Disease Control defines antibiotic resistance as “one of the
greatest public health challenges of our time” [21] and links
rising patterns of resistance to antibiotic use. Concerns with
use of antibiotics in UTI management exist, with a system-
atic review in JAMA Pediatrics finding an increased risk of
multidrug resistant UTIs in children with VUR on antibiot-
ics prophylaxis versus placebo [22].

Altogether, such complexities limit the use of antibiotics
in UTI prevention. Antibiotic-independent means of UTI
prevention are needed to provide safer and potentially more
effective alternatives to limit UTI development. Such prac-
tices have included probiotic use as a means of competitive
inhibition to prevent uropathogen survival and access to the
urinary tract; and D-mannose and cranberry products to
prevent bacterial attachment. This review will highlight the
literature that exists on the use of these products in prevent-
ing pediatric UTIs.

Targeting Bacterial Means
of Uropathogenesis

Means of preventing UTIs include preventing or limiting
microbial access to and growth in the urinary tract. Uropath-
ogenic bacteria arise mainly from the gastrointestinal system
[23, 24]. An important first step in UTI development is the
ascent of such bacteria from the perineum into the urinary
tract [25]. Subsequently, the bacteria must adhere to the
uroepithelium lining the urinary tract to prevent immediate
loss in the urine and thus enable bacterial proliferation, bio-
film formation, and bacterial infestation of the urinary tract
[26-29]. These two initial steps are crucial to UTI pathogen-
esis. As such, preventing either of these steps from occurring
could alter UTI susceptibility.

Bacteria adhere to glycoprotein receptors on uroepithe-
lial cells via structures called pili. The type 1 pilus is one
of the most characterized and highly conserved pili in the
chaperone-usher pathway. It is expressed by 80-90% of
uropathogenic Escherichia coli (UPEC) strains. It is con-
sidered ““mannose-sensitive” given its ability to interact with
mannosylated receptors on uroepithelial cells via FimH, a
bacterial adhesin at its tip, that is inhibited by the presence
of fructose [30]. The P pilus is another pili involved in bacte-
rial attachment but is considered “mannose-resistant” due to
its resistance to fructose [31]. The P pilus is overrepresented
in clinical bacteria isolated from the kidney in patients with
pyelonephritis while type 1 pili are linked to bladder infec-
tions [32, 33]. D-mannose and cranberry products have been
investigated as potential interventions in UTI development
due to their ability to limit bacterial attachment.

@ Springer

D-mannose

D-mannose is a monosaccharaide isomer of glucose that is
normally involved in human metabolism [34, 35]. D-mannose
has a similar structure to the binding site of uroepithelial
glycoprotein receptors. It can thus competitively inhibit
uropathogen bacterial attachment to the urinary tract [34, 36].
Formulated as a powder, it is rapidly absorbed in the gastroin-
testinal tract and excreted in the urine [35, 36]. In vivo stud-
ies have shown D-mannose to reduce bacteriuria in animal
models of UTI [37, 38].

Overall, there are relatively few clinical studies of D-mannose
use in UTI prophylaxis, with no studies performed in children.
Thus, we can only extrapolate the potential utility of D-mannose
in preventing UTIs from adult data. In one of the only rand-
omized controlled trials of D-mannose monotherapy use in UTI
prophylaxis, women with recurrent UTIs were randomly assign-
ing to (1) daily D-mannose (2 g) (n=103); (2) daily antibiotic
(nitrofurantoin 50 mg) (n=103); or (3) no intervention (n=102)
[34]. Daily D-mannose or antibiotics significantly reduced the
rate of recurrent UTI compared to no intervention after 6 months
of use (14.6% and 20.4% vs. 60.8%, respectively; p <0.001).
There was no significant difference in UTI recurrence between
those on D-mannose and nitrofurantoin; D-mannose use, how-
ever, had fewer patient reported side effects than nitrofurantoin
(7.8 vs. 27.2%; p<0.0001). This single study would suggest that
D-mannose is as effective as antibiotics in preventing adult UTTs,
with a benefit of fewer side effects. Further studies are needed,
with a randomized controlled double-blinded study proposed
in the UK (the MERIT study) to start in 2021, comparing D-
mannose to placebo alone in preventing recurrent UTIs [39].

Other adult studies have evaluated D-mannose as part
of a panel of ingredients taken for UTI prophylaxis. Typi-
cally, these studies have found that D-mannose added to
varying cocktails of dietary supplements decreases UTIs
compared to no treatment when taken by adult women
(both premenopausal and peri-menopausal) [40-42]. The
studies, however, have generally been small with incon-
sistent supplemental products combined with D-mannose.

Systematic reviews of D-mannose use in adult UTT pre-
vention have typically found some benefit, though acknowl-
edging concerns regarding the small overall number of
studies and issues with study quality, marred by varied
study design and poor description of dosing, frequency, and
duration of use. In addition, none of these reviews included
children [43, 44e, 45]. Lenger et al. found a pooled rela-
tive risk of UTI recurrence when comparing D-mannose to
placebo of 0.23 (95% CI 0.14-0.37), showing a protective
effect of D-mannose compared to placebo. The pooled rela-
tive risk of UTI recurrence when comparing D-mannose
to antibiotic prophylaxis was 0.39 (95% CI 0.12-1.25),
suggesting a possible similar effectiveness between the
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two therapies. They concluded that D-mannose appeared
protective of recurrent UTIs when compared to placebo
and is possibly as effective as antibiotics [44e]. Compli-
ance was high, with diarrhea reported as the primary side
effect in 8% of patients taking 2 g of D-mannose for at least
6 months [43].

Unfortunately, concerns regarding the bioavailability of
D-mannose may limit its use [30, 35, 36]. Synthetic
carbohydrate-based drugs, called glycomimetics, are being
investigated as more potent inhibitors of FimH binding [30, 37].
Trying to improve upon bacterial attachment blockade with
either increased affinity for uroepithelial glycoreceptors or
through direct FimH antagonism, and as either as mono-
therapy or in combination with other compounds like anti-
biotics, is of great interest and a future direction of develop-
ment [35]. In addition, future studies clearly need to include
pediatric populations.

Cranberry

Cranberry has also been found to affect bacterial attach-
ment in the urinary tract [46, 47]. While initially thought
to limit bacterial viability through urine acidification [48,
49], it is now known that cranberry products actually work
through a variety of other means, including direct impedance
of FimH or P pilus mediated bacterial binding or through
increased Tamm-Horsfall expression which itself limits bac-
terial adherence to the uroepithelium, as well as by alter-
ing bacterial virulence factors such as flagella and P pilus
expression [30, 46, 47, 50-52]. There are likely multiple
components within cranberries responsible for its antibac-
terial/antiadhesive properties, but those identified thus far
include proanthocyanidin (PAC) and B-ring substituted fla-
vones and flavonols [30, 47].

While in vitro studies have demonstrated a role for cran-
berry products in preventing bacterial attachment [51, 53],
clinical data has been more conflicting in demonstrating its
usefulness in UTI prevention. Results in adult literature have
been varied. An older study demonstrated that cranberry
juice reduced bacteriuria and pyuria in elderly women by
nearly in half [48]. A more recent randomized controlled
trial comparing cranberry juice to placebo did not find an
overall significant reduction in UTI in postmenopausal
women (p=0.82) [54].

The efficacy of cranberry products in preventing pediat-
ric UTIs is even less clear. In a double-blinded randomized
controlled study on the impact of cranberry juice vs. placebo
on overall bacterial colonization of children, cranberry juice
was not found to significantly affect bacterial colonization
in the respiratory tract or colon. In addition, there were no
significant differences in common infectious diseases noted
between groups over 3 months of treatment. There was some

question if the dose of cranberry juice was too low to be
effective and the study was not specifically designed to com-
pare the incidence of UTI between groups [55].

There are few randomized trials specifically evaluating
the impact of cranberry ingestion in preventing UTI in chil-
dren, making it difficult to draw conclusions about its ben-
efit. Studies have been performed in relatively healthy popu-
lations as well as those with anatomic/neurologic anomalies.
Individual studies are highlighted in Table 1. In the largest
study comparing the impact of cranberry juice vs. placebo
on developing a pediatric UTI, the outcome was mixed. The
authors randomized healthy, predominantly female patients
with a history of at least 1 UTTI to either cranberry juice or
placebo. The number of children experiencing an UTI was
not different between groups (p =0.21); there was, however,
a significant reduction in the density of UTIs in the cran-
berry juice group (p =0.035). Antibiotic use was thus also
reduced in those taking cranberry juice [56]. Two other ran-
domized controlled studies found an overall positive effect
of cranberry juice and/or its products on recurrent UTIs as
compared to either placebo alone or also including Lacto-
bacillus [31, 50]. Notably, there was a high dropout rate in
one of the studies (30%), with 3 patients refusing to drink
the juice presumably due to the taste [50].

Pediatric studies comparing cranberry juice to antibiotic
prophylaxis are particularly lacking. In the only study com-
paring cranberry juice to antibiotics taken daily in children
with VUR, investigators found that cranberry juice had
a comparable impact on UTI occurrence as the antibiotic
cefaclor. Study size was noticeably small, however, with only
12 children in the cranberry group vs. 19 taking cefaclor.
Overall, cranberry juice tolerability seemed high, with only
one patient unable to drink it due to tartness [57].

There have been several studies evaluating cranberry
juice intake and UTIs in children with neurogenic bladder
(NGB) on clean intermittent catheterization (CIC), with
mixed results. In an early, single-blinded crossover ran-
domized control trial, there was no significant difference
in UTIs between those taking cranberry juice vs. water
(p=0.6). There was a high dropout rate due to issues drink-
ing the cranberry juice, with only about half of patients com-
pleting the study [58]. A subsequent double-blinded placebo
controlled crossover trial did not find a difference between
those on cranberry concentrate or placebo regarding rates
of bacteriuria on regular urine sample collection or sympto-
matic UTL. It was not, however, powered to evaluate for dif-
ferences in rates of UTI [59]. In the most recent randomized
controlled study comparing cranberry capsule use to placebo
over 6 month increments, investigators found a significantly
lower rate of UTIs (p =0.012) and pyuria (p <0.0001) when
individuals were taking the cranberry capsules. There were
no adverse events/side effects recorded in this study, with
no dropouts [60].
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Competitive Inhibition Through Probiotics

There has been a growing interest in the use of probiotics to
alter patient UTI susceptibility by modifying a patient’s own
gastrointestinal and perineal flora. In general, our bodies are
comprised of a host of bacteria with beneficial health effects
to prevent pathogenic bacterial infection [69, 70]. The flora
of the vagina is important in maintaining good urinary tract
health. Lactobacilli dominate the healthy flora of premeno-
pausal women [71, 72]. They protect the urinary tract by
preventing bacterial adhesion and producing antimicrobial
factors such as acids, hydrogen peroxide, and bacteriocins
[70]. Given the majority of uropathogens arise from the
microbiota of one’s own gastrointestinal tract, methods to
prevent ascending spread of bacteria from this ecosystem to
the urinary tract have focused on boosting the surrounding
healthy microbiota via probiotics and altering the composi-
tion of the potential uropathogens present to help maintain
and improve the microbial balance in the human body [69,
73].

Probiotics are live microbial organisms that confer a
health benefit on the host [74]. The most common microbes
used as probiotics are strains of lactic acid bacteria, a clade
of gram-positive bacteria that lower environmental pH due
to lactic acid formation through lactose digestion. Lacto-
bacillus and Bifidobacterium are examples of lactic acid
bacteria and have been shown in vitro to have antibacte-
rial activity [75]. Their protective effects are believed to be
multiple, including preventing bacterial binding and nutri-
ent acquisition through competitive inhibition and the secre-
tion of biosurfactants that impede uropathogen adherence,
producing antimicrobial substances such as bacteriocins,
hydrogen peroxide, antiseptics, and acidic substances like
lactic acid, modulating innate immunity, and even directly
impacting bacterial virulence by disrupting biofilm forma-
tion [70, 72, 73, 75-78].

There have been studies showing alterations in gut and
perineal flora are associated with an increased risk of
UTI [25, 79]. Initial studies in adults have demonstrated a
lower rate of pathogens in the perineum of healthy patients
compared to those with a history of UTI, despite similar
perineal anatomy [80]. More recently, specific imbalances
or depletion of Lactobacilli in the vagina or perineum have
been associated with an increased risk of UTI [81-83].
While there are fewer reports in the pediatric literature, the
studies that exist also report similar associations between
perturbations in the perineal microbiome and increased
risk of UTI [84]. A study specifically evaluating Lacto-
bacillus bacterial counts in infants found that infants with
a history of UTTI had significantly lower stool, urine, and
periurethral counts compared to controls (p < 0.05) [85].

As such, there has been much interest in using probiot-
ics to alter UTI risk. Early in vitro work demonstrated the
ability of indigenous bacteria to block the attachment of
UPEC to human uroepithelial cells [86]. Further studies
have demonstrated that lactic acid bacteria do have anti-
microbial activity against uropathogenic bacteria [75, 78].

Clinical trials evaluating the efficacy of probiotic use
in children to prevent UTIs have been promising. Studies
are summarized in Table 2. In general, studies have been
performed in those that are high risk for infection, such
as those hospitalized or in those with certain urinary tract
abnormalities that predispose to upper tract infection, like
VUR. In studies evaluating probiotic use exclusively on
preventing UTI, most studies only include patients with a
prior history of UTIL. Probiotic use has been compared to
placebo, antibiotics, and even cranberry supplementation.

One of the first reports specifically looking at using pro-
biotics in a child as a prophylactic means to prevent UTI
was a case report of a 6-year-old female with recurrent
UTlIs who was given Lactobacillus acidophilus twice a day
for 1 month then once daily indefinitely. The case reported
its successful use in eliminating the E. coli serotype found
in the patient’s urine at time of positive culture but also
continuously found in her feces and subsequent resolution
of her recurrent UTIs [87].

Studies comparing probiotics to antibiotic use on recurrent
UTI in patients with VUR subsequently emerged. A group
out of South Korea has performed several studies evaluating
the impact of probiotic (L. acidophilus) to trimethoprim/sul-
famethoxazole prophylaxis either in children with persistent
VUR after 1 year of antibiotic prophylaxis or in infants with
VUR found after first febrile UTI [88ee, 89]. In both rand-
omized controlled studies, they found daily probiotic use as
effective as prophylactic dosing of trimethoprim/sulfameth-
oxazole on preventing UTIs. They did find a significant bene-
fit of probiotics on lowering E. coli antibiotic resistance rates
to trimethoprim/sulfamethoxazole, and even gentamicin in
one of their studies. In both studies, however, their patient
recruitment did not meet their original power calculation.
Another randomized controlled study compared the combi-
nation of a probiotic (L. acidophilus and B. lactis) with daily
antibiotic prophylaxis (nitrofurantoin) to that of daily antibi-
otic prophylaxis alone in children with recurrent UTIs and
unilateral VUR [90]. In 3 years of follow-up, the investigators
did not find a significant difference in UTIs between groups
(»p=0.4). Probiotics in combination with antibiotics may
decrease febrile UTIs as compared to antibiotic alone, but
only after prolonged usage (p =0.03). They did find that those
on probiotics who had an UTI had E. coli strains that were
more sensitive to nitrofurantoin (p =0.02). They concluded
that probiotics may be of use in supplementing antibiotic use.
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There have been several studies evaluating the role of
probiotics in healthy children with presumed normal urinary
tracts. These studies have tended to include an arm of no
treatment to which to compare probiotic use. Two relatively
large studies, one performed in toddlers and one in infants,
found probiotic use significantly lowered UTI rates com-
pared to no prophylaxis [91, 92]. In the study performed
in infants, however, probiotics only maintained their supe-
riority to no prophylaxis in those of male gender on multi-
variable analysis (p=0.032) [91]. In a study of completely
healthy infants without apparent history of UTI, randomized
to formula either supplemented with probiotics or not, they
did not find a difference in incidence of UTIs after 6 months.
The overall incidence of UTI was low, however, potentially
underpowering their results [93]. Similarly, a previously dis-
cussed study comparing probiotic use to cranberry use or
no treatment at all in healthy females found the incidence of
UTI was no different between probiotic use and no interven-
tion (42.3 vs. 48.1%) [31]. Cranberry use was actually more
successful in preventing UTI than both probiotic use and no
intervention (p <0.05).

Systematic reviews and meta-analyses have been performed
to try and formulate some conclusions regarding probiotic use
in children. In general, these reviews do not recommend the
use of probiotics to prevent UTIs due to study heterogeneity
impeding conclusive findings [94]. A review by Hosseini et al.
in 2017 did not find a benefit of probiotic use in children in
reducing the incidence of UTI (RR 0.93, 95% CI 0.85-1.03)
and its recurrence (RR 0.93, 95% CI 0.85-1.02). While there
was no apparent benefit of probiotic monotherapy on prevent-
ing UTI (RR 0.96, 95% CI 0.89-1.04), probiotics as an adju-
vant therapy to antibiotics appeared to reduce the incidence
of UTI (RR 0.92, 95% CI 0.85-0.99) [95¢]. Of promise are
planned future studies, including a randomized controlled dou-
ble-blinded study comparing L. rhamnosus and L. plantarum
use versus placebo in children 3—18 years of age [96]. In addi-
tion, future studies may include use of probiotics locally within
the bladder and/or its evaluation in certain special populations
such as those with NGB [97].

While probiotics show some promise, their role in pre-
venting pediatric UTIs is still unclear. Pediatric studies of
probiotic use tend to be small if not underpowered with sig-
nificant heterogeneity, preventing an ability to perform meta-
analyses. Data is lacking identifying an optimal strain, dos-
age, formulation, and duration of treatment [69]. In addition,
there is no governing agency overlooking quality control in
the U.S. [76, 98]. While generally considered safe with only
mild adverse effects reported such as abdominal discomfort
or flatulence [98], there have been rare reports of Lactobacil-
lus sepsis with probiotic use in pediatric patients [99-103].
Cases tended to involve those with complex medical histo-
ries, including immune compromise (including prematurity),
prior surgery, prior antibiotic therapy, GI abnormalities,

@ Springer

and existing central venous lines. In addition, the long-term
effects of probiotic use in children are unclear.

Conclusions

UTI prevention has significant beneficial ramifications for
patient and family, particularly in the pediatric population.
While antibiotics can be used to prevent UTIs, their use is
not without controversy and risk, necessitating investigation
of alternative means of prevention. D-mannose has not been
investigated enough in the pediatric population to be able
to draw conclusions regarding its use. Cranberry could be
promising but concerns regarding its tolerability may limit
its use. Probiotics show promise as being more effective
than no treatment while as effective as antibiotic prophylaxis
alone or even potentiating the effects in combination with
antibiotics. Studies of higher rigor are needed to enable more
definitive conclusions. The presence of upcoming studies is
encouraging and shows promise of ongoing research in these
treatment modalities.
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