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New paradigms of urinary tract infections: Implications
for patient management
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ABSTRACT

Urinary tract infections (UTIs) represent one of the most commonly acquired diseases among the general population as
well as hospital in-patients, yet remain difficult to effectively and consistently treat. High rates of recurrence, anatomic
abnormalities, and functional disturbances of the urinary tract all contribute to the difficulty in management of these
infections. However, recent advances reveal important molecular and genetic factors that contribute to bacterial invasion
and persistence in the urinary tract, particularly for the most common causative agent, uropathogenic Escherichia coli.
Recent studies using animal models of experimental UTIs have recently provided mechanistic insight into the clinical
observations that question the effectiveness of antibiotic therapy in treatment. Ultimately, continuing research will be
necessary to identify the best targets for effective treatment of this costly and widespread infectious disease.
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INTRODUCTION

A variety of bacterial pathogens are responsible for
causing urinary tract infections (UTIs), but the most
prominent are Escherichia coli, Enterococcus spp.,
Pseudomonas aeruginosa and mirabilis, Klebsiella
pneumoniae, Candida albicans, Enterobacter spp.,
and coagulase-negative Staphylococci. However, it
is the uropathogenic E. coli (UPEC) strains that are
the primary causative agents of up to 90% of UTIs.
Formally, UPEC is defined traditionally, as other
E. coli strains, by the presence of somatic, capsular
polysaccharide, and flagellar antigens (O, K, and H
respectively). Among UPEC variants, the O antigens
1,2,4,6,7, 8, 16, 25, and 75 occur more often than
others. While the K and H antigens appear to have no
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significant trends, the K1 antigen, typically associated with
ExPEC (extraintestinal pathogenic E. coli) strains causing
neonatal meningitis [NMEC], can be found among the more
virulent strains of UPEC.!!

UPEC strains are similar to other pathogenic E. coli strains
in that they generally carry larger genomes than K12 or
commensal E. coli isolates, most likely due to the survival
needs outside the human intestinal tract.!! To date, the
genomes of three UPEC isolates have been fully sequenced:
two pyelonephritis isolates, CFT073 (0O6:K2:H1) and 536
(06:K15:H31) and one cystitis isolate, UTI89 (O18:K1:H7).
While no unique genetic factors have yet been found specific
to UPEC, the sequenced isolates indicate that UPEC encodes
more virulence factors than K12/commensal strains.” These
include a-hemolysin, cytotoxic necrotizing Factor 1 (CNF1),
lipopolysaccharide (LPS) modification systems, virulent
capsule antigens, iron acquisition systems including the
sidereophores aerobactin and enterobactin, proteases, and
a variety of pili including Type 1, P, S, and F1C.!'?

Clinical challenges to the management of urinary tract
infections

Clinical urologists continue to face challenges in the
management of UTIs. For instance, the rapid identification
and treatment of patients with complicated UTIs remains
an important problem. Fortunately, certain anatomic factors
contributing to classification of a UTI as complicated can be
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remedied quickly and effectively to minimize the morbidity
associated with the UTIL For example, anatomic urinary
tract obstruction (i.e. stone, stricture) can be alleviated with
internal or external drainage during the acute infectious
period prior to definitive management of the etiology
causing the obstruction. However, ultimately the efficacy
of future therapy in patients with complicated UTIs will be
impaired unless the underlying complicating factor(s) are
identified and appropriately managed.®’Another common
etiology of complicated UTIs is functional disturbances of
the urinary tract resulting in abnormal micturition that can
be neurologic or non-neurologic in origin. A frequently
utilized modality to treat the abnormal bladder function in
patients with functional disturbances of the urinary tract
is clean intermittent catheterization (CIC). This has been
shown to be safe and effective since its first introduction by
Lapides in 1972.1 CIC has revolutionized the approach to
lower urinary tract disease states. However, an unfortunate
consequence of CIC is a high incidence of bacteriuria, with
rates ranging from 15-85%.5¢ The clinical sequela of the
bacteriuria is unclear as the incidence of UTI in patients
performing CIC varies widely.

The incidence of symptomatic UTI developing in patients
with normal lower urinary tract function and untreated
bacteriuria can also vary dependent upon patient population.
Specifically, in pregnant women, the rate of development
of symptomatic UTI with untreated bacteriuria can be as
high as 30%, which can then precipitate preterm labor.”
Therefore, nearly every pregnant woman diagnosed with
bacteriuria on screening urine cultures will be offered
treatment to avoid the complications associated with
preterm labor. Similarly, untreated bacteriuria detected
on screening urine cultures in school-age children with
normal urinary tracts has the potential to develop into a
symptomatic UTI in approximately 10%.® Lastly, in one
study, untreated bacteriuria detected on weekly screening
urine cultures in 14 patients over a six-month period who
performed CIC with a normal upper urinary tract resulted
in five symptomatic UTIs developed during the 323 week
follow-up period.”” The authors of this study concluded that
“attempts to eradicate bacteriuria should be deferred until
proven beneficial”. Clearly, the treatment of bacteriuria is
highly dependent upon patient demographics and better
descriptors are needed to identify those patients that have a
need for continuous antibiotic therapy to prevent sequelae.

Intracellular lifestyle of UPEC

UTIs are the result of a complex series of interactions
between the uropathogen and the host that can result either
in asymptomatic disease (commensalism) or symptomatic
disease 3. 17 of the bladder, kidney, or both. Important
factors that influence the outcome of UTIs include: virulence
factors of the uropathogen, functional and anatomical status
of the urinary tract, inoculum size, genetic factors, and the
competency of the host immune system.'?
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The bladder itself is a hostile environment for bacteria in
general. Except for P. mirabilis which produces a urease,?
there are no nutrients available in the urine. Furthermore,
bacteria that come into contact with the epithelial cells of
the bladder can trigger innate immune responses initiated
by Toll-like receptor 4 (TLR4), among others, which is
responsive to the LPS produced by many bacteria, and
UPEC specifically. This immune cascade results in the
production of various proinflammatory cytokines and
chemoattractants, including IL-8, important in neutrophil
recruitment. The host can also respond with other innate
immune phagocytes such as macrophages, or by producing
antimicrobial peptides, and, the most drastic response, total
exfoliation of the superficial layer of bladder epithelial cells
(recently reviewed in:12, 13).013.14

Once thought to be strictly an extracellular pathogen,
recent studies from the murine cystitis model!’>?! have
established a new intracellular paradigm of UPEC infection
within superficial bladder epithelial cells. Intracellular
growth within superficial epithelial cells of the bladder
provides many advantages to UPEC including: access
to nutrients enabling robust intracellular growth,!>1%2!]
evasion of professional phagocytic cells,”*?% avoidance
of expulsion,!'®17%! and protection from the antibacterial
properties of urea, ammonium, and osmolarity of urine.?
Time-lapse fluorescence video microscopy of infected
murine bladders revealed that UPEC proceed through a
complex developmental pathway forming biofilm-like
communities termed intracellular bacterial communities
(IBCs).?Y This study was instrumental in that it unified
previously described pathogenic events from single time
points into a comprehensive model of UTI pathogenesis
that elucidates four separate developmental stages of the
IBC pathway. After invasion, early IBCs appear as loose
collections of non-motile rods that rapidly divide within
the cytoplasm of the bladder epithelial cells.*" Middle IBCs
occur approximately 6-8 h following infection as colonies
of tightly packed, coccoid bacteria exhibiting biofilm-
like traits with slower growth rates.”!! Concurrent with
maturation into the coccoid morphology, a subpopulation of
the intracellular bacteria becomes filamentous. During late
stage IBCs, coccoid bacteria differentiate into motile rods
that disperse from the IBC in a flagellar-mediated process
called fluxing.”! Finally, egressing out of the infected
epithelial cells enables UPEC to re-enter the IBC cascade
through multiple rounds, albeit with slower kinetics to
eventually establish a latent infection.?" Additionally, the
subpopulation of elongated, filamentous bacteria inhibit
killing by polymorphonuclear neutrophils PMNs,?* as well
as promoting adhesion to the underlying layer of cells in the
bladder after exfoliation, allowing the bacteria to enter the
latent phase of the infection cascade [Figure 1].1%!

Studies have demonstrated that the IBC pathway is neither
limited to a single UPEC isolate nor to a single mouse strain.”
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Figure 1: Intracellular lifestyle of UPEC. The cartoon depicts the stages through which UPEC (blue and green) proceeds during infection of superficial bladder epithelial
cells (SBECs). The intracellular residence protects from polymorphonuclear leukocyte (PMN) attack. See text for details

For instance, IBC formation was found to occur in five
genetic backgrounds of inbred mice strains.””? Additionally,
the majority of UPEC strains isolated from women with
different UTI syndromes [asymptomatic bacteriuria,
recurrent cystitis, pyelonephritis, and acute cystitis] were
competent for IBC formation in the murine cystitis model.?”
Although each of the UPEC strains from the UTI syndromes
were proficient at IBC formation differences were observed
in the size and number of IBCs as well as the kinetics of
infection.” Intriguingly, IBCs derived from acute cystitis
isolates were both significantly smaller and less numerous
when compared to the other UTI syndromes. These results
suggest that IBC formation is a common attribute of UPEC
strains and that the propensity of a given strain to form IBCs
may be associated with persistence in the urinary tract.l”]

Strikingly, evidence of the IBC pathogenic cycle was found
in the urines of women with acute cystitis.”®! Rosen et al.,
observed that IBCs shed into the urine of women with
cystitis were indistinguishable from exfoliated IBCs found
in mouse urine upon subsequent histologic examination.?®
Furthermore, filamentous uropathogens 20 pm in length were
found in the urines from several other Gram-negative species
including UPEC, Proteus mirabilis, Klebsiella pneumoniae,
and Enterobacter aerogenes.”® However, neither evidence
of exfoliated IBCs nor filaments were found in the urines of
women with an asymptomatic infection and women infected
by Gram-positive bacteria.’?® This evidence is consistent with
recent reports that intracellular bacteria were not observed in
biopsies of patients with neurogenic bladder who experience
numerous episodes of asymptomatic bacteriuria.”” Indeed,
when biopsies were performed on women with recurrent
UTIs it was determined that 88% of biopsies contained bacteria
upon the urothelium by scanning electron microscopy SEM
analysis and bacteria could be recovered from 50% of the
biopsies of women with sterile urine cultures.®”

Clinical implications of IBC cascade

The evidence that an intracellular bacterial reservoir is
established in both mice!™?” and humans®! has several
important clinical considerations for the management of
UTIs. Prophylactic antibiotic therapy has been a mainstay
for treatment of recurrent urinary tract infections. With
the rise in antibiotic-resistant pathogens and the discussions
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of whether all patients require antibiotic therapies, it is
important to identify new algorithms for treatment built
upon evidence-based investigations. To fully evaluate the
effectiveness of antibiotic treatment against UTIs, Mulvey
and colleagues recently evaluated the efficacy of eight
different classifications of antibiotics on the eradication of
intracellular UPEC in the mouse model for human UTI. These
investigators determined that three-day oral treatment with
any of the antibiotics, including those capable of intracellular
accumulation, had no effect on the latent bacterial burden
in the bladder.®'3? Importantly, the quiescent intracellular
reservoirs avoided elimination despite the presence of
antibiotic concentrations in the urine that greatly exceeded
the minimal inhibitory concentration.®) When the bacteria
were liberated from the bladder epithelium, the antibiotic
sensitivity was enhanced, suggesting that the intracellular
compartment, as well as the IBC structure, provide significant
protection from antibiotic therapies. These observations
further complicate evaluation of treatments given that sterile
urine does not correlate with sterile bladder tissue.*? These
results could provide an explanation to the epidemiological
findings that upwards of 68% of recurrences are caused
by bacteria that are isogenic to the original strain.!**3’
Furthermore, each IBC is clonal, that is, invasion of a single
UPEC is sufficient to support all of the growth observed
within a single epithelial cell.*”! In addition, a single epithelial
cell can support at least 10° UPEC individuals,*! indicating
that invasion of a single bacterium is sufficient to initiate an
acute infection. This new paradigm for recurrence parallels
clinical observations and changes the management for
treatment of these infections from a “hygienic problem” to
an antibiotic-insensitive latent infection.

In summary, researchers are beginning to uncover the
molecular details that underlie UTIs. Specifically, new
diagnostic and therapeutic approaches based on the
combination of host genetic factors, innate immunity,
and bacterial virulence factors are needed to identify the
patients most prone to UTIs to avoid the cost and potential
side-effects of treatment.*?) Fortunately, advances being
made in both basic and clinical scientific research of the
urinary tract in patients and animal models are providing
some explanations and insight into the clinical problems
that remain with the management of UTIs. Improved
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knowledge of the genetics, uropathogen virulence factors,
and host immune responses to UTIs will enhance the ability
of clinicians to more readily distinguish high-risk patients
from uncomplicated patients, which is necessary to prevent
major sequelae in these high-risk patients.
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