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Abstract Urinary tract infections (UTIs) are common, and
over half of women report having had at least one in their
lifetime. Nearly a third of these women experience recurrent
UTI episodes, but the mechanisms of these recurrences are
not fully elucidated. Frequent use of antimicrobials for treat-
ment and prevention of UTIs and other infections has con-
tributed to the evolution of multidrug-resistant microorgan-
isms globally. This is a looming worldwide crisis that has
created an urgent need for novel strategies for the treatment
and prevention of UTIs. Furthering our understanding of the
mechanisms of recurrent UTIs, from both host and bacterial
perspectives, will be paramount in developing targeted man-
agement strategies. In this review, we discuss recent findings
regarding recurrent UTIs in women, including progress in
our understanding of the mechanisms of recurrence as well
as emerging treatments.
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Introduction

Urinary tract infections (UTIs) are the most common bacte-
rial infections encountered in outpatient medicine with a
strong predilection toward women. More than 50 % of

women experience at least one UTI during their lifetime,
and each year approximately 11 % of women report having
had a UTI [1]. This high frequency leads to significant
healthcare costs; in the United States alone, UTIs cost at
least 2–3 billion dollars per annum [1–3].

Uncomplicated UTIs are infections of the lower urinary
tract that are not associated with functional or anatomical
abnormalities, diabetes, pregnancy, or urinary catheteriza-
tion. The most common organism causing uncomplicated
UTI is Escherichia coli, which causes about 85 % of UTIs
[2]. Using a mouse model, infection of the bladder by
uropathogenic E. coli (UPEC) has been well characterized
[4, 5]. E. coli enter the bladder via the urethra and attach to
the bladder epithelium. These host–pathogen interactions
facilitate bacterial colonization and invasion, triggering ap-
optosis and exfoliation [6, 7] and inducing elevated levels of
cyclic AMP (cAMP) [8]. Upon internalization, UPEC can be
exocytosed in a TLR4-dependent process [8]; however,
bacteria can escape into the host cell cytoplasm, where they
are able to subvert expulsion and innate defenses by repli-
cating into biofilm-like intracellular bacterial communities
(IBCs) [9]. Each IBC matures within hours into masses of
approximately 104 cells from a single invaded bacterium.
Bacteria then flux out of the host cell back into the lumen of
the bladder, where they can invade naïve epithelial cells
again. After an infection is cleared, latent bacterial cells,
termed quiescent intracellular reservoirs (QIRs), can remain
in underlying or superficial bladder epithelial tissue and are
capable of causing recurrent UTIs [10]. Another potential
outcome of these acute events is the establishment of long-
lasting, chronic cystitis characterized by persistent bacteri-
uria (>104 colony forming units (CFU)/ml) and high titer
bacterial bladder burdens accompanied by chronic inflam-
mation and urothelial necrosis [11•]. Selective pressure and
bacterial population bottlenecks during colonization impact
the ultimate fate of disease [12, 13]. Numerous bacterial
factors have been shown to be important in the ability of
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UPEC to colonize the bladder, including capsule, iron acqui-
sition systems, toxins, a virulence plasmid, and pathogenic-
ity islands [14, 15].

Antimicrobials are the mainstay of treatment for UTI. Sev-
eral options are recommended for uncomplicated cystitis,
depending on the patient’s allergy history and the prevalence
of antibiotic resistance in their community. Nitrofurantoin (5-
day treatment) and trimethoprim/sulfamethoxazole (TMP/
SMX; 3-day treatment) are recommended first-line drugs
[16•]. Fosfomycin trometamol (single dose) is another
recommended first-line treatment option, though it has
inferior efficacy and is not used widely in the United States.
Fluoroquinolones (e.g., ciprofloxacin, levofloxacin) are high-
ly effective for cystitis, but are best reserved for more serious
infections given their propensity for causing adverse ecologic
effects such as Clostridium difficile colitis [16•]. Alarmingly,
UPEC is becoming increasingly resistant to many of the
antimicrobials used to treat UTI. Resistance to ciprofloxacin
and other fluoroquinolones is rapidly rising worldwide, which
is another reason to avoid using them to treat UTIs while they
are still useful against other types of infections [17–19].
Additionally, resistance to TMP/SMX is high in many areas
of the world [17, 18], and the drug is not recommended for use
in geographic areas with known or suspected prevalence of
resistance 20 % or higher [16•].

Here, we discuss recent developments in our understand-
ing of UTI in women. We focus on current issues relevant to
recurrent UTIs, including pathogenesis and problems with
antimicrobial management. We also discuss emerging treat-
ments that hold promise for use in addition to or in replace-
ment of antimicrobial therapy. Last, we highlight recent
findings related to UPEC physiology and potentially future
therapeutic targets.

Recurrent UTIs

A significant number of patients have recurrent UTIs follow-
ing antimicrobial treatment. UTI recurs in 25 % of young
women with cystitis within 6 months after their first episode
[20], and the recurrence rate increases with more than 1 prior
UTI [20, 21]. Recurrent UTIs are common in women at all
ages, and some women are troubled with frequent recur-
rences over long periods of time. Although several mecha-
nisms have been postulated to explain recurrent UTI, the
syndrome is not well understood.

Identifying the strain(s) appearing in recurrent UTI episodes
can provide insight into themode of recurrence. Recurrent UTIs
caused by the same UPEC strain can arise from reinfection
from the gut or vagina with the same strain [22] or from QIRs
that can persist in the bladder [10] (depicted in Fig. 1). Re-
currences with strains different than the first infection can only
occur through the invasion of the bladder by another strain.

When different-strain recurrent UTIs occur, the new strain
causing the UTI may dwell in the patient’s gut, as predicted
by the gut–perineal–urethral hypothesis [23], or be introduced
from another environmental source. The rates of same-strain
versus different-strain recurrences have been investigated for
nearly five decades, but estimates of the percentage of same-
strain recurrences vary greatly between studies, as summarized
in Table 1 [20, 21, 24–35]. This dramatic range of results may
arise from differences in the demographics of the cohort stud-
ied, urine collection and bacterial culture methods, definition of
symptoms, treatment regimens, duration of follow-up, and
perhaps most importantly strain typing methods.

A number of findings regarding same-strain persistence of
UPEC in the bladder have recently been described. A temporal
pattern to same-strain recurrences has been identified, as recur-
rent UTIs that occur closer to the initial UTI are more likely to
be caused by the same strain [21].Work in ovariectomizedmice
suggested decreased levels of estrogen can lead to increased

Fig. 1 Possible modes of UTI recurrence. Recurrent UTIs can be
introduced from a number of sources. (1) The same UTI-causing strain
(green bacteria) persists in the gut and repeatedly reinoculates the
bladder. (2) A different strain (red bacteria) is introduced first into the
gut and then colonizes the bladder. (3) Quiescent bacteria reside in the
bladder epithelium and re-emerge periodically to cause same-strain UTI
(green bacteria). (4) A new strain of bacteria is introduced directly into
the peritoneal area from the environment (blue bacteria)
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bacterial persistence in QIRs [36•], possibly explaining the
increased susceptibility of post-menopausal women to UTIs
[37]. Additionally, strains with increased numbers of bacterial
virulence factors, including adhesins, iron uptake systems, and
toxins, were more likely to be associated with same-strain
recurrent UTI episodes than strains with fewer virulence factors
[30]. The function of particular virulence factors also appears to
be important, as some virulence factors are associated with
higher rates of recurrence than others [20, 21, 26, 27, 30, 34].

The populations of UPEC strains in other body sites may
also be an important factor in recurrent UTIs. A recent study
found that theE. coli populations of the gut and the bladdermay
be correlated in recurrent UTI episodes [38••]. In this research,
fecal and urine isolates of E. coli from four female patients with
several recurrent UTIs were analyzed. For each patient, the
majority of E. coli strains isolated from the feces were identical
to the urine isolate at the time of each UTI episode. In two
patients, a recurrent UTI was caused by a different UPEC strain
than the previous UTI, and this new strain found in the urine
had also become the dominant member of theE. coli population
in the gut while the previous urine strain was no longer found.
Importantly, the new strain from one patient was more fit than
the previous strain in both the urinary tract and the gut in a
mouse model, demonstrating that there is not necessarily a
fitness tradeoff between gut and urinary tract colonization. In
addition, some of the same urovirulence factors, including
adhesins and iron acquisition systems, have been shown to
increase persistence of E. coli in the gut [39], indicating that
there is some overlap in the factors that mediate fitness in the
disparate gut and bladder environments. These findings suggest
that the populations of E. coli in both the bladder and gut are

linked, although it is not clear if the new strains were introduced
first in the gut or in the urinary tract.

Taken together, these investigations show that recurrent
UTIs, especially same-strain recurrences, result from com-
plex interactions between the pathogen and host. Given the
frequency of recurrent UTIs, additional research is needed to
understand the mechanisms of recurrences in order to better
predict, treat, and prevent recurrent UTI episodes.

Emerging Treatments for Recurrent UTIs

Increasing antimicrobial resistance is a particular problem for
clinicians managing women with recurrent UTIs. One preven-
tion strategy for women with recurrent UTIs is to use prophy-
lactic antimicrobials. While highly effective, use of long-term
antimicrobials adds selective pressure for increased antimicro-
bial resistance in both the gut and urinary tract. In one study,
UTI prophylaxis with TMP/SMX led to 86 % of fecal E. coli
and 91 % of bacteriuria E. coli isolates being resistant to
TMP/SMX after one month of treatment [40]. Nitrofurantoin
may be associatedwith a significantly lower risk of selecting for
antimicrobial resistance in this population compared with
TMP/SMX, but is comparatively less effective against many
organisms other than E. coli [41, 42]. Nitrofurantoin is not
recommended for long-term use in the elderly and patients with
decreased renal function, as the drug is not delivered to the
bladder in sufficient concentrations and may also cause pulmo-
nary complications [43]. Alternatively, if UPEC are dormant as
reported in QIRs, they may be entirely recalcitrant to antimi-
crobials [44] and unaffected by all antimicrobial prophylaxis

Table 1 Studies of same-strain recurrences of UTI

Study Typing method Cohort age Proportion with same-
strain recurrences*

Pryles 1965 Serotype Not described 15 %

McGeachie 1966 Serotype Not described 16 %

Kunin 1970 Serotype 6–8 yr 20 %

Karkkainen 2000 RAPD-PCR 59 yr (median) 25 %

Ikaheimo 1996 Phenotype, RAPD-PCR 51 yr (median) 33 %

Foxman 2000 Dot blot hybridization, PFGE 18–39 yr 34 %

Luo 2012 PFGE 68 yr (median) 52 %

Foxman 1995 Dot blot hybridization, PFGE 21 yr (mean) 58 %

Skjot-Rasmussen 2011 PFGE 60 yr (median) 62 %

Czaja 2009 PFGE 22 yr (median) 67 %

Russo 1995 PFGE 18–42 yr 68 %

Koljalg 2009 PFGE 38 months (median) 78 %

Ejmaes 2006 PFGE 43 yr (median) 82 %

RAPD-PCR random amplification of polymorphic DNA polymerase chain reaction, PFGE pulsed field gel electrophoresis

* Rate of same-strain recurrences is expressed as percent of total recurrent UTIs that were deemed due to the same strain as the first studied
occurrence
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treatments. In light of the increasing rates of antimicrobial
resistance and the adverse ecologic effects associated with
antimicrobial prophylaxis used for prevention of recurrent
UTIs, there is increasing interest in developing alternative
strategies for treating and preventing this common syndrome.

The efficacy of cranberry products as preventive treatments
for UTIs has been studied extensively but the data from these
investigations are often conflicting. Cranberry studies are com-
plicated by the fact that the mechanism of potential cranberry
effect is unknown; it is possible that cranberries affect host
responses, bacterial physiology, or both. At the bacterial level,
cranberry juice compounds as well as urine from mice fed
cranberry juice decreases the adhesion of UPEC to uroepithelial
cells [45, 46]; in vitro studies of human vaginal epithelial cells
have likewise shown an anti-adhesive effect of cranberry [47].

A recent study of college-age women showed that drinking
cranberry juice did not reduce the incidence of recurrent UTI
compared with placebo [48]. As only a small number of the
patients in either group experienced recurrent UTI, studies like
this are often underpowered to detect statistical differences.
Another recent trial found no difference in recurrence in
younger patients drinking cranberry juice versus a placebo,
but did find that cranberry juice decreased recurrent UTI
frequency in women 50 or more years old [49], raising the
possibility that the efficacy of cranberry changes with age.
Two recent meta-analyses of numerous cranberry trials deter-
mined that cranberry products only have a slight protective
effect, if any, against UTI in most populations [50, 51]. Over-
all, whether cranberry products can effectively treat or prevent
UTIs requires further study to determine conclusively.

A recent pilot study compared the effect of treatment with
ciprofloxacin versus ibuprofen for uncomplicated cystitis
[52•]. Surprisingly, both treatments were equally effective at
symptom resolution and were not significantly different in
bacterial clearance from the bladder. The pilot study was small
and underpowered, but these initial results are intriguing and
suggest that the anti-inflammatory effect of ibuprofen helps
clear bladder infections. This is consistent with the finding
that severe inflammation of bladder epithelial cells predis-
poses mice to chronic and recurrent UTIs [11•]. Alternatively,
ibuprofen could have other unknown anti-infection properties.

As cAMP levels in superficial bladder epithelial cells are
raised during UPEC infection as part of the TLR4-based
immune response, increasing cAMP induction is a potential
therapeutic strategy. When mice were treated with forskolin,
a compound that increases levels of intracellular cAMP, their
bladder epithelia were significantly more resistant to inva-
sion by UPEC [8]. Thus, cAMP inducers could represent a
new class of promising therapeutics, particularly for patients
with defects in TLR4-mediated signaling.

There are other, more specific, therapies being developed
that are based on new knowledge about the pathophysiology
of UTI targeting adhesive pili. Adhesive pili assembled by the

chaperone/usher pathway (CUP), such as type 1 pili, contain
adhesins at their tips that are thought to play an important role
in host-pathogen interactions (reviewed in [53]). Each se-
quenced UPEC strain has been found to encode a multitude
of CUP operons [54]. Some CUP adhesins are known to
recognize specific receptors with stereochemical specificity
[55]. For example, FimH, the type 1 pilus tip adhesin, has
been shown to bindmannosylated glycoproteins, as well as N-
linked oligosaccharides onβ1 andα3 integrins and the pattern
recognition receptor TLR4, which are expressed throughout
the luminal surface of human and murine bladders [56, 57].
Certain mannose analogs, mannosides, can prevent the bind-
ing of FimH to host cells by binding in the adhesin pocket
with greater affinity than mannose [58]. These mannosides
have been effective in vitro and in mouse models in decreas-
ing adhesion of E. coli to bladder epithelium and subsequently
decreasing titers of bacteria that are found in the bladder
during experimental infections [59, 60, 61••, 62–64]. Lead
candidate mannoside molecules have both treated existing
UTI and prevented UTI when used prophylactically in mice
[61••, 63]. Additionally, pharmacokinetic studies identified an
optimized candidate with high oral bioavailability [61••]. These
mannosides are continuing to be refined and will be tested
against human UTIs in the near future.

Another strategy to prevent bacteria from adhering to the
bladder epithelium is to prevent cells from generating CUP pili.
Smallmolecules thatpreventpilusassemblyhavebeen identified
andare termedpilicides [65,66].Themechanismofactionofone
pilicidewasshowntobe inpartdue tobinding to thechaperone to
prevent formation of chaperone-subunit-usher ternary interac-
tions [65]. Pilicides have also been shown to prevent expression
of thegenesencodingtype1piliaswell asotheradhesivepili [67]
by mechanisms yet to be elucidated. Though pilicides have
been mostly studied in vitro thus far, these compounds
are potentially able to thwart infection by preventing
pilus biosynthesis and thus prevent adhesion to epithelial
cells. Pre-treatment of UPEC with pilicides has been
shown to decrease virulence in a mouse model, supporting
the predicted in vivo efficacy of these compounds [68].

Perhaps the most intriguing potential treatment strategy is a
combination of antimicrobials and these new anti-adhesion
molecules. It was recently shown that the combination of
mannosides and TMP/SMX had a synergistic effect and was
more effective in mice than either treatment alone and was also
able to circumvent antibiotic resistance [61••]. Combinations of
mannosides, other antimicrobials, pilicides, or cranberry extract
could potentially become optimal treatments for recurrent UTI.

There have been a number of efforts to create a vaccine
against UTI, particularly to be used in populations with recur-
rent infections (reviewed in [69•]). Vaccine strategies using
whole cell lysates of UPEC and other uropathogens have been
tried in human subjectswith limited success. However, vaccines
developed against iron uptake proteins have been developed
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and shown to be effective in mice [70, 71]. Additionally, a
vaccine against the FimH adhesin elicited protection in mice
[72, 73], and protected cynomolgusmonkeys from colonization
and infection with UPEC [74]. Recently, mice have been
protected from bladder and kidney colonization with a vaccine
that included both FimH and a flagellum component, FliC [75].
Vaccines against other UPEC adhesins, FdeC and PapG, have
also elicited protection against kidney infection in a mouse
model [76] and a cynomolgusmonkeymodel [77], respectively.
Like the emerging chemotherapeutics strategies in other condi-
tions, perhaps a vaccine that targeted multiple adhesins or
physiological structures at the same time could be the most
effective in preventing either cystitis or pyelonephritis in sus-
ceptible populations.

Recent Developments in UPEC Physiology Identify New
Therapeutic Targets

In addition to the role of type 1 pili, new research continues
to identify aspects of bacterial physiology that are important
in urinary tract pathogenesis. Recent findings suggest that
UPEC are able to grow in urine using amino acids as nutrient
sources, and mutants that are unable to catabolize amino
acids are reduced in virulence [78, 79]. UPEC also require
iron siderophores to scavenge iron from the low-iron envi-
ronment in the bladder [80–82], and as described above it has
been suggested that this physiology could be a target for
vaccine development [70, 83, 84]. A recent study uncovered
a surprising new function of the yersiniabactin siderophore:
the ability to scavenge copper from urine, in addition to iron
[85]. Uncovering physiological details such as the role of
amino acids or siderophores not only helps us understand
how UPEC is able to survive in the urine and bladder, but
will also facilitate the development of smart strategies to
target UPEC with minimal impact on the patient flora and
help prevent the rapid spread of antimicrobial resistance
across the globe.

Recently, two-component regulatory systems have
been found to be important in UPEC pathogenesis.
Two-component signaling systems are critical for bacterial
pathogens to adapt quickly to environment changes, and
these systems generally work via a sensor protein, often a
histidine kinase, and a regulatory protein which gets phos-
phorylated by the sensor protein and subsequently alters
gene expression [86]. The two-component regulatory system
QseBC was found to be involved in E. coli UTI [87]. The
QseBC system is involved in regulation of type 1 pili and
flagella expression, and other factors required for virulence
[88]. In the absence of QseC (the sensor kinase), a number
of metabolic genes important for bladder infection are
misregulated, thus attenuating virulence, demonstrating
a potential novel target for therapy [89•].

The Cpx two-component signaling system, consisting of
histidine kinase CpxA and response regulator CpxR, was also
found to contribute to urinary tract pathogenesis [90]. The
Cpx system responds to envelope stress, suggesting that the
bacterial cell envelope integrity is compromised when UPEC
invades the bladder. The Cpx system also regulates expression
of another UPEC attachment fiber, the P pilus [91, 92].
Though P pili are not absolutely required for cystitis, they
provide a competitive advantage in the bladder [93] and are an
important virulence factor for E. coli strains that cause pyelo-
nephritis (reviewed in [94]). A third two-component system,
OmpR–EnvZ, is possibly involved in virulence, likely by
influencing the expression of type 1 pili genes, particularly
in acidic and high-osmolarity environments [95, 96]. These
two-component regulatory systems could provide novel drug
targets. In addition to the anti-adhesion therapies currently in
development, two-component systems would be good targets
because they are exposed to or sensitive to the external envi-
ronment. Interrupting any of these signaling pathways would
not immediately lead to cell death but could disrupt virulence
gene expression and decrease both invasion and persistence of
the bacteria in the bladder.

Other types of stress response systems are also involved in
UPEC pathogenesis in the bladder. The canonical oxidative
stress response is induced in the presence of reactive oxygen
species (ROS) such as peroxide and superoxide. These ROS
can damage enzyme cofactors, DNA, and proteins, ultimately
leading to cell death if the ROS are not managed [97]. ROS
damage is a significant antimicrobial mechanism used by
phagocytic cells during infection. To counteract oxidative
stress, UPEC RpoS is induced during bladder infection to
increase expression of proteins that can eliminate the ROS
produced by invading phagocytes [79, 98]. Nitrosative stress
caused by high levels of nitric oxide is another environmental
stress faced by UPEC in the bladder [99, 100], and UPEC uses
polyamines to help quench such reactive nitrogen species
in vivo [101]. Any of these stress response systems could be
effective targets for therapeutics, as eliminating such responses
would make it harder for bacteria to survive in the bladder as
well as lead to more efficient clearance by the immune system.

Toxin-antitoxin (TA) systems assist in oxidative and
nitrosative stress resistance as well as persister cell formation
[102]. A TA system works by generating both a toxin and
cognate immunity protein (the antitoxin); if the antitoxin is
lost, the cells are killed by the toxin. One TA pair, PasT and
PasI, was recently shown to provide a benefit to UPEC
strains in murine kidney colonization [103•]. The presence
of PasT/PasI also promoted persister cell formation, which
leads to more cells surviving antimicrobial treatment. Inter-
fering with this PasT/PasI system would be a unique antimi-
crobial strategy, as inhibiting only the antitoxin PasI would
induce PasT toxin-mediated killing. Thus, TA systems, in
addition to other factors that promote persister cells, could be
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important targets for therapeutics specifically targeting re-
current UTIs that are caused by recrudescence or QIRs.

Conclusions

Urinary tract infections afflict the majority of women today,
with many experiencing recurrent UTIs. Recent work has
begun to unravel host and pathogen factors that mediate
recurrent UTI, suggesting that management of the disease
will likely require consideration of bacterial reservoirs in
other body sites in addition to the urinary tract. Current
antimicrobial treatments are rapidly selecting for resistant
bacteria, both in the gut and in the bladder, and this practice
is unsustainable. Emerging therapeutics are being developed
to target UPEC without causing antimicrobial resistance and
ideally not disrupting the healthy microbiota in other body
sites. These therapeutics are based on our knowledge of
UPEC physiology, highlighting the importance of continued
investigation of basic microbiology and translational re-
search. Advancing our understanding of recurrent UTIs will
require continued investigations at the nexus of genomics,
bacteriology, and the human microbiome in order to develop
appropriate and responsible treatment strategies.
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