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Abstract

Uropathogenic Escherichia coli (UPEC) is the leading causal agent of urinary
tract infections (UTIs), which present high morbidity and limitations in antibiotic
treatments. UTIs can also manifest as recurrent (RUTIs) in children and adults and
represent a severe public health problem, mainly because there are no treatment
and control alternatives that are 100% effective. Patients with RUTIs have a
decreased quality of life and are prone to significant complications of UTIs, such as
pyelonephritis and urosepsis. Recently, we described UPEC clinical strains related
to UTI that have a high profile of antibiotic resistance [multidrug-resistant (MDR)
and extensively drug-resistant (XDR)] and genes encoding several fimbrial
adhesins, such as FimH of type 1 fimbriae, PapG of fimbriae P, and CsgA of Curli
fimbriae. Recently, the expression of fimbrial adhesins (FimH, CsgA, and PapG)
was shown to be involved in the release of the interleukins (IL) 6 and IL-8 in vitro.
This work aims to present a broad overview and description of the pathogenic
attributes of UPEC, including the infection processes, pathogenicity mechanisms,
and host immune responses, as well as an integral perspective to generate new
studies that would contribute to the implementation of preventive strategies
against UTI.

Keywords: uropathogenic Escherichia coli, resistance, adherence, vaccine, prevention

1. Introduction

Urinary tract infections (UTIs) represent a severe public health problem,
and 150 million cases occur annually worldwide. In addition, approximately
40% of women and 12% of men experience at least one UTI event with symptoms
in their lives. Different epidemiological data have indicated that a quarter of
women who have developed a UTI may present a recurrent infection within six to
12 months [1].
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Despite the regular flow of urine, the physiological barriers, and the different
defense mechanisms of the host, the urinary tract constitutes one of the most common
sites affected by bacterial infection. UTIs originate from the presence of microorgan-
isms in the urinary tract in sufficient quantity to cause clinical symptoms. Depending
on the characteristics of the infectious process and the affected site, UTIs can be
defined as lower UTIs (cystitis) and uncomplicated pyelonephritis; complicated UTIs
with or without pyelonephritis, urinary sepsis or urethritis; and UTIs considered to be
special disease types (prostatitis, epididymitis, and orchitis). Depending on the evo-
lution time, they are considered acute and chronic due to symptomatic and asymp-
tomatic clinical manifestations (Figure 1) [2].

From a microbiological perspective, UTIs exist when pathogenic microorganisms
are detected in the urine, urethra, bladder, kidney, or prostate. Regarding the patho-
genesis of UTIs, most begin as a bladder infection (cystitis) caused by bacteria that
colonize the perineum, later reach the urethra, and finally colonize the bladder. In
cases where cystitis is not properly treated, the bacteria that colonize the bladder can
ascend through the ureters and cause pyelonephritis or acute kidney infection, which
can even lead to permanent kidney damage (Figure 1). In severe cases of pyelone-
phritis, the bacteria infect the epithelium and endothelium in the kidney and thereby
pass into the bloodstream (bacteremia) and cause systemic infection and sepsis, which
can result in fatal consequences for the affected individual [3, 4]. The UTI diagnosis,
in general, is attained using a general urine test, looking for the presence of leukocyte
esterase, the reduction of nitrates to nitrites, the inflammatory cell count (more than
10 cells), and the presence of bacteria. This test has a sensitivity of 75�90% and a
specificity of 70�82%. However, urine culture has the limitation of the ability to have
an adequate sample for the process; if the urine is obtained from a collection bag, the
sensitivity and specificity are very low, since the samples may be contaminated.
Additionally, if urine is obtained by catheter, the sensitivity and specificity are greater
than 70%, while with collection by suprapubic puncture, the presence of any number
of bacterial colonies allows us to ensure the diagnosis. The number of colony-forming
units (CFU) necessary to establish the diagnosis of a UTI depends on the type of
sample obtained, although it has been considered that this number should be equal to
or greater than 105 CFU/mL. In the diagnosis, procedures such as excretory urography
with a voiding histogram and ultrasound can be used, and this approach has gradually
displaced the previous procedure [5].

UTIs are caused by gram-negative and gram-positive uropathogens, in order of
importance: uropathogenic E. coli (UPEC), Klebsiella pneumoniae, Staphylococcus
saprophyticus, Enterococcus faecalis, group B β-hemolytic Streptococcus, Proteus
mirabilis, Pseudomonas aeruginosa, Staphylococcus aureus, and Candida spp. [6].
UPEC is the causal agent of more than 80% of community-acquired cystitis, more
than 70% of unreported acute pyelonephritis, and 3.6�12% of UTIs complicated
by urosepsis [7].

E. coli is a commensal bacterium of the intestinal tract of humans and animals and
is widely distributed in hospital units. Several clinical features of intestinal infections
are caused by extraintestinal E. coli (ExPEC) and diarrheagenic E. coli pathotypes [8–
10]. Meanwhile, the diarrheagenic pathotypes of E. coli tend to produce self-limited
infections. ExPEC causes infections in various nonintestinal anatomical sites, rapidly
progressing to complicated infections of bacteremia, sepsis, and meningitis, which
requires immediate antibiotic treatment. In addition, ExPECs have independent viru-
lence factors that confer their ability to survive diverse ecological niches and cause
damage [10, 11]. Various lineages of ExPEC have been responsible for infections in
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Figure 1.
Urinary tract infection localizations. Men and women have different localizations and usual reservoirs for
complicated UTI. Infection establishment starts in the bladder by FimH adhesin from fimbria type 1 binding to
mannosylated uroplakins, which are strongly associated with invasion processes, and by CsgA adhesin from Curli,
which binds to the extracellular matrix. Some flagellated UPEC organisms are capable of ascending to the ureters
and to the kidney; next, P fimbriae bind to globoside receptors by the recognition of PapG. In male patients, the
forms of infection and probable reservoirs involve the prostate and epididymis. In the prostate, invasion of the
epithelia has also been observed, while in the epididymis, metabolically active UPEC bacteria have been localized
in the ducts. In female patients, the vagina is a reported reservoir. In the prostate, vagina, and epididymis, the
adhesins involved in the adherence and invasive process are not known.
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humans and animals worldwide [12]. The ExPEC pathotypes recognized so far are
neonatal meningitis E. coli (NMEC), sepsis-associated E. coli (SEPEC), avian patho-
genic E. coli (APEC), and mammary pathogenic E. coli (MPEC) [10]. Diarrheagenic E.
coli strains and ExPEC have been recovered from animal infections, such as pneumo-
nia in pigs, bovine and porcine mastitis, pyometra, and UTI in dogs [13, 14].

2. Virulence of UPEC to the urinary tract

UPEC is the leading etiological agent and has been related to more than 80% of
UTIs [15]. The plasticity of this bacterium has allowed it to acquire different patho-
genic attributes as tools to colonize the epithelium of the urinary tract. Analysis of
various UPEC genomes has shown that the acquisition of virulence factors occurs in
pathogenicity islands, plasmids, and phages through horizontal gene transfer [16].
Some virulence factors are secreted, while others are anchored in the outer membrane
as molecules that promote bacterial colonization of the urinary tract and, therefore,
the development of a clinical pathology [17]. Among the main colonization and viru-
lence factors involved in UPEC pathogenicity are toxins, fimbriae, iron acquisition
systems, autotransporter proteins, flagellum, lipopolysaccharides (LPS), and capsules
[7, 18]. Briefly, the pathogenicity mechanism of UPEC mainly begins with adherence
through the participation of three fimbrial adhesins (FimH, PapG, and CsgA), which
are assembled in the distal part (type 1, P, and Curli fimbriae) as shown in Figure 1
[19, 20]. These adhesins interact with cell receptors (α-D-mannosylated proteins,
glycosphingolipids, neuraminic acid, factors that accelerate decay, and extracellular
matrix proteins) in the urinary tract and favor bacterial colonization through different
signaling pathways, generating apoptosis [21, 22]. The expression of α-hemolysin
(HlyA), secreted autotransporter toxin (Sat), and cytotoxic necrotizing factor (CNF-
1) has been related to an increase in the cytotoxicity of UPEC to the urinary tract
(Table 1) [17]. Iron uptake via the yersiniabactin (fyuA) and aerobactin (iutD) sys-
tems are necessary elements for UPEC to colonize and persist in anatomical areas with
low iron levels (Table 1) [17].

Category Proteins Name Function Evaluated in

vaccines

Reference

Adhesin FimH Type 1 fimbriae Adherence to the
uroepithelium; binding to
mannosylated residues

Yes [7, 23–30]

CsgA Fimbriae P Adherence to kidney cells;
binding to sphingolipids

Yes [7, 23]

PapG Curli Adherence to the
uroepithelium; binding to
the extracellular matrix

Yes [7, 23,
24, 27]

Hemolysin HlyA Alpha hemolysin Increase in cytotoxic
capabilities

Yes [17, 23]

Toxin Sat Secreted
autotransporter toxin

Increase in cytotoxic
capabilities

No [17]

CNF-1 Cytotoxic necrotizing
Factor

Increase in cytotoxic
capabilities

No [17]
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UPEC adhesion to the urinary tract cells is an initial process prior to the invasion,
and a mechanism to withstand the flow of urine, the activity of antibodies and pro-
teins with bactericidal properties, and the action of antibiotics (Figure 2) [33]. Inva-
sion occurs through a “zipper” type mechanism, a process that involves the host cell
membrane enveloping the bacteria via the activation of several proteins (tyrosine
kinases, phosphoinositol-3 (PI-3) kinase, and cell division control proteins), which
promote complexes between components of the cytoskeleton (actin, microtubules,
and vinculin) [34]. Each of these steps allows UPEC to survive within macrophages as
a mechanism of dissemination in the urinary tract [35]. In the cytoplasm, the bacte-
rium initiates the formation of intracellular bacterial communities (IBCs) in three
stages [early stage (IBC formation), intermediate stage (IBC maturation), and late
stage (IBC efflux and release)], which are encapsulated in RAB27b spindle-shaped
vesicles to associate with intermediate filaments of urinary tract cells (Figure 2)
[36, 37]. The interaction of LPS with the “Toll”-like receptor (TLR) 4 favors an
increase in cyclic adenosine monophosphate (cAMP) and the expulsion of UPEC
wrapped in RAB27b+ vesicles [36, 38, 39]. TLR4 activation by UPEC via LPS, FimH,
and/or PapG generates an intracellular oxidative state that causes filamentation by

Category Proteins Name Function Evaluated in

vaccines

Reference

Vat Vacuolating
autotransporter toxin

Increase in cytotoxic
capabilities

No [23]

Siderophore FyuA Yersiniabactin Iron metabolism; iron
acquisition

No [17]

IutA Aerobactin Iron metabolism; iron
acquisition

Yes [17, 29,
30]

Ent Enterobactin Iron metabolism; iron
acquisition

No [23]

IroN Salmochelin receptor Iron metabolism; iron
acquisition

Yes [23, 29,
30]

ChuA Heme receptor Iron metabolism; iron
acquisition

Yes [29, 30]

Hma Haem acquisition
protein

Iron metabolism; iron
acquisition

Yes [29, 30]

Iha Iron regulated-gene-
homolog adhesin

Iron metabolism; iron
acquisition

Yes [29, 30]

IreA Catecholate
siderophore (iron-
regulating element)

Iron metabolism; iron
acquisition

Yes [29, 30]

Protectins Iss Increased Survival
Serum factor

Bloodstream survival;
critical for urosepsis
development

No [23]

ProP Proline permease Osmoprotection; survival in
urine

No [31]

Motility FliC Flagella Motility; related to
pyelonephritis develop

Yes [32]

Table 1.
UPEC virulence factors and their vaccine-evaluation status.
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inhibiting bacterial division [40]. The growth of UPEC filaments promotes host cell
lysis, bacterial efflux, and the initiation of a new cycle of infection [41, 42]. Moreover,
UPEC can enter a quiescent state for prolonged periods in exosomes, a mechanism
that favors the bacteria to go unnoticed by the immune system (Figure 2) [43]. The
TRP mucolipin-type channel 3 is expressed on the surface of exosomes activated by
UPEC, promoting the neutralization and exocytosis of exosomes with bacteria in a
quiescent state [44]. The release of UPEC wrapped in spindle-shaped vesicles is
probably promoted by its fusion in the cell membrane of the uroepithelium, where the
increase in the cell surface and distention of the bladder is favored (Figure 2) [45].
The exit of the bacteria from the quiescent state promotes the reinfection of the
urinary tract by the same bacteria, defined as a recurrent UTI (RUTI), and its com-
plications lead to the presence of pyelonephritis and urosepsis [45, 46]. UPEC

Figure 2.
Events associated with recurrence of urinary tract infections. A) Antibiotic resistance: UPEC strains can harbor
resistance genes that allow them to evade the antibiotic function, with eventual failure of the antibiotic treatment.
B) Adherence and invasion of UPEC: Fimbria type 1 binding facilitates invasion of the superficial cells from the
uroepithelium, by the realigning of actin in Rab26b fusiform vesicles. Some of these vesicles can be released. C)
Maturation of the intracellular bacterial community: After the invasion of cells by metabolically active UPEC
strains, the bacteria multiply inside fusiform vesicles in a biofilm-like matrix. The increased stress environment
makes division difficult, and the UPEC organisms appear as filiform nonsegmented bacteria. The maturation of
this structure can lead to different paths. D) Efflux: Filiform bacteria can be released by the fusion of fusiform
vesicles with the cellular membrane. E) Apoptosis: The host cell begins programmed cell death, and apoptosis
results in the release of filiform bacteria. F) Adherence to intermediate cells: The apoptosis of superficial cells
endangers the intermediate cells, and the UPEC bacteria bind to and invade this new layer. G) Quiescence
reservoirs: In the intermediate cell layers, the UPEC organisms become quiescent, and these low-metabolic and
nonmultiplying bacteria can lie dormant until a better environment is encountered, at which time the bacteria can
readily reactivate. H) Strong resistance to phagocytosis: Some strains of UPEC are capable of resisting phagocytosis
by neutrophils. By avoiding reactive oxygen species and resisting bactericidal mechanisms, UPEC organisms can be
released from the phagolysosome.
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pathogenicity, through different mechanisms, promotes colonization, persistence,
and recurrence of infection, although the host also mounts an immune response
against UTIs.

3. UPEC is mainly responsible for recurrent urinary tract infections
(RUTIs)

UTIs are an inflammatory response to the colonization and multiplication of a
microorganism, such as UPEC, mainly in any organ of the urinary system, which are
accompanied by symptoms, such as dysuria, hematuria, urinary frequency and
urgency, and occasionally suprapubic pain [47, 48]. UTIs occur more frequently in
women, and the incidence rate of cystitis has been reported to be 12.6% in women and
3.0% in men in the USA [49]. Additionally, it has been estimated that 25% of UTI
cases will present a new infectious episode after 3 months [50].

RUTIs occur when a patient has more than two episodes of UTIs within
6 months or more than three episodes within 1 year [51]. RUTIs represent a global
health problem and have been related to poor clinical outcomes and a negative
impact on patient’s quality of life [52]. Recurrent cystitis in women and children is
one of the most frequent infections; such episodes are usually disabling and present
a more significant number of symptoms, and more than 80.3% are treated with
various antibiotics. Recurrence prophylaxis is a clinical option; however, 73% of
antibiotic prophylaxis patients have persistent infections and a high percentage
have mental stress [53]. The incidence and prevalence of UTIs vary and depend on
age, sex, and comorbidities. In Mexico, the epidemiological journal of the Ministry
of Health recently reported 4,348,079 cases of UTIs, considering patients from <

2 years to >60 years. UTIs are the third cause of morbidity in the Mexican popula-
tion, with a higher-frequency age group between 25 and 44 years; however, in
pediatric patients, UTIs are the most frequent infections considered healthcare-
associated infections (HAIs). The rate of recurrence of UTIs in pediatrics is
15�20%, especially in the first year of life; after an initial case, the risk increases
with the number of previous occurrences, ranging from 60 to 75% of cases with
three or more occurrences [54, 55]. Timely diagnosis of RUTIs in pediatric patients
is complicated since the signs and symptoms reported by the patient, or in some
cases by family members, may be nonspecific. The damage that a RUTI can cause in
this age group can be reflected in poor growth and anatomical function of the
urinary tract, in addition to the generation of antimicrobial resistance in pediatric
strains [55].

One of the essential characteristics of RUTIs is the number of previous infectious
episodes, and it has been identified that when there is a history of previous episodes,
the recurrence rate is 25% with an increase of up to 75% when there are more than two
episodes [56]. Complications of UTIs can lead to changes in kidney function, even
where the first episode of acute pyelonephritis can be the cause of kidney damage in
57% of cases [3, 57]. In children, one of the most critical risk factors for RUTI is
urinary reflux, alone or in combination with dysfunctional urination [58, 59]. A
second important risk factor is antimicrobial therapy since, in recent years, it has
become more common to observe an increase in resistance to different antimicrobials
in different parts of the world [60, 61]. This situation is complicated in children with
vesical-urinary reflux because they require prophylactic treatment for prolonged
periods, which invariably contributes to the selection of resistant strains.
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Recently, RUTIs have been considered reinfections in the urinary tract; in these
cases, it is considered that the etiological agent is usually different from the one that
caused the initial symptoms. Among the associated microorganisms are Klebsiella spp.,
Proteus spp., and Enterobacter spp., and the participation of new and different strains
of E. coli, a microorganism that in the RUTI is also considered the main agent respon-
sible for this disease. Under this proposal, it has been proposed that the selective
pressure exerted by antimicrobials during therapy is one of the factors responsible for
the emergence of new strains of E. coli resistant to antimicrobials, considering the
intestine as the main reservoir of the bacteria [62].

Generally, RUTIs are caused by different strains than those that caused the original
condition; therefore, a RUTI is considered a reinfection with a new clinical strain [63].
Other studies have reported that in 50�78% of the cases, the collected strains contain
the same characteristics as the identified initial strains; thus, the infection is consid-
ered a persistence of the original strain [64, 65]. The persistence of UPEC strains in
the bladder could be related to their presence as part of the fecal biota for long
periods, leading to recurrent ascending infections [4]. Local treatment of the peri-
neum with antibiotics does not prevent the recurrence of UTIs, which indicates that
the migration of the pathogen from the anus to the urinary tract is not an event
associated with RUTIs (Figure 2) [66]. There are reservoirs of intracellular bacteria
that persist for weeks and months in the urethral epithelium. Likewise, bacterial
communities, as structures similar to biofilms, have been identified in the cells of
women with cystitis. Other data have confirmed that UPEC strains invade the epithe-
lium and form reservoirs of bacteria to produce RUTIs (Figure 2) [67–69]. In a study
carried out from 2007 to 2011, the authors described 75 cases of RUTI whose etiolog-
ical agent was UPEC strains; 52% (39/75) of them were persistent infections, and 48%
(36/75) were associated with reinfections [63]. The average persistence fluctuated
between 15 days and 42 months regarding reinfections. In addition, some patients
presented reinfection by different UPEC strains for more than 36 months. This infor-
mation reflects the importance of both clinical events (persistence and reinfection),
with a high possibility of kidney damage due to the duration of the infectious process.

4. UPEC resistance impacts the course of UTI

Multidrug resistance (MDR) is a critical factor in UPEC strains that cause RUTIs
worldwide due to the high costs of antimicrobial treatments [70]. One of the main
resistance mechanisms is the participation of genes that code for extended-spectrum
β-lactamases (ESBLs) and resistance genes that code for quinolones and sulfonamides
[71]. Additionally, three mechanisms by which UPECr may cause RUTIs have been
suggested: (1) The presence of resistance genes, which can cause treatment failure, as
well as the selection of MDR strains that persist in the urinary tract. UPEC MDR
strains can reactivate once treatment is completed. (2) The activation of invasins,
toxins, siderophores, and metabolic fitness factors allows the invasion of uroepithelial
cells, forming IBCs. In this process, the UPECr strains remain inside the cells of the
transitional urinary epithelium, isolated and protected from antimicrobial treatment
and the host’s immune response. (3) The formation of quiescent reservoirs (QRs) by
UPECr strains is maintained in the deepest layers of the urinary epithelium, where
they can remain for long periods and be reactivated by various signaling systems that
have not been described in detail (Figure 2). These mechanisms can be independent
or act jointly in a single process. For the prevention of RUTIs, specifically in women,
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various treatment options, including continuous antibiotic prophylaxis, accompanied
by behavioral therapy, probiotics, estrogens, and intravesical instillations of
hyaluronate, have been proposed. However, the results have shown variable efficacy
in the short and long term [72].

5. Use of antimicrobials in UTIs

The World Health Organization (WHO) has considered that the excessive use of
antimicrobials is one of the main causes related to the increase in bacterial resistance,
generating an important public health problem of inadequate medical prescription,
excessive use, and increasingly (and sometimes unnecessarily) prolonged times in the
treatment schemes. In addition, the administration of nonoptimal doses and failures in
medication consumption has contributed significantly to the increase in antimicrobial
resistance rates [73, 74]. The purpose of antimicrobial treatments against UTIs is to
use antibiotics that guarantee the eradication of the responsible microorganisms, such
as UPEC; however, it is crucial to consider the exact timing of antibiotic use to avoid
adverse side effects. The selection of antimicrobials will depend on the causal agent,
the sensitivity patterns in the community and/or hospital environment, and patient’s
characteristics (age, sex, pregnancy, anatomical location of the infection, and comor-
bid conditions). Factors related to the antimicrobial to be used include its pharmaco-
dynamics, adverse effect profile, and ease of administration [75].

In general terms, antimicrobial therapy resolves most symptomatic cases of UTIs.
Among the most frequently used antibiotics of choice are trimethoprim-
sulfamethoxazole (TMP-SMX), fluoroquinolones, nitrofurantoin, amoxicillin with or
without clavulanic acid, second- and third-generation cephalosporins, and
aminoglycosides. In recent years, issues related to inadequate drug management, such
as incomplete dosages, intolerance, and side effects, have been host factors that,
together with bacterial resistance to antibiotics, lead to failures in the management
and treatment of infections. In cases of complicated UTIs, the duration of antibiotic
treatment should not be less than 7 days, and between 10 and 15 days is
recommended. Severe infections often require treatment with broad-spectrum ceph-
alosporins, such as cefotaxime or ceftriaxone, or with other beta-lactams that have
excellent activity against microorganisms and good tissue penetration. A clinical study
conducted in the United States of America (USA) showed that of 10,161 urine culture
samples, 17% of E. coli and P. mirabilis isolates, 11% of K. pneumoniae isolates, and 3%
of Streptococcus saprophyticus isolates were resistant to TMP-SMX. However, the fre-
quencies and antimicrobials vary between hospital-acquired and community-acquired
infections; an example is resistance to ampicillin (63%) in E. coli isolates from samples
of nonhospitalized children in Israel.

Recently, in the HIMFG, we described some specific characteristics of 105 UPEC
strains isolated from urine samples of children diagnosed with acute UTIs, observing a
resistance rate of 86% for ampicillin, 69% for amoxicillin-clavulanic acid, and 55% for
nalidixic acid. Regarding the presence of multidrug resistance, 19% of the isolates
were resistant to 3 or more groups of antibiotics. In 2010, a prospective study of UTIs,
including 289 E. coli, isolates showed that 78% were resistant to ampicillin; 60%, to
trimethoprim-sulfamethoxazole; 40%, to ciprofloxacin; 50%, to ceftriaxone; and 32%,
to gentamicin. These data show how resistance to the different antimicrobials used for
treating UTIs is maintained with a high frequency and, in some cases, higher than that
reported in other parts of the world.
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6. Biofilms formed by UPEC favor the development of UTIs

The formation of biofilms by UPEC is a process that is made up of a series of
sequential events, where virulence and aptitude factors are activated and repressed; in
addition, it is regulated by environmental signals that allow the change in the condi-
tion of planktonic cells until the establishment of biofilms, with the relevant changes
in the gene expression of bacterial strains [76, 77]. Bacteria express various virulent
factors through the use of nutrients to form biofilms, which change their spatial
organization and alter the expression of surface molecules as a mechanism of resis-
tance to environmental stress. Changes in environmental conditions within the bacte-
rial biofilm can lead to the emergence of bacterial subpopulations that express
different genes in response to the availability of nutrients and oxygen [78–80].
Biofilms, as highly organized structures, confer an advantage to bacterial pathogenesis
and make eradicating such organisms more complex, resulting in chronic infection.
Biofilm formation during UTIs is an event that can lead to severe infections in hospi-
talized and community patients [81, 82]. UPEC is the uropathogen most closely
related to RUTIs, employing a complex pathogenic cascade to colonize extra- and
intracellular niches during the infectious process [83]. UPEC strains activate numer-
ous virulence factors during colonization of the urinary tract, such as adhesins, toxins,
iron acquisition systems, capsular structures, flagellum, and islands of pathogenicity
[82, 84, 85]. The processes of adhesion, invasion, and formation of CBI as mechanisms
that contribute to the persistence of UPEC are related to the expression of external
appendages, known as fimbriae or pili (Figure 2). Several fimbriae that participate in
the adherence to various epithelia (such as the urothelium) or processes of invasion
and CBI formation, thereby facilitating the persistence of UPEC, have been described
(Figure 2).

Bacterial biofilms are a significant cause of antibiotic resistance and infection
persistence; in this context, biofilm control is essential in reducing MDR bacterial
infections. Recently, the reuse of drugs with anti-biofilm activity has been
implemented in treating UTIs due to UPEC. Auranofin is a drug approved by the FDA
in 1985 for treating rheumatoid arthritis and has shown effectiveness as an
antibacterial agent [86]. Interestingly, auranofin significantly inhibits the biofilm
formation of UPEC strains [87]. Likewise, trans-cinnamaldehyde (CNMA) is a natural
molecule derived from Cinnamomum zeylanicum, which has shown its usefulness in
treating high blood pressure and low blood glucose in diabetic patients. CNMA and its
derivatives maintain an antimicrobial spectrum and anti-biofilm activity against
UPEC at a minimum inhibitory concentration of 50�100 μg/mL. Additionally, they
inhibit flagellar mobility and reduce the production of extracellular polymeric sub-
stances in UPEC [88]. Trans-resveratrol and oxyresveratrol are compounds with
antimicrobial, antiviral, antioxidant, anti-inflammatory, anticancer, neuroprotective,
and anti-biofilm activities against several bacterial pathogens [89–93].

Trans-resveratrol and oxyresveratrol significantly reduce biofilm formation by
UPEC at sub-inhibitory concentrations of 10�50 μg/mL, and they also present an
antivirulence strategy against the persistence of bacterial infections through a reduc-
tion in the production of fimbriae and swarming mobility. Furthermore, t-resveratrol
and oxiresveratrol markedly decrease the hemagglutinating capacity of UPEC and
increase the killing of bacteria by the human blood complex [94]. Finally, many plant-
derived compounds can act in conjunction with existing antibiotics. A synergistic
effect has been demonstrated between Type A procyanidin and the antibiotic
nitrofurantoin at pH 5.8 due to a deregulation process of the expression of UPEC
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fimbrial adhesins [95]. These studies support the need to carry out synergism tests
between various agents used in treating chronic diseases and derived from plants in
conjunction with antibiotics as a strategy to identify anti-biofilm agents and with
antimicrobial effects that support the treatment of infections by UPEC-MDR [87].

7. Fimbria type 1, PapG, and Curli in the CBI process by UPEC

UPEC is the main uropathogen recovered in more than 80% of RUTIs [96]. The
pathophysiology of RUTIs due to UPEC is a complex process that has not yet been
fully characterized. Several studies have described the participation of various viru-
lence factors associated with UPEC pathogenicity, such as adhesion fimbriae: fim
(fimbria type 1), csg (Curli), pap (fimbria P); siderophores: ent (enterobactin), iut
(aerobactin), fyu (yersiniabactin); toxins: hly (hemolysin), sat (autotransporter
secreted toxin), vat (autotransporter vacuolating toxin); and capsule production and
variations in lipopolysaccharides. The presence of metabolic regulators and protectins,
such as iss (factor for increasing serum survival) and pro (proline permease), also have
an essential role in the persistence of UPEC (Table 1) [23].

8. Nonantibiotic alternatives for the treatment of UTIs

The vaccines available for treating of UTIs are products focused on stimulating the
systemic immune response due to the difficulty of stimulating mucosal immunity
[97]. Different bacterial antigens, such as O antigen (major compound of LPS),
FimCH (bound of the FimC chaperone and FimH adhesin), and PapDG (the bound to
the chaperone PapD and PapG adhesin), HlyA and IroN, have generated a systemic
specific response but not generated a response at the mucosa level (Table 1) [24–27].
Indeed, bacterial antigens efficiently induce mucosal immunogenicity via intranasal
(IN), intravaginal, and oral administration. Meanwhile, parenteral administration
induces an inefficient response [98].

The SolcoUrovac® vaccine approach (rebranded StroVac®) is a formulation from
a suspension of 10 E. coli, which were inactivated from different serotypes and
including other uropathogens. Administration through the vaginal mucosa signifi-
cantly reduces recurrent UTIs, according to phase II clinical studies; however, they
have generated adverse reactions such as pain and irritation of the vaginal epithelium
(Table 2) [99, 100]. In a randomized, double-binding, placebo-controlled, parallel-
group study, intramuscular administration of three injections 2 weeks apart showed a
nonstatistical reduction in clinically relevant UTI episodes (86/188 patients, 46.0%)
when compared with the placebo group (97/188 patients, 51.6%). However, the same
data showed a statistical reduction of UTIs in patients with more than seven UTIs in
the previous year [101].

The oral administration of the immunomodulator Urostim®, another
uropathogens lysate, in phase clinical II the one tablet dose for 3 months, stimulates
the cellular phagocytosis and secretory IgA humoral response, without generating
protection against UTIs [31]. Oral administration of OM-89/Uro-Vaxom®, a
lyophilizate biological extract from 18 E. coli strains, reduces RUTIs; however, it pro-
duces adverse effects related to immunological tolerance and clinical manifestations at
the gastrointestinal level (Table 2) [102].
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The ExPEC4V conjugate vaccine is a long-term development for a bioconjugate of
exotoxin A from P. aeruginosa with four polysaccharide antigens of E. coli strains. The
parental vaccination with the tetravalent o-conjugate was well tolerated with mild
adverse events but safe. A preliminary study showed a low UTI reduction; the func-
tional immune response was shown for a bacterial count reduction (Table 2)
[103, 104]. The efficacy and safety of the UROMUNE® (MV140) vaccine showed
only 1.7% of mild adverse responses. This vaccine was generated with glycerinated

Name Formulation Administration Doses and

treatment

duration

Adverse responses

and protection effect

SolcoUrovac®
vaccine (rebranded
StroVac®)

Heat lysate of 10
uropathogenic strains,
Escherichia coli (6),
Morganella morganii,

Proteus mirabilis,

Enterococcus faecalis and
Klebsiella pneumoniae.

Intramuscular
injection

Three
injections of
0.5 mL, at
intervals from
1 to 2 weeks.

Significant reduction in
RUTI. There are no
long-term clinical
studies. Localized
adverse reactions such
as pain and irritation.
Systemic reactions such
as fever, headache,
dizziness, and nausea.

Immunomodulator
Urostim®

Uropathogenic
bacterial lysates from
E. coli, P. mirabilis, E.

faecalis, and K.

pneumoniae

Oral One tablet per
day for two to
three
consecutive
months.

Stimulation of the
cellular and humoral
response. It does not
generate protection.

OM-89/Uro-
Vaxom® vaccine

Lyophilized biological
extract of E. coli (18c).

Oral One tablet per
day for three
consecutive
months.

Reduction in recurring
UTIs. It produces
immunological
tolerance and clinical
manifestations at the
gastrointestinal level,
diarrhea, nausea, and
abdominal pain. At the
cutaneous level, it can
lead to pruritus and
rash.

ExPEC4V vaccine Conjugated with the
exotoxin A of
Pseudomonas aeruginosa

bound to four
polysaccharide
antigens of the
serotypes of E. coli
O1A, O2, O6A, and
O25B.

Intramuscular One
intramuscular
injection of
0.5 mL.

Low reduction in
RUTIs; mild adverse
effects.

UROMUNE®
(MV140) vaccine

Whole bacterial cells
from inactive
uropathogens: E. coli,
Proteus vulgaris, E.

faecalis, and K.

pneumoniae

Sublingual Two sprays
daily for 3 to
6 months.

Reduction of 55.7% and
58% in the frequency of
RUTIs in 3 and
6 months of treatment,
respectively. The 1.7%
of patients manifest
mild adverse effects.

Table 2.
Available commercial vaccines for the treatment and prevention of RUTI.
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suspensions of heat-inactivated whole bacteria of four uropathogens and adminis-
trated daily by a sublingual spray for 3 months. While reported evidence suggests that
this vaccine can be effective, reports concluded that some patients with RUTI can
achieve a non-UTI status (Table 2) [105].

Finally, the transurethral immunization of mice with attenuated UPEC strains is
not persistent in the urinary tract and favors nonspecific protection [106]. Intranasal
immunization (IN) with different UPEC antigens (ChuA, Hma, Iha, IreA, IroN, IutA,
and FimH) induces the activation of high concentrations of IgA in saliva, vagina, and
urine (Table 1) [29, 30]. According to this information, IN vaccination of fimbrial
adhesins may be a potential strategy to generate a humoral immune response with IgA
antibodies in the mucosa of the urinary tract as a mechanism of host protection
against UTIs by UPEC.

9. Fimbrial adhesins and immune response

Various studies have described the development of effective strategies for the
prevention, treatment, and/or management of UTIs caused by UPEC. However,
there are no effective vaccines generated from fimbrial adhesins, autotransporters,
toxins, siderophores, flagella, and outer membrane proteins of UPEC. These proteins,
located on the bacterial surface, are expressed during infectious processes and can
stimulate an immune response from the host [107]. UPEC mainly expresses three
types of fimbrial adhesins during the colonization of urinary tract cells: FimH located
in the upper part of the type 1 fimbria, PapG in the P fimbria, and CsgA in the Curli
fimbriae [19].

Data generated by our working group have revealed that 90% of clinical strains of
UPEC isolated from pediatric patients express fimbria type 1. This fimbrial adhesin
has been related to adherence, invasion, and formation of bacterial colonies in the
urinary tract (Figure 2) [108]. In addition, we have reported that more than 95% of
clinical strains of UPEC contain csgA, a gene that codes for the CsgA protein (a
structural adhesin of the Curli fimbriae) and has been associated with urosepsis
processes [109, 110]. More than 35% of UPEC clinical strains express the P fimbria, a
homopolymeric structure that participates in the colonization of the kidney via inter-
action with globoceramides located in renal cells. The diversity of globoceramides in
the kidney has favored the appearance of three allelic variants in the papG gene
[papGJ96 (variant I), papGAD/IA2 (variant II), and prsGJ96 (variant III)] [111]. It is
important to note that the FimH, CsgA, and PapGII adhesins are three essential
protein structures in the pathogenesis of UPEC and may be viable biomolecules for the
generation of an effective vaccine that stimulates an immune response.

10. FimH of type 1 fimbria is immunogenic

The FimH adhesin (fimbria type 1) is a protein used in preliminary studies in
animal models to evaluate its potential as a viable vaccine. Sera from C3H/HeJ mice
immunized with the FimH adhesin and type 1 fimbria inhibit adherence to human
bladder cells [28]. Other studies have shown that the mannose-binding domain of
FimH, plus the complete protein and in association with FimC (flagellin and chaper-
one), significantly reduces adherence in the bladder and kidney in mice and
cynomolgus monkeys; in addition, specific anti-FimH antibodies inhibit the
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colonization of UPEC [26, 28, 112–114]. The recombinant FimH protein fused with the
FliC protein induces a significant increase in the cellular and humoral immune
response against UTIs in a murine model [101]. Subcutaneous immunization induced
high levels of immunoglobulins (IgG1 and IgG2a) and cytokines [(INFγ: interferon
gamma) and IL4 (interleukin 4)] [32]. IN immunization with FimH (UPEC) and
MrpH (P. mirabilis) protein as a fused molecule induces the release of IgG and IgA
antibodies in mouse samples (serum, urine, nasal wash, and vaginal). Th1- and Th2-
type cellular immunity generated by FimH/MrpH proteins with or without MPL
adjuvant suggests that one of these proteins functions as an adjuvant molecule [115].
The FimH protein interacts with TLR4 through the α-mannosylated coreceptor,
favoring the activation of CD4- epithelial cells via Tirap-MyD88 to recruit neutrophils
in the mucosa [116, 117].

11. The PapG adhesin is an immunogenic molecule

The expression of the adhesin PapG contributes to the UPEC colonization in the
kidney during the pyelonephritis process in humans [118]. The interaction of PapG
with TLR4 activates the secretion of IL-6 and IL-8 [118, 119]. Intraperitoneal immu-
nization of the P fimbria and a protein complex of PapDG (chaperone) generates
protection against kidney inflammation and production induces specific antibodies in
mice and cynomolgus monkey sera [24, 120]. In these studies, no significant differ-
ences showed between the number of bacteria recovered in urine and the control
group, probably due to the expression of other accessory fimbriae involved in bacte-
rial colonization [81].

12. CsgA is an immunogenic protein

Preliminary data obtained by our working group showed that CsgA from the Curli
fimbriae is an adhesin that contributes as an accessory molecule in the adherence of
UPEC to bladder cells; however, more studies are still required to determine the
specific role in the pathogenesis of UPEC [110]. High levels of anti-CsgA antibodies
recognize the CsgA protein in sera from patients convalescing from sepsis. These data
suggest the expression of the protein in vivo; however, more studies are necessary to
evaluate the immunogenicity of this protein [110]. In other E. coli, the Curli fimbriae
induce the release of proinflammatory cytokines (TNFα, IL6, and IL8) in macrophage
cells [121]. The recombinant protein CsgA from Salmonella and Curli from E. coli
MC4100 participate in the release of IL8 in human THP-1 macrophage cells through
the cooperative interaction of TLR1 and TLR2 [122]. The CsgA protein has also been
considered a pathogen-associated molecular pattern (PAMP), responsible for gener-
ating an IL6 and IL1β response via the inflammasome (NLRP3) [123, 124].

13. Conclusions

Several studies have reported that UPEC is responsible for 90% of community
UTIs and approximately 60% of hospital-acquired UTIs; however, more studies are
required to elucidate the specific characteristics of UPEC, such as its serotypes, viru-
lence factors, and antimicrobial susceptibility. The innate plasticity of the genome of
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this bacterium allows it to acquire various virulence factors, resistance mechanisms,
and adaptative advantages to colonize the urinary tract. The presence of clinical
strains of MDR and XDR UPEC is a highly worrisome phenomenon that alerts health
specialists who are left without therapeutic options to treat acute and recurrent UTIs
effectively. The FimH, CsgA, and PapG adhesins are the main virulence factors of
UPEC. These adhesins can be considered new targets in the elaboration of biomole-
cules with immunogenic potential for protection against UTIs.

The search for new alternative antibiotics has led to the emergence of potential
biomolecules that can generate an efficient vaccine that protects against UTIs, signif-
icantly reducing or eliminating disease cases. These biomolecules with the capacity to
generate protection can act alone or in association with antibiotics of a lesser spectrum
for treating UTIs. Recently, we reported that the best way to generate protection is by
intranasal inoculation of mixtures of these protein adhesins with the ability to gener-
ate antibodies in mucous membranes; however, more studies are still necessary to
solidify this premise. Finally, frontier science may lead us to the paradigm of improv-
ing our understanding of mucosal immunity and the role of these adhesin-based bio-
molecules as an alternative to the overuse of antimicrobials to treat UTIs.
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