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Abstract

Urinary tract infections (UTIs) are some of the
most common infections in human medicine
worldwide, recognized as an important public
health concern to healthcare systems around the
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globe. In addition, urine specimens are one of the
most frequently submitted samples for culture to
the clinical microbiology laboratory, exceeding
the number of most of the other sample types.
The epidemiology, species-distribution and
susceptibility-patterns of uropathogens vary
greatly in a geographical and time-dependent
manner and it also strongly correlated with the
reported patient population studied. Neverthe-
less, many studies highlight the fact that the
etiological agents in UTIs have changed consid-
erably, both in nosocomial and community
settings, with a shift towards “less common”
microorganisms having more pronounced roles.
There is increasing demand for further research
to advance diagnostics and treatment options,
and to improve care of the patients. The aim of
this review paper was to summarize current
developments in the global burden of UTI, the
diagnostic  aspects of these infectious
pathologies, the possible etiological agents and
their virulence determinants (with a special focus
on the members of the Enterobacterales order),
current guidelines and quality indicators in the
therapy of UTIs and the emergence of multidrug
resistance in urinary pathogens.
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resistance - Pathogenomics - Therapeutic
guidelines - Urinary tract infections

Abbreviations

ACSS Acute Cystitis Symptom Score

AP acute pyelonephritis

ASB asymptomatic bacteriuria

AUC acute uncomplicated cystitis

CAUTI catheter-associated UTI

CDC Centers for Disease Control

CFU colony-forming units

CRGNB carbapenem-resistant Gram-
negative bacilli

cUTI complicated UTI

ECDC European Centre for Disease
Prevention and Control

ESBL extended-spectrum f-lactamase

ExPEC extra-intestinal pathogenic
Escherichia coli

GNB Gram-negative bacteria

ICE integrative and conjugative
element

IDSA Infectious Diseases Society of
America

InCOM intra-intestinal commensal

InPEC intra-intestinal pathogenic
Escherichia coli

LPS lipopolysaccharide

m/z mass-to-charge

MALDI-TOF  matrix-assisted laser desorption/

MS ionization time-of-flight mass
spectrometry

MDR multidrug-resistant

MRSA methicillin-resistant ~ Staphylo-
coccus aureus

MRSA methicillin-resistant ~ Staphylo-
coccus epidermidis

MRSE methicillin-resistant ~ Staphylo-
coccus epidermidis

MSSA methicillin-sensitive  Staphylo-
coccus aureus

NACA non-albicans Candida

NECE non-E. coli Enterobacterales

NGS next-generation sequencing
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NICE The National Institute for Health
and Care Excellence

OMP outer membrane proteins

OMV outer membrane vesicles

PAI pathogenicity islands

PCR polymerase chain-reaction

PDR pandrug-resistant

PROM patient-reported outcome
measures

QI quality indicator

QoL quality of life

rRNA ribosomal RNA

RTX repeats in toxin

rUTI recurrent UTI

ShiToPInPEC  Shigella Toxin Producer InPEC

TMP/SMX trimethoprim-sulfamethoxazole

UPCA uropathogenic Candida albicans

UPEC uropathogenic Escherichia coli

[N United States

UTI urinary tract infections

VF virulence factors

VRE vankomycin-resistant
Enterococcus

WHO World Health Organization

XDR extensively drug resistant

1 The Burden of Urinary Tract

Infections

The global burden of diseases have shown con-
siderable changes in the last century. In contrast
to previous times of humanity, the introduction of
appropriate sanitation and antibiotics has brought
on an epidemiological transition, where the bur-
den of diseases that was predominantly commu-
nicable, which has shifted towards one that is
nowadays predominantly non-communicable
(chronic) (Jamison et al. 2018). Nevertheless,
infectious pathologies still constitute an important
disease burden worldwide (Furuse 2019). Urinary
tract infections (UTIs) are the second most com-
mon type of infections in human medicine (fol-
lowing respiratory tract infections) in the United
States and Europe and the third most common
infectious pathologies (following respiratory
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tract infections and gastrointestinal infections)
worldwide, recognized as an important public
health concern to healthcare systems around the
globe (Flores-Mireles et al. 2015; Sobel and Kaye
2015). In general, UTIs include infections of the
urethra, bladder, ureter and the kidneys, most
frequently due to bacteria originating from the
alimentary tract (McLellan and Hunstad 2016).
UTIs are multi-positional, multi-syndromal,
multi-factorial and often multi-microbial infec-
tious diseases occurring among different
populations including men, women, adults, chil-
dren, infants, aged and young people around the
globe (Flores-Mireles et al. 2015; Tangdogdu and
Wagenlehner 2016). UTIs should be considered
as an important factor or morbidity and mortality,
both among outpatients (representing 10-30% of
infections) and hospitalized patients (Wiedemann
et al. 2014). In fact, in the latter group, nosoco-
mial UTIs are the most common infectious
pathologies, responsible for 25-50% of infections
overall (Stefaniuk et al. 2016; Wiedemann et al.
2014). The multi-positional clinical problem of
UTIs is as follows: (i) UTIs cause considerable
decrease in the quality of life (QoL) in the
affected patients, especially in case of recurrence,
complications and sequelae; (ii) the high number
of patients with symptomatic UTIs will visit their
primary case physicians or specialists, for which,
considerable amount of human resources are
required (globally, around 150-200 million peo-
ple are diagnosed with UTI annually; UTIs are
responsible for around 10 million GP visits,
1.5 million emergency room visits and 300,000
hospital admissions in the US alone); (iii) UTIs
should be treated at the earliest convenience, as if
therapy is not initiated or if the appropriate steps
are not taken, it may lead to re-infection, ascend-
ing infections to the kidneys or other sequelae;
(iv) the therapy of UTIs usually entails the admin-
istration of antibiotics (UTIs rank as the most
common cause that leads to an antibiotic prescrip-
tion after a GP visit), however, the adverse events
associated with antibiotic use, Clostridioides dif-
ficile enterocolitis, and the emergence of
antibiotic-resistant pathogens causing UTIs is a
serious concern; (v) UTIs also have a substantial
economic  impact, including  costs  of

pharmacotherapy, hospitalization and lost work-
ing days; the annual cost of UTIs in the US alone
has been estimated to be more, than four billion
US dollars, while the excess economic losses
associated with UTIs to the global economy
were shown to be around four billion US dollars
(Bermingham and Ashe 2012; Flores-Mireles
et al. 2015; Foxman 2003; McLellan and Hunstad
2016; Renald et al. 2015; Simmering et al. 2017,
Stefaniuk et al. 2016; Tangdogdu and
Wagenlehner 2016; Wiedemann et al. 2014).
The Acute Cystitis Symptom Score (ACSS) has
been recently developed for the diagnosis of acute
cystitis and patient-reported outcome measures
(PROMs), reporting on the typical symptoms of
acute cystitis (frequency, urgency, dysuria,
suprapubic pain, feeling of incomplete bladder
emptying and visible blood in urine) (Alidjanov
et al. 2016; Di Vico et al. 2020; Magyar et al.
2018). Recurrent UTIs (rUTI) are also frequently
associated with psychiatric symptoms, such as
reduced social activity, guilt (due to inability to
perform various everyday tasks), anxiety (e.g.,
associated with incontinence in the elderly) and
depression, which also major contributing factors
to the QoL-decrease associated with these
infections (Dason et al. 2011; Flower et al.
2014; Negus et al. 2020). As UTIs represent a
major healthcare burden, there is increasing
demand for further research to advance
diagnostics and treatment options an to improve
care of the patients (Jhang and Kuo 2017).
Under physiological conditions, urine was pre-
viously thought to be sterile; however, with the
emergence of 16S rRNA PCR, metagenomics and
the introduction of next-generation sequencing
(NGS), the characterization of the urinary
microbiome has begun and this dogma has been
challenged (Bilen et al. 2018; Brubauker and
Wolfe 2016; Govender et al. 2019). The threshold
of microbial population for the definition of UTIs
is usually reported as >10° colony forming units
(CFUs)/mL; however, this is subject to interpre-
tation (going as low as 10> CFU/mL), depending
on the studied patient population and the sample
type submitted for microbial analysis (Chu and
Lowder 2018; Roberts and Wald 2018;
Schmiemann et al. 2010). UTIs and UTI-related
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syndromes may be classified based on several
characteristics: (i) based on the presence of
symptoms: asymptomatic bacteriuria or symp-
tomatic UTIs (mild/moderate/severe); (ii) based
on the onset of the infections: acute or chronic/
recurrent infections (or rUTIs are defined as UTIs
occurring more, than three times in a year),
community-acquired and nosocomial infections;
(iii) based on the anatomical region affected:
lower urinary tract infections (i.e. cystitis), upper
urinary tract infections (i.e. nephritis) or systemic
(i.e. urosepsis); this terminology is more often
used as uncomplicated and complicated urinary
tract infections (cUTI) (Flores-Mireles et al.
2015; Gupta et al. 2011; Hooton et al. 2010;
Renald et al. 2015; Rizwan et al. 2018;
Simmering et al. 2017; Stefaniuk et al. 2016;
Tangdogdu and Wagenlehner 2016; Wiedemann
et al. 2014). The emergence, symptomatology
and outcome of these infections is highly depen-
dent on the microbial composition of the
microbiota of the surrounding anatomical regions
(i.e., gut, genitalia), the pathogenic potential of
the microorganisms in question, the duration of
the infection and other attributes of the host (e.g.,
hygiene practices, immune status) (Flores-
Mireles et al. 2015; Gupta et al. 2011; Hooton
et al. 2010; Wiedemann et al. 2014). In healthy
individuals, physical and immunological barriers
provide protection from urinary infections, and
urothelial cells play a pivotal role in producing
pro-inflammatory cytokines and other immuno-
logical responses (Abraham and Miao 2015;
Hayes and Abraham 2017). Many predisposing
factors have been described for the development
of UTIs, including age, female gender (and
corresponding anatomical characteristics), preg-
nancy, sexual intercourse (or multiple sexual
partners), personal hygiene, disturbances in the
vaginal microbiota (i.e. absence of vaginal
lactobacilli, decreases in estrogen-levels, intro-
duction of a diaphragm), use of spermicidal
formulations, nutritional aspects and obesity,
Type II diabetes, immunosuppression (caused by
disease or pharmacotherapy), non-circumcision in
males, introduction of urinary catheters, hospitali-
zation, urinary retention, renal failure, paraplegia
or other neurological disorders, developmental
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abnormalities of the urinary system (vesicoureteral
reflux, obstruction), pelvic prolapse, surgeries in
the genitourinary tract or genetic predisposition
(e.g., blood group and stone formation) (Emiru
et al. 2013; Hu et al. 2004; Scholes et al. 2000;
Storme et al. 2019). Urinary -catheterization
(associated with hospitalization) is the main risk
factor for nosocomial UTIs and subsequent sec-
ondary bacteremia; insertion of urinary catheters
may lead to mucosal damage, which disrupts the
natural barrier of the urinary tract, allowing for
colonization and the aggregation of microbial
pathogens in the form of a biofilm (extracellular
matrix of polysaccharides and proteins) (Clarke
etal. 2019; Flores-Mireles et al. 2015; Gupta et al.
2011; Hooton et al. 2010; Nicolle 2014). This
may facilitate the recurrence of UTIs in the host
and the biofilm also provides protection for these
pathogens against external noxa, such as the
lethal effects of antibiotics (Clarke et al. 2019;
Trautner and Darouiche 2004; Sabir et al. 2017).
The catheter-associated pathogen may enter
through the extra-luminal route (moving across
the outer lumen of catheter) or the intra-luminal
route (by directly entering the interior of catheter)
(Clarke et al. 2019; Flores-Mireles et al. 2015;
Trautner and Darouiche 2004; Sabir et al. 2017).
It must also be noted that these pathogens may
spread to the bloodstream from the urinary tract
(if the pathogens cross the tubular epithelial bar-
rier in the kidneys) causing secondary bacteremia
and sepsis, which may occur in 30% of cases
(Clarke et al. 2019; Conway et al. 2015; Flores-
Mireles et al. 2015; Trautner and Darouiche 2004;
Sabir et al. 2017).

UTIs have been described as an important
infectious pathology in patient of both sexes and
in all age groups (infants, children, adults and the
elderly) (Stefaniuk et al. 2016; Wiedemann et al.
2014). Nevertheless, uncomplicated UTIs are
most common between females over 18 years of
age, with around two-thirds of women in the ages
of 20—40 years experiencing a UTI at least once
during their lifetime; in addition, rUTIs in adult
females is present in 20-30% of cases, within
3—4 months of the initial infection (Clarke et al.
2019; Flores-Mireles et al. 2015; Gupta et al.
2011; Hooton et al. 2010; Nicolle 2014).
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Management of rUTT is of paramount importance
as repeat courses of antibiotics to treat these
infections often results in bacteria developing
resistance to the mechanism of action of previ-
ously effective antibiotics (Negus et al. 2020;
Wiedemann et al. 2014). UTI occurs in 25% of
kidney transplant recipients within 1 year of their
transplant, and this constitutes around half of
infectious complications (Giessing 2012). UTIs
in men occur significantly less frequently than in
women, mainly in patients with structural
abnormalities in the urinary system and in men
with advanced age (with a lifetime prevalence of
around 2-7%) (Harper and Fowlis 2007;
Schaeffer and Nicolle 2016; Tan and Chlebicki
2016). In developed countries, 3—8% of girls and
0.2-1% of boys under 18 years of age are clini-
cally diagnosed with a UTI (Clarke et al. 2019;
Flores-Mireles et al. 2015; Hellerstein 1998;
White 2011). As a general rule, the rate of asymp-
tomatic or symptomatic bacteriuria increases in
both men and women with advanced age (Clarke
et al. 2019; Flores-Mireles et al. 2015; Harper and
Fowlis 2007; Schaeffer and Nicolle 2016). In
addition to advanced age, immunosuppression
and catheterization, the occurrence of hospital-
associated UTIs has several non-patient-specific
risk factors, including poor hospital infrastructure
(insufficient equipment, understaffing, inadequate
training or poor knowledge/application of basic
procedure, hygienic conditions), overcrowded
healthcare-institutions and lack of local and
national guidelines (Clarke et al. 2019; Flores-
Mireles et al. 2015; Hooton et al. 2010). Asymp-
tomatic bacteriuria (ASB; the presence of high
numbers of bacteria without clinical symptoms)
is usually not treated with antibiotics in any
patient group, except for pregnant women. The
definition of ASB varies based on methods of
sample collection and the patient population in
question (Cormican and Murphy 2011;
Henderson et al. 2019; Imade et al. 2010; Nicolle
et al. 2005; Wingert et al. 2019). However, in
pregnant women (due to their altered immune
status), untreated ASB may lead to manifest and
usually severe UTIs, pyelonephritis, urosepsis
and preterm delivery; therefore treating ASB in
this patient population is a must (Cormican and

Murphy 2011; Henderson et al. 2019; Imade et al.
2010; Nicolle et al. 2005; Wingert et al. 2019).

2 Diagnosis and Etiological
Agents in Urinary Tract
Infections

Main clinical signs and symptoms associated with
UTIs include the strong and persistent urge to
urinate, burning sensations, frequent urination
with a small voided volume; in addition, voided
urine may be cloudy, red, bright pink, bloody, and
foul-smelling in character (Alidjanov et al. 2016;
Chu and Lowder 2018; Di Vico et al. 2020;
Magyar et al. 2018; Tan and Chlebicki 2016).
Based on the severity of the infection, urinary
incontinence, pelvic pain, fever, and nausea/
vomiting may also occur (Alidjanov et al. 2016;
Chu and Lowder 2018; Di Vico et al. 2020;
Magyar et al. 2018; Tan and Chlebicki 2016).
Urine specimens are one of the most frequently
submitted samples for culture to the clinical
microbiology laboratory, exceeding the number
of most of the other sample types; therefore, the
interpretation of culture results from urine
samples provide little or no challenge to clinical
microbiologists (Flores-Mireles et al. 2015;
Gajdacs 2020). The most common urine sample
type submitted from adults is voided (midstream,
clean-catch) urine, which mainly originates from
outpatient settings (Flores-Mireles et al. 2015;
Gupta et al. 2011; Hooton et al. 2010). Clean-
catch urine samples are inexpensive and
non-invasive without the risk of complications.
Contamination of the sample with bacteria from
the normal flora or the distal urethrae is a risk,
however, if the patients are instructed appropri-
ately before sample collection and some hygienic
considerations are complied with (Flores-Mireles
etal. 2015; Gupta et al. 2011; Hooton et al. 2010;
Morris 2018). In contrast, collection of urine by
the use of a single catheter (,,straight catheter
technique”™) is a more appropriate method to use
to avoid contamination, which is most frequently
used in inpatient settings. In fact, one of the main
indication for catheter-specimen urine is the mon-
itoring of urinary catheters (Flores-Mireles et al.
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2015; Gupta et al. 2011; Grahn et al. 1985;
Hooton et al. 2010). However, it is not indicated
for most patients, as it is not labour-intensive for
non-inpatients, and the insertion of a catheter
through the urethra is an invasive method, may
also introduce bacteria into the bladder (Flores-
Mireles et al. 2015; Hooton et al. 2010). To avoid
contamination with bacteria from the distal ure-
thra, subrapubic bladder aspiration (or “bladder
tap”) is the best method to use; in addition, urine
collected through this methods is appropriate to
be cultured anaerobically (Gajdics et al.
2019a, b, ¢, d; Guze and Beeson 1956; Rozenfeld
et al. 2018). Nevertheless, subrapubic bladder
aspiration is infrequently used (in special clinical
circumstances), as it is invasive (leading to dis-
comfort and bleeding), time and resource-
dependent method (Guze and Beeson 1956;
Ponka and Baddar 2013; Rozenfeld et al. 2018).

Urine samples are usually cultured on either
non-selective culture media (mainly blood agar)
or selective media for Gram-negative bacteria
(eosin methylene blue, MacConkey etc.); how-
ever, nowadays, most laboratories use chromo-
genic media, which allow for the rapid,
phenotypic differentiation of most urinary
pathogens, which may be further verified by the
use of biochemical tests, automated identification
systems or other, more advanced identification
methods (Chaux et al. 2002; Flores-Mireles
et al. 2015; Gupta et al. 2011; Grahn et al. 1985;
Hooton et al. 2010). The inoculation of selective
media for Gram-positive bacteria is not neces-
sary, especially from outpatient samples; however
several reports highlighted enterococci as signifi-
cant pathogens in nosocomial infections (Gupta
etal. 2011; Grahn et al. 1985; Hooton et al. 2010).
Introduction of molecular biological methods
(e.g., polymerase chain reaction; PCR) and
microarray technologies into clinical microbiol-
ogy have definitely paved the way for more
sharper identification, however, these non-
cultures-based technologies are not widely used
in the diagnosis of UTIs due to their price
(Davenport et al. 2017; Zee et al. 2016). On the
other hand, the introduction of matrix-assisted
laser desorption ionization—time of flight mass
spectrometry (MALDI-TOF MS) has
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revolutionized  bacteriological  diagnostics,
allowing for rapid, reliable and easy identification
for most common urinary pathogens, directly
from the cultures of urine specimens; this tech-
nology allows for protein-based identification of
microorganisms, based on the separation and
measurement of smaller to larger fragments of
highly conserved ribosomal proteins (which are
small and basic in character) by their mass to
charge (m/z) ratio (Gajdacs et al. 2020a, b; Hou
et al. 2019; Schubert and Kostrzewa 2017). In the
MALDI-TOF MS measurements, the protein
spectrum of the clinical isolate is compared with
the protein spectrum of strains in the device-
linked database and expressed as a log score
(microFlex; Bruker Daltonics) or as a percentage
(VITEK MS; bioMérieux), which provides infor-
mation on the level of match and security of
identification (Schubert and Kostrzewa 2017).
Although the initial price of the mass spectrome-
ter was a burden to diagnostic institutions, nowa-
days, more and more laboratories opt into
purchasing such a machine.

Most pathogenic yeasts also grow well on agar
plates, therefore it is not necessary to use selective
media for the fungal culture (except if the patho-
genic role of some fungi with fastidious growth
requirements is suspected) (Behzadi et al. 2015;
Dias 2020; Gajdécs et al. 2019a, b, c, d). Cultiva-
tion of Mpycobacterium spp. requires special
media and preparation from the laboratory’s
side, therefore clinicians should always give
notice is there is clinical suspicion of a mycobac-
terial infection of the urinary tract (Kulchavenya
and Cherednichenko 2018). As mentioned previ-
ously, suprapubic bladder aspiration is the only
suitable specimen type for anaerobic processing:
these culture are usually limited to patients with
anatomical abnormalities (e.g., in case of an
enterovesicular fistula) or when sings on infection
caused by anaerobes (e.g., due to foul smell) is
suspected (Guze and Beeson 1956; Ponka and
Baddar 2013; Rozenfeld et al. 2018). In addition
to the culture of the samples on microbiological
culture media, additional methods may taken into
consideration for assessing the presence of clini-
cal infection. The native microscopic analysis
and/or Gram-staining of the urine samples
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(looking for polymorphonuclear leukocytes with
or without bacteria) is usually a good indicator of
infections, however, this method is time-
consuming and tedious, therefore it is not rou-
tinely used (Cantey et al. 2015). In laboratory
medicine, the use of nitrite and leukocyte-esterase
tests or a hemocytometer is also common in the
diagnostics of UTIs (Young and Soper 2001;
Alshareef et al. 2020).

Based on literature data, 50-70% of urine
cultures are culture-negative, and out of the posi-
tive urine cultures, 40-50% of isolated bacteria
are relevant urinary pathogens (the rest are
contaminants and members of the normal flora)
(Cantey et al. 2015; Flores-Mireles et al. 2015;
Gupta et al. 2011; Hooton et al. 2010). A wide
range of etiological agents have been described in
UTlIs: the predominant group constitutes the
members of the Enterobacterales order (i.e. gut
bacteria), noted as the group with having the most
pathogenic potential in the urinary tract; however,
there is substantial heterogeneity even among the
members of this order (Adelou et al. 2016; Calzi
et al. 2016; Sobel and Kaye 2015). Escherichia
coli is the most common causative agent in both
community-acquired and nosocomial UTIs
(Gajdécs et al. 2019a, b, ¢, d; Rizwan et al.
2018). Pathogenic strains of E. coli may be
differentiated into distinct pathotypes, including
intestinal pathogenic an extraintestinal patho-
genic E. coli (ExXPEC) (Miri et al. 2017). Enteric
E. coli include seven major pathotypes (responsi-
ble for gastroenteritis and blood diarrhea), while
among ExPEC strains, so-called uropathogenic
E. coli (UPEC) are the most common (Bekal
et al. 2003); UPEC strains are causative agents
in 50-90% of community-acquired and 30-60%
of nosocomial UTIs (Terlizzi et al. 2017). Other
members of the Enterobacterales order are also
represented (although to a lesser extent) in UTIs,
namely uropathogenic Klebsiella pneumoniae
(UPKP; outpatients: 5-10%, inpatients: 7-15%)
(Ang-Kiiciikker et al. 2002; Gajdacs et al.
2019a, b, ¢, d; Rizwan et al. 2018), members of
the Proteac tribe (i.e. Proteus-Providencia-
Morganella; outpatients: 0.5-6%, inpatients:
2-10%) and the CES-group (i.e. Citrobacter-

Enterobacter-Serratia;  outpatients:  0.2-3%,
inpatients: 0.5-5%) of pathogens (Barabds et al.
2015; Gajdacs and Urban 2019a, b; Jacobsen
et al. 2008; Metri et al. 2013; Samonis et al.
2009; Stefaniuk et al. 2016; Yang et al. 2018).
Generally speaking, the prevalence of so-called
non-E. coli Enterobacterales (NECE) strains
grows in proportion with the age of the patients;
in addition, their relevance is much higher in
hospitalized patients, they are more frequently
isolated in complicated UTIs, pyelonephritis,
from catheter-associated infections; they are also
more often associated with recurrence and
prolonged treatment (Amaretti et al. 2020;
Jacobsen et al. 2008; Laupland et al. 2007;
Mabharjan et al. 2018; Mazzariol et al. 2017).
The potential pathogenic role of non-fermenting
Gram-negative bacteria (Pseudomonas aeruginosa
[outpatients: 1-5%, inpatients: 3-8%],
Acinetobacter spp. [outpatients: 0.3—1%, inpatients:
0.5-3%] and Stenotrophomonas maltophilia
[outpatients: 0.05-0.1%, inpatients: 0.05-0.8%]),
Gram-positive cocci (Enterococcus spp. (including
vancomycin-resistant [VRE] strains, Staphylococ-
cus aureus (including methicillin-sensitive [MSSA]
and  methicillin-resistant [MRSA] strains),
S. epidermidis (including methicillin-sensitive
[MSSE] and methicillin-resistant [MRSE] strains),
S. saprophyticus [also termed ,.honeymoon cysti-
tis”] and Streptococcus agalactiae [or Group B
streptococci]) or  rods  (Corynebacterium
urealyticum, C. pseudogenitalium, C. striatum)
and pathogenic yeasts (0.1-2% in outpatients and
1-7% in inpatients; including uropathogenic Can-
dida albicans [UPCA] and non-albicans Candida
[NACA] species) should also be taken into consid-
eration (Adeghate et al. 2016; Baraboutis et al.
2010; Behzadi et al. 2015; Eriksson et al. 2012;
Ferreiro et al. 2017; Dias 2020; Gajddcs et al.
2019a, b, c, d; Gajdacs 2019; Hegstad et al., 2010;
Mittal et al. 2009; Nitzan et al. 2015; Shrestha et al.
2019; Swaminathan and Alangaden 2010; Ulett
et al. 2009). The prevalence of Gram-positive
cocci in UTIs ranges between 2—15% in outpatients
and 5-25% in inpatient samples; the occurrence of
S. saprophyticus is overwhelmingly seen in young,
sexually-active females, while over time, the
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epidemiology shift towards enterococci Adeghate
et al. 2016; Eriksson et al. 2012; Ferreiro et al. 2017,
Hegstad et al. 2010; Nitzan et al. 2015)

Other—although much more rarely occurring
(<0.1%)—urinary pathogens include strict anaero-
bic bacteria (e.g., Actinotignum schaali, A. urinale,
Lactobacillus delbrueckii), Aerococcus spp. (e.g.,
A. wurinae), Mycobacterium spp., Mycoplasma
hominis, Ureaplasma urealyticum, Chlamydia
trachomatis, and  Trichomonas  vaginalis
(Christofolini et al. 2012; Combaz-Sohnchen and
Kuhn 2017; Darbro et al. 2009; Higgins and Garg
2017; Kulchavenya and Cherednichenko 2018;
Lotte et al. 2016; Masha et al. 2018). The latter
group of pathogens have a common characteristic
in that they are usually found in specific, narrow
patient populations, and their isolation and identifi-
cation usually entails the use of some kind of
specialized media, long incubation times, use of
cell cultures or strict anaerobic conditions. For
example, Aerococcus spp. are predominantly
isolated from elderly males with benign prostatic
hypertrophy, while L. delbrueckii has been
reported as a urinary pathogen in elderly women
(>70 years of age) (Darbro et al. 2009; Higgins and
Garg 2017). Similarly, mycoplasmae and
ureaplasmae are more frequently found in post-
menopausal women as a causative agent in UTIs
(Christofolini et al. 2012; Combaz-Sohnchen and
Kuhn 2017; Masha et al. 2018).

The epidemiology and species-distribution of
uropathogens varies greatly in a geographical and
time-dependent manner and it also strongly
correlated with the reported patient population
studied (Gajdacs et al. 2019a, b, c, d; Koves
et al. 2017; Stefaniuk et al. 2016). Nevertheless,
many studies highlight the fact that the etiological
agents in UTIs have changed considerably, both
in nosocomial and community settings, with a
shift towards “less common” microorganisms
having more pronounced roles. Similarly
(as presented previously), in the elderly (and in
immunocompromised persons), uncommon uri-
nary pathogens are seen more often (Kumar
et al. 2001). The local epidemiological
characteristics and resistance trends of UTIs
should be regularly surveyed to allow for appro-
priate choice of therapy (Abbo and Hooton 2014).
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3 Virulence Factors of Various
Urinary Pathogens in the Era
of Molecular Biology
and Bioinformatics

3.1 General Concepts

To understand the pathomechanisms of develop-

ing a UTI, one first need to establish the presence

and relevance of various cell- and non-cell-
associated virulence-determinants of individual
pathogens. The sciences of molecular biology,
immunology and bioinformatics are great
supporters for detection, recognition and interpre-
tation of molecular mechanisms belonging to
both pathogenic bacteria and the hosts (Behzadi

et al. 2016; Behzadi and Behzadi 2016, 2017;

Behzadi 2020; Hozzari et al. 2020; Jahandeh

et al. 2015). In this regard, this section focuses

on microbial molecular treasures of virulence
factors (microbial virulome) and the importance
of bioinformatics in this regard. The microbial
pathogenome and virulome are important factors
in determining the severity of UTIs; some of these
microbial virulence genes are located on
plasmids, while others are integral part of the

bacterial chromosomes (Behzadi et al. 2016;

Behzadi and Behzadi 2016, 2017; Behzadi

2020; Hozzari et al. 2020; Jahandeh et al. 2015).

Generally, adherence is a key step initiating UTI

pathogenesis is adherence: initially, a urinary

pathogen (most often residing in the gut)
colonizes the periurethral region, followed by
migration of these microorganisms upstream to
the bladder (Flores-Mireles et al. 2015; Terlizzi
et al. 2017). These bacteria need to withstand the
strong hydrodynamic shear forces and the
removal by the flow of urine. For these steps to
occur, the presence of molecular appendages,
such as flagella and pili are required. Bacterial
adhesins bind to receptors (e.g., Type I fimbriae
mediate binding to uroplanktins, which are

D-mannosylated proteins) on the uroepithelium,

mediating colonization and subsequent invasion

(Issakhanian and Behzadi 2019; Behzadi et al.

2019). If these pathogens are present in sufficient

amounts, they may overcome the host immune
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response and ascend to the bladder and the
kidneys. Uropathogens produce several tissue-
damaging toxins and proteases (IgA protease,
elastase, phospholipase, hemolysin, cytotoxins) to
obtain nutrients from host cells, and siderophores
to acquire iron, necessary for maintaining their
biochemical processes (Behzadi et al. 2011;
Behzadi et al. 2015; Behzadi and Behzadi 2008).
In addition, urease-production (characteristic for
Proteus spp., S. saprophyticus, K. pneumoniae
and P. aeruginosa among others) is also important
for colonization and persistence. Urease-
production results in a shift in pH, leading to tissue
destruction, scarring and stone formation, through
the composition of struvite and apatite crystals via
precipitation of Ca** and Mg** ions). Several spe-
cies also produce pigments (pyoverdine,
pyocyanine in case of P. aeruginosa, prodigiosin
in case of Serratia marcescens), which may further
cause tissue destruction (Behzadi 2018; Behzadi
et al. 2011; Behzadi et al. 2015; Behzadi and
Behzadi 2008).

3.2 Uropathogenic Escherichia coli

(UPEC)

E. coli pathotypes are divided into three groups of
Intra-intestinal pathogenic E.coli (InPEC), Shi-
gella Toxin Producer InPEC (ShiToPInPEC)
and Extra-intestinal pathogenic E. coli (Behzadi
2018; Jahandeh et al. 2015). The pangenomic
studies indicate two genomic pools of flexible
(movable genes for the cells’ environmental adap-
tion) and core (key genes, e.g., housekeeping
genes) for the cells’ survival) among commensal
and pathogenic strains of E. coli. In accordance
with pangenomic investigations, the E. coli
strains encompass a high plasticity in their
genomes. Due to this fact, the estimated genomic
load of E. coli strains is from 4.5 Mb up to
5.5 Mb. In this regard, the lowest level of geno-
mic volume belongs to Intra-intestinal commen-
sal (InCOM) strains of E. coli while the highest
level of genomic content (5.5 Mb) belongs to
drug resistant EXPEC strains including UPEC.
The InPEC and EXPEC (e.g., UPEC) drug-
sensitive strains bear genomic contents more

than 4.5 and lesser than 5.5 Mb. These properties
make UPEC a pathogen with a strong virulome
(Behzadi and Behzadi 2016, 2017; Behzadi et al.
2016; Behzadi 2018; Behzadi 2020; Hozzari et al.
2020; Jahandeh et al. 2015).

As mentioned, the flexible (or Supplementary,
Accessory or Adaptive) genomic pool is
consisted of different genes, gene clusters and
gene cassettes belonging to  plasmids,
transposons,  retrotransposons, pathogenicity
islands (PAls), integrons and phages. These
mobile genes determine the virulencity and path-
ogenicity of E.coli pathogenic strains including
UPEC (Behzadi and Behzadi 2017; Brockhurst
et al. 2019; Jahandeh et al. 2015; Ranjbar et al.
2017). The presence of a wide range of genes and
in particular those which constitute the supple-
mentary genomic pools among E. coli strains,
gives us a proper opportunity to have a phyloge-
netic classification with eight phylogroups of
Escherichia cryptic clade I (arpA-, chuA-, yjaA+,
TspE4.C2-)/(arpA+, chuA+, yjaA+, TspE4.C2-),
A (arpA+, chuA-, yjaA-, TspE4.C2-)/(arpA+,
chuA-, yjaA+, TspE4.C2-), Bl (arpA+, chuA-,
yvjaA-, TspE4.C2+), B2 (arpA-, chuA+, yjaA+,
TspE4.C2-)/(arpA-, chuA+, yjaA-, TspE4.C2+)/
(arpA-, chuA+, yjaA+, TspE4.C2+), C (arpA+,
chuA-, yjaA+, TspE4.C2-), D (arpA+, chuA+,
yjaA-, TspE4.C2-)/(arpA+, chuA+, YyjaA-,
TspE4.C2+), E (arpA+, chuA+, yjaA-, TspE4.
C2-)(arpA+, chuA+, yjaA-, TspE4.C2+)/(arpA+,
chuA+, yjaA+, TspE4.C2-) and F (arpA-, chuA+,
yjaA-, TspE4.C2-) (Clermont et al. 2000;
Clermont et al. 2013). This phylogenetic catego-
rization is based on PAIs markers (Clermont et al.
2000, 2013; Najafi et al. 2018). The PAIs genes
and other virulence genes (e.g., fimbrial and
afimbrial adhesins, chaperone-usher (CU) and
non-chaperone-usher adhesins, capsule, LPS,
flagella, toxins, outer membrane proteins
(OMPs) and vesicles (OMVs), metal (mostly
iron and zinc) acquisition systems and
autotransporter proteins) which are located within
the adaptive genomic pool for the most (Behzadi
2020; Bien et al. 2012; Jahandeh et al. 2015; Ko
et al. 2019a, b; Subashchandrabose and Mobley
2017; Walters and Mobley 2009). Hence, in toto
the virulence factors (VFs) of UPEC can be
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divided into superficial virulome and secretome st
(Behzadi 2020; Bien et al. 2012; Jahandeh et al.
2015; Ko et al. 2019a, b; Subashchandrabose and
Mobley 2017). The virulome elements belonging
to UPEC surface contribute in attachment, colo-
nization and Dbiofilm formation while the
secretome including secreted VFs (mostly
toxins), secretion machineries and the related
receptors and components are not only involved
in colonization and biofilm formation but also
they contribute in bacterial invasion, bacterial
internalization, the host immunologic responses
etc. which directly are associated with bacterial
survival (Behzadi 2020; Bien et al. 2012;
Jahandeh et al. 2015; Ko et al. 2019a, b;
Subashchandrabose and Mobley 2017; Walters
and Mobley 2009).

The secretome is consisted of secreted toxins
such as Cytotoxic Necrotising Factor-1 (Cnf-1),
Autotransporter Toxin (AT/Secreted
Autotransporter Toxin (Sat), a-Haemolysin (HlyA)
known as a member of Repeats in Toxin (RTX)
toxins family, and Cytolethal Distending Toxin
(Cdt) (Behzadi 2020; Bien et al. 2012; Jahandeh
et al. 2015; Ko et al. 2019a, b; Subashchandrabose
and Mobley 2017; Walters and Mobley 2009);
metal acquisition systems (such as autotransporter
proteins), metal receptors and chelators
(e.g. siderophores), OMPs, OMVs (Bien et al.
2012; Jahandeh et al. 2015; Ko et al. 2019a, b;
Subashchandrabose and Mobley 2017); and differ-
ent secretion machineries (Costa et al. 2015;
Jahandeh et al. 2015; Sana et al. 2020). The secre-
tion machineries are the main secretome
components in both Gram-positive and Gram-
negative bacteria. These machineries produce and
secrete different types of molecules including DNA
and proteins. The secreted molecules have direct
effects on environmental factors and contribute in
bacterial adaptation, bacterial adhesion and attach-
ment, bacterial pathogenicity and virulencity and
bacterial survival. Hence, the secreted molecules
may have direct or indirect effects on exterior
targeted cells (Costa et al. 2015; Jahandeh et al.
2015; Sana et al. 2020). Until now, we have
recognized nine types of secretion systems (TSSs)
including T1SS (type I secretion system) up to T9SS
(Jahandeh et al. 2015). In accordance with transport
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procedures, the secretion machineries are
categorized into two groups of single procedure or
one-step process (just spanning the OM) and
double-step procedure or two-step process (span-
ning the inner and outer membranes simultaneously)
(Costa et al. 2015; Jahandeh et al. 2015; Navarro-
Garcia et al. 2016; Sana et al. 2020). T1SS, T3SS,
T4SS (common between Gram-negative and Gram-
positive bacteria) and T6SS are known as one-step
and T2SS, T5SS, T7SS (recognized in
mycobacteria), T8SS and T9SS are recognized as
two-step secretion machineries (Abby et al. 2016;
Jahandeh et al. 2015; Sana et al. 2020). In addition to
T1SS-T9SS secretion machineries, Curli, CU and
are recognized as important components of bacterial
secretome (Abby et al. 2016; Hawthorne et al. 2016;
Jahandeh et al. 2015; Konovalova and Silhavy
2015; Navarro-Garcia et al. 2016; Sana et al. 2020).

3.3 Uropathogenic Klebsiella

pneumoniae (UPKP)

UPKP is usually known as the second ranked
Gram-negative bacterial agent of UTIs after
UPEC (Behzadi et al. 2010; Terlizzi et al. 2017).
Up to 5-10% of community-acquired and noso-
comial UTIs are caused by UPKP (Paczosa and
Mecsas 2016); while these percentages for UPEC
are respectively, 95% and 50% (Behzadi et al.
2010; Terlizzi et al. 2017). Both of UPEC and
UPKP belong to the Enterobacterales order and
may cause community acquired and nosocomial
UTIs (Behzadi et al. 2010; Paczosa and Mecsas
2016; Terlizzi et al. 2017). Besides Gram-
negative bacteria such as UPEC and UPKP pos-
sess complicated cellular structure and therefore
the effect of antimicrobial agents on them is
tougher than Gram-positive bacteria. This prop-
erty explains why the treatment procedure of
UTIs caused by bacterial agents like UPEC and
UPKP is harsher than UTIs caused by Gram-
positive bacteria (Issakhanian and Behzadi
2019). K. pneumoniae resembling E. coli
encompasses different types of strains from com-
mensal strains to opportunistic pathogens and
pathogens. The most common strains of
K. pneumoniae belong to opportunistic pathogens
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which may lead to classical (or health-care-
associated) infections e.g. UTIs (Holt et al.
2015; Li et al. 2014; Paczosa and Mecsas 2016;
Wyres et al. 2020). The main reservoirs for com-
mensal strains of K. pneumoniae within human
body are gastro-intestinal and respiratory tracts
(Holt et al. 2015; Li et al. 2014; Paczosa and
Mecsas 2016; Wyres et al. 2020). Those strains
of K. pneumoniae which acquire antimicrobial
resistance or hypervirulent (HV) genes are con-
sidered as serious problem regarding treatment of
infectious diseases (Issakhanian and Behzadi
2019).

The pangenomic investigations confirm the
presence of a genome with a size of five to six
Mb in K. pneumoniae. It is estimated that this
genome encodes about five to six thousands
genes (Martin and Bachman 2018; Wyres et al.
2020). Among this number of genes, one thou-
sand seven hundred genes belong to the core
genomic pool of K. pneumoniae while the left
belongs to supplementary (flexible/accessory/
adaptive) genomic pool. The core genome is com-
mon between more than 95% of isolated strains of
K. pneumoniae (Martin and Bachman 2018;
Wiyres et al. 2020). The adaptive genome usually
includes a wide range of virulence and antimicro-
bial resistance genes which are gained from via
horizontal gene transfer. They are mobile genes
and genomic islands (Martin and Bachman 2018).
Moreover, the total number of recognized
sequences encoding proteins in different species
of Klebsiella reaches more than hundred thousand
proteins (Martin and Bachman 2018; Wyres et al.
2020). In accordance with bioinformatic and
pangenomic surveys, K. pneumoniae involves a
large number of genes with different origins of
chromosomal, plasmids and phages. It seems that
the diversity of recognized plasmids among
K. pneumoniae is more than those that detected
in ESKAPE members (Gajdics and Albericio
2019; Gajdacs et al. 2020a, b; Wyres et al.
2020). In recent years, some bioinformatic
databases have been established to determine the
type and diversity of genomic elements like plas-
mid. The PlasmidFinder database is used for plas-
mid typing within Enterobacteriaceae pathogens

(Carattoli et al. 2014; Carattoli and Hasman
2020). There is another database which can be
used for molecular typing and microbial genome
diversity (https://pubmlst.org/).

The VFs of UPKP are comparable with UPEC;
because there is a wide range of virulence genes
in UPKP and UPEC genomes. In this regard,
capsule as a bacterial exopolysaccharide can be
considered as an important VF in UPEC and
UPKP (Holt et al. 2015; Li et al. 2014; Paczosa
and Mecsas 2016; Wyres et al. 2020). Capsule is
produced by cps gene clusters in classical UPKP
(31). The HV strains possess thick capsules with
significant content of mucoviscous polysaccha-
ride increase the pathogenicity and virulencity of
UPKP. The high content of capsule in HV strains
can be supported by enhanced expression of plas-
mid borne genes of transcriptional regulators
(rmpA and rmpA2). In the lack of rmpA and
rmpA2 genes in HV strains the magA gene
contributes in hypercapsulation process. The
magA gene is in association with invasion (Holt
et al. 2015; Li et al. 2014; Paczosa and Mecsas
2016; Rastegar et al. 2019; Wyres et al. 2020).
The lipopolysaccharide (LPS) is another VF
which its genes are located on the core genome
of K. pneumoniae. LPS is consisted of three
structural sections including an O-antigen, a
core oligosaccharide and the lipid A which are
produced by the gene clusters of wb, waa and Ipx
(Holt et al. 2015; Paczosa and Mecsas 2016;
Rastegar et al. 2019; Wyres et al. 2020).
Siderophores are important metal-(iron) chelators
which have significant role in UPKP infections
throughout metal acquisition systems. The CU
fimbrial adhesins of type 1 and type 3 fimbriae
are produced by fim and mrk cluster genes,
respectively which play significant role in bacte-
rial attachment. Siderophores, type 1 and type
3 fimbriae are common between UPEC and
UPKP strains (Holt et al. 2015; Li et al. 2014,
Paczosa and Mecsas 2016; Rastegar et al. 2019;
Wiyres et al. 2020). The mentioned VFs together
with efflux pumps and the secretion systems
(e.g. T6SS) compose the main virulome of
K. pneumoniae (UPKP) (Li et al. 2014; Martin
and Bachman 2018).
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34 Uropathogenic Proteus mirabilis
(UPPM)

After UPEC and UPKP, Uropathogenic

P. mirabilis (URPM) is recognized as the third
bacterial causative agent of UTIs (Cestari et al.
2013). P. mirabilis is a well-known bacterial
agent for blocking urine catheter and urolithiasis
in urine bladder and kidneys by the help of its
nickel metalloenzyme urease (encoded by the
ureDABCEFG gene cluster/operon). The waste
nitrogen within our urine (in the form of urea) is
the main substrate for the urease which getting
hydrolyzed into carbon dioxide (CO,) and ammo-
nia (NHj3). The released molecules of NH; within
our urine may lead to alkalization of the pH of
urine (Armbruster et al. 2018; Cestari et al. 2013;
Ko et al. 2019a, b; Schaffer and Pearson 2017).
The alkalized environment leads to crystallization
of soluble anions and cationes and urolithiasis
occurs by the mineral crystals of carbonate
apatite [(pH > 6.8) (calcium-phosphate/
Ca;((PO4)6CO3)] and struvite [(>7.2) (magne-
sium ammonium phosphate hexahydrate/
MgNH4PO,4-6H,0)]. The long-term UTIs caused
by P. mirabilis can be lethal (Armbruster et al.
2018; Bichler et al. 2002; Cestari et al. 2013; Ko
et al. 2019a, b; Prywer et al. 2012; Schaffer and
Pearson 2017). P. mirabilis encompasses an
abundance of VFs including capsule, LPS,
Adhesins, fimbriae, flagellum, enzymes (urease),
metal acquisition systems, different secretion
systems, etc. which may lead to serious infections
in patients with UTIs (Armbruster et al. 2018;
Cestari et al. 2013; Ko et al. 2019a, b; Schaffer
and Pearson 2017). In accordance with previous
reports, up to 10% of UTIs is caused by
P. mirabilis (Schaffer and Pearson 2017). This
motile Gram-negative bacterium which is famous
for its bull’s-eye swarming pattern on agar, usu-
ally contributes in complicated UTIs and catheter-
associated UTI (CAUTI) (Pearson et al. 2010;
Schaffer and Pearson 2017). Moreover,
P. mirabilis is a serious problem in elderly
patients with CAUTT; because it can be the mur-
derer of up to 50% of the old patients with long-
term CAUTI (Schaffer and Pearson 2017).
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Genomic investigations regarding P. mirabilis
indicate a high diversity in genomic pool of this
microorganism. Despite this significant diversity, a
considerable part of chromosomal genome is
conserved among different strains of P. mirabilis
(Armbruster et al. 2018). All in all, P. mirabilis has
a mosaic pangenome resembling E. coli which is
obtained throughout horizontal gene transfer. The
genomic island of integrative and conjugative ele-
ment (ICE) which is known as ICEPml in
P. mirabilis acts as a chromosomal transposon
(Armbruster et al. 2018; Flannery et al. 2011).
The ICE is common among bacterial
microorganisms of P. mirabilis, Morganella
morganii and Providencia stuartii and this PAI
contains two virulence genes of nrp (encoding
non-ribosomal peptide siderophore) and pta (Pro-
teus Toxic Agglutinin) operons (Armbruster et al.
2018; Barker 2013; Flannery et al. 2011). The
bioinformatic, molecular biological and genomic
surveys have revealed a wide range of VFs in P.
mirabilis including secretion systems (e.g. T1SS,
T3SS, T4SS, T5SS and T6SS), toxins (such
as hemolysin (HpmA-HpB), Pta, ZapA
metalloprotease), fimbriae/fimbrial adhesins (like
Mannose-resistant Proteus-like fimbriac (MR/P),
“non-agglutinating fimbriae” (NAF/UCA), P.
mirabilis fimbriae (PMF), Ambient temperature
fimbriae (ATF), P.mirabilis P-like fimbriae
(PMP), Fimbria 14), afimbrial adhesins
(e.g. Uroepithelial cell adhesin (UCA/NAF)),
metal acquisition systems (for iron, zinc, nickel
and phosphate) and flagella (Armbruster et al.
2018; Barker 2013; Flannery et al. 2011).

In toto, uropathogenic bacteria and in particu-
lar the UPEC, UPKP and UPPM are “live
treasures” of VFs which have their own properties
and characteristics. Each VF has its own structure
and molecular mechanism which can activate dif-
ferent molecules of the host’s immune systems.
Any defect within the host’s immune system may
lead to leak of uropathogenic bacteria into the
host’s urinary tract which results in different
types of UTIs from mild and asymptomatic to
severe infections. Due to this fact, the bioinfor-
matics helps us to have conscious guess regarding
the immunological, molecular biological
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characteristics of bacterial virulence and
pathogenicity.
4 Therapeutic Aspects of Urinary

Tract Infections

In the following section, the therapeutic aspects
of UTIs are summarized, based on the most recent
international guidelines available in the published
literature in English.

4.1 Indication of Antibiotic Therapy
Urinary tract infections (UTIs) have mainly bac-
terial etiologies, hence the crucial role of
antibacterials in the treatment of UTIs is unques-
tionable. Even in the case of lower urinary tract
infection  (cystitis), antibacterial use is
recommended as clinical cure is significantly
higher compared to placebo (Bonkat et al.
2019). Despite this, some national guidelines rec-
ommend the watchful waiting approach for 48 h
in case of acute cystitis in women if pregnancy is
not present (NICE 2018), or the urinanalysis is
negative (Kranz et al. 2018a, b) to allow sponta-
neous recovery of symptoms.

UTIs can be classified in many ways. Based on
various patient characteristics, acute cystitis can
be grouped into uncomplicated form and compli-
cated form (Bonkat et al. 2019; Chapple and
Mangera 2018). In the later case, the eradication
of the pathogen is more difficult (Bonkat et al.
2019) and response rate to short-course antibiotic
therapy is worse (Chapple and Mangera 2018).

Treatment of Acute
Uncomplicated Cystitis (AUC)

4.2

Acute uncomplicated cystitis (sporadic or recur-
rent) pertains to pre-menopausal, non-pregnant
women without relevant co-morbidities or
anatomical/functional urinary tract abnormalities
(Bonkat et al. 2019). The recommended empiric
antibacterial agents in different guidelines are
summarized in Table 1.

Most national guidelines recommend one dose
(3 grams) fosfomycin as a first line treatment in
AUC (Bonkat et al. 2019; Chapple and Mangera
2018; Gilbert et al. 2019; Kranz et al. 2018a, b;
Melia 2017). Some American guideline
recommends to reserve fosfomycin for suspected
multidrug resistant (MDR) infections or when
other first-line agents cannot be used (Hooton
and Gupta 2019a, b). Nitrofurantoin is
recommended as first line treatment of AUC in
all of the identified guidelines (Table 1), with a
dose varying from 150 mg to 400 mg daily, for
3-5 days (Bonkat et al. 2019; Chapple and
Mangera 2018; Gilbert et al. 2019; Hooton and
Gupta 2019a, b; Kranz et al. 2018a, b; Melia
2017; Melia and DeMaio 2017; Network SIG
2012; Wuorela 2018).

Trimethoprim and its combination with a
sulphonamide derivative: trimethoprim-
sulfamethoxazole = (TMP/SMX) are often
recommended in the treatment guidelines with
the proviso that it should be used only if local
resistance level among E.coli or Enterobac-
teriaceae is below 20% (Bonkat et al. 2019;
Chapple and Mangera 2018; Gilbert et al. 2019;
Kranz et al. 2018a, b; Melia 2017). Except
pivmecillinam which is an extended spectrum
penicillin (WHO 2019), all other beta-lactam
agents are considered as second line treatment
(see Table 1), with a longer course (usually
5-7 days).

The role of fluoroquinolones in the treatment
of AUC is limited to special cases where other
agents cannot be used due to adverse drug
reactions (e.g. allergy, intolerance) (Melia
2017). Certain guidelines explicitly advise
against the use of fluoroquinolones in AUC
(Bonkat et al. 2019; Network SIG 2012; Wuorela
2018). This is in line with recent resolution of the
both the American and European Medicine
Authorities which recommend against the use of
fluoroquinolones in any non-complicated
infections (including AUC) as associated collat-
eral damage and risk of severe permanent adverse
effect clearly outweighs the potential benefits
(Hooper 2019).

The evidence supporting the add-on effect of
analgesics  for  symptomatic  relief in
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uncomplicated UTIs is lacking. However some
studies revealed that ibuprofen can reduce the
rate of antibiotic prescribing (Gagyor et al.
2012, 2015). Consequently, some guidelines rec-
ommend the use of paracetamol (Bonkat et al.
2019; Chapple and Mangera 2018; Gilbert et al.
2019; Hooton and Gupta 2019a, b; Kranz et al.
2018a, b; Melia 2017; Melia and DeMaio 2017;
Network SIG 2012; Wuorela 2018) or ibuprofen
(Gagyor et al. 2012, 2015) or the urinary analge-
sic phenazopyridine (Bonkat et al. 2019; Chapple
and Mangera 2018; Hooton and Gupta 2019a, b;
Kranz et al. 2018a, b; Melia 2017) to relieve the
discomfort (dysuria). Symptomatic treatment is
primarily important in cases where patient refuse
to take antibiotics or when the watchful-waiting
approach for 48 h can be considered.

4.3 Treatment of Acute Cystitis

in Men

The acute cystitis in men is often accompanied by
prostate involvement. The choice of antibacterial
is repetitive doses of fosfomycin (3 grams on
consequent 2-3 days) or TMP/SMX, which
should be revised based on microbiological
results (Gilbert et al. 2019; Hooton 2018;
Kroneberg et al. 2017). Nitrofurantoin and
pivmecillinam should be avoided in the cystitis
of men, due to the limited prostate penetration
(Gilbert et al. 2019; Hooton 2018; Kroneberg
et al. 2017).

4.4 Treatment of Acute
Pyelonephritis
(AP) and Complicated Urinary

Tract Infections (cUTIs)

The definitions of upper urinary tract infections
(acute pyelonephritis-AP) and complicated uri-
nary tract infection (cUTIs) are smeared. Most
guidelines differentiate between acute uncompli-
cated pyelonephritis where causative organisms
are identical with AUC and complicated urinary
tract infections- cUTIs (including pyelonephritis)
with broad range of possible pathogen bacteria

(Bonkat et al. 2019; Frassetto 2018; Hooton and
Gupta 2019a, b). An other approach is to define
all UTT cases that extend beyond the bladder as
complicated infection, and do not automatically
consider urological abnormalities, immuncom-
promising conditions, as complicating factors
(Hooton and Gupta 2019a, b). The listed
complicating factors (Bonkat et al. 2019;
Frassetto 2018; Hooton and Gupta 2019a, b)
also lack consensus and generally cover a wide
variety of conditions. The heterogeneity of the
patient population considered to have cUTIs pre-
clude general approach to the initial empiric
antibacterial therapy. The diversity in antibiotic
resistance also makes the up-to-date knowledge
of local resistance patterns critical.

The need of urine culture and sensitivity anal-
ysis concurs in different guidelines to tailor initial
empiric therapy in cUTIs (Bonkat et al. 2019;
Frassetto 2018; Hooton and Gupta 2019a, b).
Duration of treatment can also range widely, but
generally 7-14 days are needed to achieve clini-
cal cure. Empiric antibiotic choice is typically
based on individual assessment of disease sever-
ity, local bacterial susceptibilities, personal risk
factors for antibiotic resistant bacteria, drug
contraindications (e.g. allergies), and may include
a wide range of antibacterial agents based on local
availability of active agents (see Table 2).

Those patient that have mild-moderate
symptoms, (hemodinamically) stable, laboratory
parameters are essentially normal and lack any
risk factors which predispose them to
deteriorating can be treated as outpatients (Bonkat
et al. 2019; Frassetto 2018; Hooton and Gupta
2019a, b). The recommended empirical agents
typically include oral fluoroquinolones (if local
resistance is below 10% and no personal risk for
resistant bacteria), oral cephalosporins (mostly
third generation agents) and in few guidelines
with some restrictions: TMP/SMX (see Table 2).
In many guidelines oral treatment should be pre-
ceded by one dose of ceftriaxone or
aminoglycoside and in some guides ertapenem.

Patient who cannot take oral medication, vol-
ume depleted, has severe signs as early septic
haemodynamic parameters or having relevant
complicating factors should be admitted and
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treated with parenteral regimen (Bonkat et al.
2019; Frassetto 2018; Hooton and Gupta
2019a, b). Possible regimens include extended-
spectrum cephalosporins, aminoglycosides with
or without ampicillin (if enterococcus is being
considered), fluoroquinolones, aminopenicillins
with beta-lactamase inhibitors, antipseudomonal
penicillins, and in special cases carbapenems.
With clinical improvement, the patient can be
switched to an oral antimicrobial to which the
organism is susceptive to complete the course of
therapy (Bonkat et al. 2019; Frassetto 2018;
Hooton and Gupta 2019a, b).

The recommended therapeutic agents of AUC:
fosfomycin, nitrofurantoin, pivmecillinam cannot
be used in infections involving the kidneys, due
to the low tissue penetration (Bonkat et al. 2019;
Hooton and Gupta 2019a, b).

Despite the broad spectrum of antimicrobial
activity against most uropathogen and achieve-
ment of high drug levels in the urinary tract,
fluoroquinolones losted importance due to high
resistance level (ECDC 2018) and can be
recommended as first choice agent only in
uncomplicated  acute  pyelonephritis  (see
Table 2). According to the guideline of the
European Association of Urology
fluoroquinolones can only be used in cUTIs if
local resistance levels are below 10%, the patient
is not severely ill and initial therapy cannot be
started with a beta-lactam due to anaphylactic
reaction (Bonkat et al. 2019). Other guidelines
also make restrictions on the use of
fluoroquinolones in cUTIs and even in uncompli-
cated pyelonephritis (see Table 2).

Aminoglycosides have a reinassance in
treating UTIs: they can be used as an initial one
dose before switching to oral regimen in mild/
moderate cases, and is used widely in severe
infections, usually in combination with amoxicil-
lin or second generation cephalosporins.

The parenteral form of second generation
cephalosporins has indication in AP (NICE
2018) or cUTIs in combination with
aminoglycosides (Bonkat et al. 2019). Third gen-
eration parenteral cephalosporins, most often
ceftriaxon, are the gold standard in the treatment
of cUTIs and AP. Ceftriaxone 1is also

recommended as an initial first dose before
starting oral treatment in mild/moderate
AP. Carbapenems have limited indications in
UTIs: in uncomplicated AP they are used only if
early results indicate MDR bacteria (so basically
used only as targeted therapy), while in other
guides they are used in severely ill patients or
who are hospitalized and have a high risk of
infections due to MDR gram negative bacteria
(GNB) (i.e. extended spectrum f-lactamase-pro-
ducing Enterobacterales), for example nursing
home residents, or who had prior antibiotic expo-
sure, etc. Aminopenicillins with beta-lactamase
inhibitors have indications in few guidelines,
while  the  antipseudomonal  piperacilin-
tazobactam is widely recommended, usually as
second line agent in severe infection or in com-
plicated disease, when there is low risk for
MDR GNB.

4.5 Assessing the Quality

of Antibiotic Use

The utilisation of antibiotics are often appraised
by the so-called quality indicators (QIs). QIs are
defined as a specific and measurable elements of
practice performance for which there is evidence
or consensus that can be used to assess and hence,
change the quality of care (Campbell et al. 2003;
Donabedian 1998). Most often, QIs are
categorised as structure (reflecting the organiza-
tional issues), process (reflecting diagnostic and
treatment related decisions) or outcome indicators
(focusing on the consequences) (Donabedian
1998).

Recently two systematic reviews followed by
an international, multidisciplinary consensus pro-
cedure have been published on quality indicators
of antibiotic use: one on ambulatory care and one
on hospital care (Le Marechal et al. 2018;
Monnier et al. 2018). These internationally devel-
oped quality indicators are purposely generic
(i.e. not specific to certain infections), can be
applied worldwide by different stakeholders and
provide a comprehensive evaluation of antibiotic
use. The existence and elements of antibiotic
stewardship  programme, regular  audits,
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availability of antibiotic treatment guidelines,
essential antibiotic list/antibiotic formulary and
the continuous availability of essential
antibacterial agents are examples of structure
QIs that can be generally applied (Le Marechal
et al. 2018; Monnier et al. 2018; Pollack et al.
2016). Nosocomial C. difficile infection rate is
typical example for outcome indicator, but due
to its limitations (potentially influenced by many
concurrent factors) it provide only indirect evi-
dence of the provided care (Monnier et al. 2018).
The prescribing of antibiotics for acute bacterial
infections, the compliance with different elements
of treatment guidelines, rare prescription of cer-
tain antibiotics and acknowledgement of
contraindications are some of those generic pro-
cess QI that can be applied for urinary tract
infections (Le Marechal et al. 2018; Monnier
et al. 2018; Pollack et al. 2016).

Process indicators enable a direct evaluation of
the provided treatment hence their use is wide-
spread. In Table 3 we summarized those quality
indicators that pertain specifically to urinary tract
infections. No validated indicator exist for the
diagnostic process of urinary tract infection,
except the need for urine culture in complicated
UTIs (Pollack et al. 2016). As urinary tract
infections —with few exceptions- have bacterial
aetiology, the use of antibiotics is acceptable in
every case (quality indicator 1.). The European
quality indicator and those from Norway and
Sweden target to use the first line agents in mini-
mum 80% or 90% of women with afebrile urinary
tract infection (quality indicator 3 and 4). More-
over, the avoidance of fluoroquinolones in the
ambulatory care treatment of UTI is evident, the
most permissive target is that maximum 10% of
women below the age of 80 years should be
treated with fluoroquinolones (quality indicator
5,6,7) (Hermanides et al. 2008; Adriaenssens
et al. 2011; Pollack et al. 2016). Due to the higher
rate of trimethoprim resistance in the elderly pop-
ulation, in UK, they try to reduce its prescribing
in the elderly (quality indicator 8, 9) (D’ Atri et al.
2019; Norwegian Ministries 2015).

It is important to note that quality indicators
cannot provide a definitive judgement of quality,
but they generate reflection, debate and allow
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benchmarking across different practices and
such comparison has been proven to be an impor-
tant stimulus for quality improvement (D’Atri
et al. 2019; Drivsholm 2014; Norwegian
Ministries 2015). In summary, the assessment of
the quality of antibiotic use in frequent infections
like UTIs is essential to evaluate the impact of
antibiotic stewardship activities and to help health
care providers and policy makers to set priorities
for interventions to rationalise antibiotic use
(Le Marechal et al. 2018; Saust et al. 2016).

4.6 Treatment of Urinary Tract
Infections in the Context
of the Emerging Multidrug

Resistance

Although uncomplicated UTIs are often a self-
resolving infections (with cure rates of 15-45%),
almost all UTIs are treated with the administra-
tion of antibiotics (both as self-medication or
doctor-prescribed) (Bonkat et al. 2019). In many
primary care/outpatient settings, most patients
experiencing UTIs are treated empirically, with-
out establishing the exact etiological agents or
their antibiotic susceptibilities (Bischoff et al.
2018). Current therapeutic recommendations
emphasize the role of nitrofurantoin, fosfomycin,
pivmecillinam and trimethoprim-sulfamethoxazole
(TMP/SMX) as first-line treatments in (uncompli-
cated) UTIs as safe and effective therapeutic

alternatives; in general, p-lactam antibiotics
[extended-spectrum cephalosporins and
carbapenems], aminoglycosides and

fluoroquinolones should only be considered in
complicated UTIs (e.g., pyelonephritis), in
inpatients and in patients with an unmodifiable
drug interaction, intolerance, hypersensitivity (-
fB-lactam-allergy, prolonged QT interval or other
risk factors for torsades de pointes) to the
abovementioned agents (see previous subsections).
The chosen antimicrobial drug should achieve ade-
quate concentrations in the urine or in the respec-
tive anatomical region and should be effective in
shorter courses. Additionally, the adverse events
associated with inappropriate antibiotic use, the
overuse of fluoroquinolones and the concept of
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Table 3 Use of quality indicators related to urinary tract infections

No
1

Quality indicator

Percentage of female patients older than 18 years with
cystitis/other urinary infection (ICPC-2-R: U71) prescribed
antibacterials for systemic use (ATC: JO1) (European
indicator)

Female patients older than 18 years with cystitis/other
urinary infection receiving the recommended antibacterials
(ATC: JO1XE or JOIEA or JO1XX) (European indicator)
More than 80% of women and more than 50% of men with
afebrile urinary tract infection should receive first-line
treatment. (Sweden, ambulatory care)

More than 90% of patients with afebrile urinary tract
infection should receive first-line treatment. (Sweden,
hospital care)

Female patients older than 18 years with cystitis/other
urinary infection receiving quinolones (ATC: JO1M)
(European indicator)

To reduce the prescription rate of fluoroquinolones (and, in
particular, ciprofloxacin) for treating uncomplicated
urinary tract infections in women aged 20-79 years to less
than 8% of all antibiotics prescribed for urinary tract
infections in the same patient group. (Norway, ambulatory
care)

Maximum of 10% of all antibiotics used to treat urinary
tract infections in women aged 18-79 years should be
fluoroquinolones (Sweden, ambulatory care)

Reduction of inappropriate antibiotic prescribing for
urinary tract infections minimum 10% reduction in the
trimethoprim/nitrofurantoin prescribing ratio prescribed to
patients aged >70 years due to the higher rates of
trimethoprim non-susceptibility in this age group (UK,
ambulatory care)

Reduction of inappropriate antibiotic prescribing for
urinary tract infections at least a 10% reduction in
trimethoprim items prescribed to patients aged >70 years
due to the higher rates of trimethoprim non-susceptibility
in this age group (UK, ambulatory care)

Acceptable range
(%)
80-100

80-100

80-100 (female)
50-100 (male)

90-100

0-5

0-8

At least a 10%
reduction within
2 years

At least a 10%
reduction within
2 years
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QI type
Decision to prescribe

Decision on antibiotic
choice: (preferring first line
agents)

Decision on antibiotic
choice: (preferring first line
agents)

Decision on antibiotic
choice: (preferring first line
agents)

Decision on antibiotic
choice (avoidance of certain
agents)

Decision on antibiotic
choice (avoidance of certain
agents)

Decision on antibiotic
choice (avoidance of certain
agents)

Decision on antibiotic
choice (avoidance of certain
agents)

Decision on antibiotic
choice (avoidance of certain
agents)

Adriaenssens et al. (2011), Campbell et al. (2003), Donabedian (1998), D’ Atri et al. (2019), Hermanides et al. (2008), Le
Marechal et al. (2018), Monnier et al. (2018), Norwegian Ministries (2015), Pollack et al. (2016)

JO1 Systemic antibacterials, JOIEA Trimethoprim and derivatives, JO1XX Other antibacterials (e.g. fosfomycin, methe-
namine), JOIXE nitrofuran derivatives (e.g. nitrofurantoin), JOIM Quinolones, ATC Anatomical, therapeutic and
chemical classification, ICPC-2-R International Classification of Primary Care, Second edition

,.collateral damage” (affecting the gastro-intestinal
and vaginal flora) has taken center stage in the
recent years, when it comes to the therapy of
UTIs (Gajdacs et al. 2019a; Looft and Allen
2012; Tanne 2008; Weber 2006). These empirical
regimens (based on Infectious Diseases Society of
America [IDSA] guidelines) should be guided by
local susceptibility trends, e.g., TMP/SMX is
recommended if resistance rates are lower, than

20%, while this rate is <10% for fluoroquinolones
(see previous subsections). Nevertheless, if suscep-
tibility data is available, pharmacotherapy should
be tailored to these results (Bischoff et al. 2018).
The treatment of UTIs is an increasingly complex
challenge for clinicians, due to the plethora of
intrinsic and acquired resistance mechanisms they
possess; these mechanism should all be taken into
consideration when selecting antibiotic therapy
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(Doi et al. 2017; Pallett and Hand 2010; Rodriguez-
Bafio et al. 2018). The mechanism of antibiotic
resistance may include porin loss and mutations
affecting outer membrane permeability (p-lactam
antibiotics), alterations in target sites
(aminoglycosides, fluoroquinolones, tetracyclines),
energy-dependent efflux pumps (a wide variety of
antibiotics), in addition to the production of drug-
inactivating enzymes (e.g., AmpC-f-lactamases,
carbapenemases, aminoglycoside-inactivating
enzymes) (Sanjait and Indrawattana 2016). In
some cases, these resistance mechanisms affect the
susceptibility of individual antibiotics differently
(even in the same group); this is the reason why
some isolates may be resistant to meropenem, but
not imipenem, or resistant to amikacin, but not
tobramycin (this is especially common in
non-fermenters) (Ko et al. 2019a, b). CES bacteria
are all intrinsically resistant to penicillins, several
B-lactam/p-lactamase combinations (e.g., ampicil-
lin/sulbactam, amoxicillin/clavulanic acid), first—
second generation cephalosporins, and
cephamycins (i.e., cefoxitin), due to their
penicillinases and AmpC-p-lactamases (Gajdacs
et al. 2019a, b, ¢, d). Additionally, nitrofurantoin,
doxycycline, colistin and most of the
aminoglycosides (with the exception of streptomy-
cin and amikacin) are also ineffective against
Serratia spp. (Gupta et al. 2014). Members of the
Proteae tribe have similar intrinsic resistance mech-
anism (nitrofurantoin, tetracyclines, and colistin are
ineffective), they produce various p-lactamases
(penicillinases, AmpC-fp-lactamases) and they also
have an intrinsic reduced susceptibility to imipenem
(Barnaud et al. 1997; Gajddcs et al. 2019a, b, c, d).
In fact, due to their clinical significance, and their
common AmpC-B-lactamase-production, these
pathogens are a part of the “SPICE” group
(Serratia, Pseudomonas, indole-positive Proteus,
Citrobacter, and Enterobacter) of bacteria (Gajdacs
et al. 2019a, b, ¢, d; Moy and Sharma 2017).

Since the beginning of the twenty-first century,
several national and global (e.g., the SENTRY
Antimicrobial Surveillance Program or the
Study for Monitoring Antimicrobial Resistance
Trends; SMART) surveillance reports have
evaluated and published the resistance trends of
various Gram-positive and Gram-negative
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bacteria; these reports unanimously confirmed
the increase in the resistance-levels among com-
mon UTI-causing pathogens (both community-
associated and hospital-acquired), and the emer-
gence of multidrug resistant strains (MDR),
extensively drug resistant (XDR) and even
pandrug-resistant (PDR) strains of bacteria
(Gajdéacs et al. 2020a, b; Chen et al. 2015;
Morissey et al. 2013; Sader et al. 2014; Ponce-
de-Leon et al. 2018). These strains (in addition to
their intrinsic resistance mechanisms), express
plasmid-encoded  (transmissible)  resistance
determinants, which is both a therapeutic and
infection control concern. The increased resis-
tance is these pathogens is one of the main risk
factor for a poor prognosis, therapeutic failure
and even increased mortality rate in the
hospitalized patient population. Conversely,
resistance seriously limits the therapeutic options
in outpatient settings, which may force clinicians
to utilize more expensive antibiotics with a disad-
vantageous side effect-profile (Gajdacs et al.
2019a, b, ¢, d). Thus, in the current era of high-
resistance rates, the knowledge regarding the epi-
demiological information becomes much more
important than ever before.

Resistance to B-lactam antibiotics (which may
be mediated by a variety of mechanisms, the most
common ones in Gram-negative bacteria being
the production of f-lactamases [AmpC
p-lactamases, ESBLs, carbapenemases] is a
severe therapeutic issue in general, especially in
case of vulnerable patient groups (e.g., pregnant
women, children), where some other therapeutic
alternatives are inappropriate due to their toxicity
and teratogenicity (Abbo and Hooton 2014;
Abraham 2016; Cantén et al. 2019; Gondim
et al. 2018; Ulett et al. 2009; Meier et al.
2011). One of the most important developments
in resistance was the emergence of strains
expressing  extended-spectrum  P-lactamases
(ESBLs), which have become a worldwide public
health concern (Dhillon and Clark 2012). ESBLs
produced by members of the Enterobacterales
order are capable of hydrolyzing amino and
ureido penicillins, oxyimino cephalosporins, and
monobactams, but not to 7-o-substituted
B-lactams (Rupp and Fey 2003). The spread of
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ESBLs depends on bacterial conjugation, during
which plasmids carrying ESBL genes are trans-
ferred. The proximity of bacteria is ensured in
case of extensive biofilm-production (where the
load of bacteria embedded in biofilm is consider-
ably high), which creates a favourable environ-
ment for the exchange of genetic material,
especially by conjugative transfer (Dhillon and
Clark 2012; Rupp and Fey 2003; Paterson and
Bonomo 2005). This is especially true for In
nosocomial settings, where the production of bio-
film by these species is an important factor for
their survival. ESBL-positivity rate is highest in
Klebsiella spp., due to its pronounced genetic
plasticity and heightened ability of taking up
plasmids, while it is the lowest in Proteae. (Kleb-
siella > Escherichia > Enterobacter >
Citrobacter > Serratia > Proteus > Morganella
> Providencia) (Bonkat et al. 2011). Since the
twenty-first century, the most prevalent (>95%)
type of ESBL-enzymes are the blacrx.m-type
p-lactamases (Cantén et al. 2012). Nonetheless,
ESBL-producing strains usually also carry
resistance-determinants to other antibiotic groups
(e.g., aminoglycosides, quinolones, fosfomycin),
which significantly reduced treatment options to a
limited number of antibiotics (Dhillon and Clark
2012; Rupp and Fey 2003; Paterson and Bonomo
2005). If the local epidemiology suggests that a
patient has a high risk for an MDR UTI,
ertapenem is one of the suggested drugs as the
first line-agent to be used in several therapeutic
guidelines (see previous subsections).
Carbapenems have been considered safe and
effective therapeutic choices in case of ESBL-
positive Gram-negative bacteria; however, their
extensive use has lead to the development of
carbapenem-resistant ~Gram-negative strains,
both among non-fermenters and gut bacteria
(Papp-Wallace et al. 2011; El-Gamal et al.
2017). Carbapenem-resistant ~Gram-negative
bacilli (CRGNB) are an important therapeutic
problem, as there are limited number of safe and
effective therapeutic alternatives available (van
Duin et al. 2013). The most prevalent mechanism
of carbapenem-resistance is through the produc-
tion of specific, plasmid-borne f-lactamases called
carbapenemases (Meletis 2016). The differentia-
tion of carbapenemase-producing carbapenem

resistant ~ strains from  non-carbapenemase
producers is of utmost importance, as these
resistance-determinants are readily transferable
on plasmids or integrons, with pivotal roles in
nosocomial outbreaks and global dissemination
(Karlowsky et al. 2017). Based on their amino-
acid sequences, carbapenemase enzymes are clas-
sified into Ambler Class A (e.g. KPC, SME,
NMC-A, IMI, PER, GES, SFO, SFC and IBC),
Class D (e.g. OXA-23 group, OXA-48-group) and
Class B (e.g. VIM, GIM, SIM, NDM, IMP, IND,
AIM, DIM and SPM) enzymes. Class A and D
enzymes are serine-f-lactamases, while the
members of Class B are exclusively
metallo-f-lactamases. In infections caused by
carbapenemase-producing strains, clinicians are
left with very few therapeutic alternatives, some
of which are toxic (e.g., colistin; nephrotoxicity
and neurotoxicity), have disadvantageous pharma-
cokinetic properties (e.g., tigecycline) or expen-
sive (e.g., ceftazidime/avibactam, meropenem/
vaborbactam) (Gajdacs et al. 2019a, b, c, d;
Gajdécs et al. 2020a, b). Carbapenem-resistant
Enterobacterales strains have been designated as
one of the most important threats by both the
Centers for Disease Control (CDC) and the
World Health Organization (WHO) (Cantén et al.
2012; David et al. 2019).

5 Conclusions

Urinary tract infections (UTIs) are one of the most
common reasons for patients to a visit a physician
and to receive antibiotics. The aim of this review
paper was to summarize current developments in
the global burden of UTI, the diagnostic aspects
of these infectious pathologies, the possible etio-
logical agents and their virulence determinants
(with a special focus on the members of the
Enterobacterales order), current guidelines and
quality indicators in the therapy of UTIs.
Members of the Enterobacterales order are the
most common urinary pathogens; however,
many studies have also highlighted that the etio-
logical agents in UTIs are broadening, both in
nosocomial and community settings. The emer-
gence of drug resistance in Gram-negative bacte-
ria should be closely monitored, due to their
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proclivity to becoming MDR and their plasticity
in drug resistance mechanisms. As the therapeutic
armametarium of clinicians is largely limited in
the current antibiotic resistance climate, energies
should also be put into the prudent use of
antibiotics. The use of modern diagnostic
modalities will definitely improve the quality of
patient-care around the globe.
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