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Abstract

Despite its proximity to the fecal flora, the urinary tract is considered sterile. The precise
mechanisms by which the urinary tract maintains sterility are not well understood. Host immune
responses are critically important in the antimicrobial defense of the urinary tract. During recent
years, considerable advances have been made in our understanding of the mechanisms underlying
immune homeostasis of the kidney and urinary tract. Dysfunctions in these immune mechanisms
may result in acute disease, tissue destruction and overwhelming infection. The objective of this
review is to provide an overview of the innate immune response in the urinary tract in response to
microbial assault. In doing so, we focus on the role of antimicrobial peptides — a ubiquitous
component of the innate immune response.
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Introduction

Urinary tract infections (UTI) are one of the most common and serious bacterial infections
encountered by pediatricians [1]. Estimates on the cumulative incidence of UTIs in
American children indicate that up to 180,000 of the annual birth cohort will be diagnosed
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with a UTI by 6 years of age (3—7% of girls and 1-2% of boys) [2,3]. Children diagnosed
with UTIs account for over 500,000 emergency department visits, 50,000 hospitalizations
and 1 million annual office visits, resulting in more than $8 billion of healthcare expenditure
[4,5]. Long-term complications of UTIs include renal scarring, hypertension and chronic
kidney disease. No treatment strategy to date has proven to be particularly effective in the
prevention of UTI sequelae. Moreover, antibiotic resistance in uropathogenic bacteria has
been increasing, in large part due to antibiotic overuse. Therefore, it is imperative that we
seek a greater understanding of UTI pathogenesis and how the body defends the urinary
tract against microbial insult so that we can learn to augment endogenous defense
mechanisms to develop new, targeted UTI treatment options to improve patient care and
reduce healthcare costs and co-morbidities.

Escherichia coli (E. coli) is the bacterial pathogen most frequently responsible for UTI and
pyelonephritis. Uropathogenic E. coli (UPEC) are postulated to originate in the rectal flora,
spread across the perineum, and enter the bladder via the urethra. Before invading the
urothelium, UPEC must overcome several intrinsic characteristics of the urinary tract to
cause an infection. Proposed functional mechanisms contributing to defense of the urinary
tract include barrier formation, mucous production, the urinary microbiome, regular bladder
emptying, urine flow and alterations in urine characteristics (Table 1) [6-9].

The microbial virulence of UPEC has been linked to many factors [10-12]. The most
prominent is Type | fimbriae, which are filamentous bacterial appendages that are capped by
FimH, a mannose-binding adhesion protein. Type 1 fimbriae promote tight bacterial binding
to the matrix of uroplakin complexes on the surface of superficial bladder epithelial cells
[11,13]. Similarly, the presence of flagella enhances virulence by permitting the organism to
migrate toward the urothelium against the flow of the urinary stream [12]. After binding,
UPEC invades the uroepithelium where it may either establish a state of commensalism or
cause a severe, symptomatic infection characterized by a rapid innate host response with
cytokine secretion, recruitment of immune cells to the site of infection and successful
elimination of bacteria, or progressive disease with acute tissue destruction [14]. The
antibacterial defense of the urinary tract relies almost entirely on innate immunity.

The highly conserved innate immune response provides front-line defense against microbial
insult and leads to subsequent activation of the adaptive immune system. In contrast to the
adaptive immune response, which develops over a period of days and confers long-lasting
immunity, the innate immune response provides immediate defense against infection. The
innate immune response is not based on the recognition of specific antigens and, therefore,
is less specific than the adaptive immune system. Innate immunity encompasses a variety of
diverse components that are constitutively active or rapidly induced — including barriers like
epithelial surfaces and intracellular tight junctions, sensors of commensal and pathogenic
microorganisms, cells that release inflammatory mediators and cytokines, phagocytic cells,
inflammation-related serum proteins, and antimicrobial molecules [15,16]. These elements
work in concert to ensure that the magnitude of the host response reflects the severity of the
microbial threat (Figure 1). In the urinary tract, alterations in these immune mechanisms
may result in acute disease that can lead to uroepithelial tissue destruction, parenchymal
scarring or overwhelming infection.
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In this review, we focus on how the innate immune response maintains urinary tract sterility.
In doing so, we describe how microbial insult triggers toll-like receptors to activate host
response mechanisms through chemokines, cytokines and inflammatory cells. Additionally,
we focus on the role of antimicrobial peptides and discuss how they may be utilized as a
promising new class of endogenous antibiotics that may overcome the limitations of
traditional therapies and the emerging problems of antibiotic resistance. This review
complements the 2012 review in this journal by Ragnarsdottir et al where they described
how bacterial virulence factors and genetic variations in the host immune response influence
UT]I susceptibility [10].

Toll-like receptors and their importance in urinary tract defense

If uropathogens breach the physical barriers of the urothelium, they are recognized by toll-
like receptors (TLR) that mobilize the immune responses of the bladder and kidney
epithelial cells [17]. TLRs are transmembrane proteins with multiple leucine-rich repeats
that are responsible for the recognition of pathogen-associated molecular patterns (PAMPS)
— highly conserved molecules expressed by invading pathogens. The activation of TLRs by
uropathogens activates several signaling pathways that induce a robust immune response
through the expression of pro-inflammatory cytokines, chemokines, interferon signaling and
the production of antimicrobial peptides (Figure 2). The common TLRs encountered in the
urinary tract include TLR2 (recognizes bacterial lipoteichoic acid or lipoprotein), TLR3
(recognizes double stranded RNA), TLR4 (recognizes lipopolysaccharides), TLR5
(recognizes flagellin), TLR9 (recognizes unmethylated DNA of bacteria and viruses) and
TLR11 (recognizes parasites) [16,18].

Among the TLRs that are expressed by the urothelium, only TLR4, TLR5, and TLR11 have
been shown to participate in vivo in defense against bacterial infection [18,19]. Perhaps the
most studied of the TLRs is TLR4, which is expressed on the epithelial cells of the kidney
and bladder. TLR5 is predominantly expressed on bladder cells whereas TLR11 is primarily
on kidney cells. Animal models that do not express TLR4, TLR5, TLR11 or have defective
forms of these receptors demonstrate that these animals have difficulty clearing infection in
different regions of the urinary tract [19-25].

Svanborg et al have extensively studied and reviewed the role of TLR4 in the context of
UTI [10,22,26,27]. The importance of TLR4 in the defense against UTI in humans was
confirmed in patients with asymptomatic bacteriuria, who exhibit a marked decrease in
TLR4 expression [19,28]. Impaired bacterial clearance associated with defective TLR4 is
likely a result of limited local cytokine, chemokine and neutrophil immune response, along
with decreased ability of the receptor to mediate other antimicrobial activities in the urinary
tract [18]. Additional studies suggest that TLR4 is also involved in bladder cytoprotection.
When TLR4 is activated, it stimulates changes in renal cyclooxygenase-2, which is
responsible for the formation of inflammatory prostanoids (i.e. prostaglandin) that
participate in the regulation of bladder mucous barrier and cytoprotection [18,29].
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The cytokine cascade and microbial clearance

TLR activation by uropathogens mobilizes a robust urothelial cytokine response. This
cytokine response serves as the signal for recruitment of other aspects of the innate immune
system and the inflammatory response. TLR4 activation by Gram-negative bacteria leads to
increased transcription of 1L-6 and IL-8 through multiple mechanisms [16]. IL-8 in turn acts
as a chemoattractant for neutrophils by interacting with the receptors CXCR1 and CXCR2 on
the surface of epithelial cells and neutrophils [10,30]. Furthermore, 1L-8 promotes
chemotaxis and transepithelial infiltration to infected sites. IL-6 activates B-cells to produce
IgA and stimulates C-reactive protein production to further augment the inflammatory
cascade [10]. IL-10 also increases in the urine of patients with UPEC cystitis, though its role
during infection is not known. IL-10 deficient mice have higher bacterial loads in the
bladder, urine and kidney compared to controls [31]. Other cytokines/chemokines have been
implicated in various UTI models and patient populations including IL-1, RANTES/CCLS5,
MCP-1, TNF-a, IFN-a [10,32].

The roles of cytokine and cytokine receptor genes in UTI susceptibility have been elusive.
While certain polymorphisms have been implicated in many different populations and
patient cohorts, no global genetic variations in cytokines and their receptors have been
identified as causative. Because of the multifactorial nature of the disease process and host
response, many genetic variations have been implicated as associated with an increased risk
for various infections of the urinary tract [10]. They include the following:

1. A SNP in the IL-8 promoter region was associated with an increased risk of severe
kidney parenchymal infection [30]. This genotype was also associated with
increased IL-8 levels in stool [33].

2. Genetic polymorphisms in the IL-8 receptors CXCR1 and CXCR2 result in
decreased mRNA levels in patients with acute pyelonephritis or recurrent UTI
[34,35]. Further, multiple variations have been associated with UTI susceptibility in
children with VUR and premenopausal women [36].

3.  RANTESpolymorphism (also known as CCL5) that leads to higher transcriptional
activity was associated with a lower risk of upper tract UTI. The exact mechanism
of how this SNP is protective is not known [37].

4. In patients with rheumatoid arthritis being treated with methotrexate or the TNF
inhibitor etanercept, a specific SNP in the pro-inflammatory cytokine TNF was
associated with a statistically significant increased risk in UTI [38]. Interestingly, in
ex vivo studies, TNF blockade inhibited TLR4 expression in dendritic cells.
Whether etanercept inhibits TLR4 expression in uroepithelial cells is unknown.

These studies demonstrate that certain genetic polymorphisms are associated with both an
increased UTI risk and a protective effect in different patient cohorts. A seemingly
paradoxical relationship exists between IL-8 and IL-8 receptors. For example, a variation
that results in increased IL-8 levels is associated with increased UTI risk, yet variations that
result in decreased transcription in the 1L-8 receptors (CXCR1 and CXCR2) seem protective.
These findings underscore the multifactorial nature of the innate immune response. In
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addition, they highlight the need for a greater understanding of UTI pathogenesis as we
strive to develop better management and therapeutic strategies.

The leukocyte response to uropathogens

The host leukocyte response to uropathogens is incompletely characterized, particularly in
the upper urinary tract. Moreover, the roles of leukocytes in human patients with acute and
chronic UTI remain largely undefined. Our understanding of the role(s) of leukocytes in
eradicating UTI is mainly inferred from studies of inbred mice inoculated transurethrally
with large bacterial burdens of UPEC (107-10° colony forming units/milliliter). The murine
model affords simultaneous characterization of leukocyte populations in blood, urine,
bladder tissue and kidney tissue. Multiple studies using this model have demonstrated that
innate myeloid cells play an important role in the clearance of uropathogens.

Several hours following UPEC inoculation, a neutrophil-predominant leukocyte population
is present within the urinary space of the kidney and bladder [34,39]. Microbial challenge
triggers neutrophil chemotaxis via the interaction of chemokines like IL-8 with its receptors,
Cxcrl and Cxcr2. Mice deficient in the I1L-8 receptor exhibit delayed neutrophil
transmigration across the urothelium, increased UTI susceptibility, renal abscess formation
and bacteremia [34]. Similarly, neutrophil depletion by genetic disruption of chemokine/
receptor interactions critical for chemotaxis or with the use of lineage specific antibodies
results in increased bacterial burden in the bladder and kidneys [34,39]. The kidneys also
contain a resident network of CD11c(+) dendritic cells (DC), which have been shown to
infiltrate the bladder in response to UPEC inoculation [40]. To establish the relative
importance of CD11c(+) DC in murine cystitis and pyelonephritis, DCs were conditionally
depleted prior to transurethral UPEC challenge [40,41]. While DC depletion exerted no
affect on UPEC burden in the bladder, the kidneys of these mice exhibited transiently higher
bacterial burden, associated with decreased neutrophil recruitment [41]. Results from these
studies clearly establish a central role for neutrophils in UPEC clearance.

To date, the role of T and B cells in UPEC clearance has not been well defined. Hopkins et
al demonstrated that anti-E. coli neutralizing antibodies are induced following UTI -
indicating that an adaptive immune response has been initiated [42]. Moreover, severe
combined immunodeficiency mice devoid of functional T and B cells identified higher
bacterial counts in bladder and kidneys seven days after inoculation compared to
immunocompetent controls [43]. Finally, by labeling bacteria with the ovalbumin (OVA)
peptide and the use of OVA tetramers to identify antigen specific CD4(+) T cells,
Thumbikat et al demonstrated that a T cell response to bacteria occurs, is transplantable and
plays a role in limiting infections, supporting a role for T lymphocytes in preventing
recurrent UTI [44]. These findings may have relevance to individuals with UTI and acquired
deficiencies in T and B cell function, such as patients with HI\VV/AIDS and kidney transplant
recipients.

Antimicrobial peptides and urinary tract sterility

Antimicrobial peptides (AMPs), the primary effector of the innate immune system, are
natural antibiotics produced by nearly all organisms [45,46]. AMPs are small cationic
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proteins expressed by phagocytic white cells and epithelial cells either constitutively or via
induction by invading pathogens. Certain AMPs exhibit a narrow antimicrobial spectrum,
while others show broad-spectrum antimicrobial activity against bacteria, enveloped viruses,
fungi and protozoa. To date, we have an incomplete understanding of the antimicrobial
mechanisms behind AMP function, limiting our understanding of how to develop AMPs as a
novel class of antibiotics [45].

Current evidence indicates that the antimicrobial activity of AMPs relates to their net
charge, secondary structure and amphipathicity [45,47,48]. As the peptide’s net charge
increases, its electrostatic attraction to the negatively charged microbial membrane
increases. Amphipathicity refers to the relationship between the AMP’s hydrophilic and
hydrophobic amino acid residues — which allows it to remain in solution in hydrophilic
environments as well as interact with hydrophobic cell membranes [46]. Increased
amphipathicity, as estimated by the hydrophobic moment, allows an AMP to partition into
the membrane lipid bilayer. Secondary structure refers to the dimensional topography of the
peptide and can influence its antimicrobial activity. These properties govern how AMPs
bind to microbial cell membranes and prevent bacterial attachment, stimulate other
components of innate immunity, or permeabilize the cell membrane. Predominantly, AMPs
act by disrupting the integrity of bacterial cell membranes through the interactions of their
cationic domains with the negatively charged microbial cell surface components. However,
some AMPs inhibit intracellular protein/DNA synthesis by membrane translocation (Figure
3). As long as AMPs retain their cationic charge and amphipathicity, they retain their
antimicrobial activity [46].

Because pathogenic bacteria are susceptible to endogenous AMPs, AMPs have been
considered as a possible therapeutic agent against drug resistant organisms. AMPs have
many desirable features of a novel antibiotic class. 1) AMPs display antimicrobial activity at
low micromolar concentrations. 2) Microbial resistance to AMPs is limited as microbes
cannot significantly alter their cell wall targets or modify their cell wall composition. 3)
AMPs overcome the shortfalls of antibiotics given their ability to permeabilize microbial
membranes [49]. 4) AMPs show synergy with conventional antibiotics and may be
engineered to augment their targets [50].

Despite their wide distribution throughout nature, very few AMPs have been described in
the human kidney and urinary tract. AMPs described in the urinary tract include defensins,
cathelicidin, hepcidin, and ribonuclease 7. Other proteins that possess antimicrobial
properties found in the kidney and urinary tract include Tamm-Horsfall protein, lactoferrin,
lipocalin and secretory leukocyte proteinase inhibitor (Figure 4) [45,46,51].

Defensins—In humans and other mammals, defensins are one of the most studied families
of AMPs. Defensins typically have broad-spectrum antimicrobial activity against Gram-
positive and Gram-negative bacteria, viruses, fungi and protozoa [52]. Along with their
direct antimicrobial properties, defensins play a role in cell-mediated immunity as
chemoattractants for immature dendritic cells [46]. Defensins are initially synthesized as
preproproteins and undergo processing to become mature, biologically-active peptides. In
humans, defensins are classified into one of two families depending on their disulfide-
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bridging pattern — the a-defensins or the p-defensins [53]. The clusters of genes encoding
the a-defensin subfamily and the majority of the p-defensin subfamily are located on
chromosome 8p22 and 8p23. Many defensin genes in these chromosome regions have
variations in copy number ranging from 2 to 14 per diploid genome [45,54].

a-defensins: Human neutrophil peptides (HNPs) are a-defensins produced in the bone
marrow within promyelocytes [55]. There are four identified HNPs, named HNP1 through
HNP4. The HNPs are stored within the primary (azurophil) granules of neutrophils, where
they provide non-oxidative antimicrobial activity. HNPs encounter pathogens after they are
secreted onto the cell’s surface via degranulation or after a pathogen undergoes phagocytosis
and the phagocytic vacuole fuses with the neutrophilic granule [45,46,55]. Regarding the
urinary tract, lhi et al demonstrated increased urinary levels of HNP1-3 in the setting of UTI
[56]. Similarly, Tikhonov et al demonstrated that urinary HNP1 increased concomitantly
with urinary IL-8 in patients with chronic pyelonephritis [57]. These findings may reflect the
recruitment of neutrophils to the site of infection.

In contrast to the HNPs, mucosal epithelial cells produce human a-defensin 5 (HD5). The
expression and function of a-defensin HD5 has mostly been reported in the small intestine
where it is secreted by Paneth cells into the intestinal crypts and contributes to the balance of
intestinal microbiotica [58]. HD5 has also been described in the male and female
reproductive tracts, with evidence suggesting that it is inducible and important in eradicating
infection [59,60]. HD5 has antibacterial activity against common uropathogenic Gram-
positive bacteria and Gram-negative bacteria. HD5 also has antimicrobial activity against
uropathogenic viruses like adenovirus and BK virus [61,62].

In the urinary tract, our research group has demonstrated that the gene encoding HD5,
DEFAS5, is constitutively expressed in the uroepithelium of the kidney, ureter and bladder.
Expression increases from the upper urinary tract to the lower urinary tract, following the
flow of the urinary stream [63]. Additionally, both gene expression and peptide production
are induced with UTI. Secreted HD5 was not routinely detected in culture negative urine
samples; however, HD5 levels significantly increased in urine samples infected with E. coli.
Although HD5 did not reach urinary concentrations likely to be directly antimicrobial
against common uropathogens, mucosal surface concentrations may be higher [63]. Other
research groups have demonstrated that urinary HD5 is also detected in patients who have
undergone ileal neobladder reconstruction and ileal conduit urinary diversion [64,65]. This
data not only demonstrates an apparent role of HD5 in the innate immunity of the urinary
tract, but it also suggests there may be potential to utilize HD5 as a diagnostic biomarker for
UTI.

B-defensins: The human p-defensins are widely expressed in human epithelia and are active
against Gram-positive and Gram-negative bacteria [45]. The B-defensin gene locus is
subject to both copy number variations and single nucleotide polymorphisms, which may
affect host antimicrobial defense. Of the p-defensins, human p-defensin-1 (HBD1) and
human B-defensin-2 (HBD2) have been described in the human urinary tract. HBD1 mRNA
is constitutively expressed by the epithelial lining of the loop of Henle, distal tubule and
collecting duct. HBD1 peptide is constitutively detected in the urine [66]. Although urinary
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levels of HBD1 are insufficient to kill invading bacteria, HBD1 may provide a fast-acting
antimicrobial coating of tubular lumens and prevent infection by inhibiting bacterial
attachment to the urothelium and serving as a chemical shield [66]. Recent studies indicate
that the redox-state of HBD1 significantly affects its antimicrobial potency, such that the
reduced peptide is much more potent than the disulfide-linked oxidized form [67]. The
redox state of HBD1 in the naive and infected urinary tract has not been described. A role of
HBD1 in urinary tract host defense is suggested by the finding that mice lacking the gene for
beta defensin 1 (Defbl —/-) have an increased probability of bacteriuria compared to non-
mutant littermates [68]. Unlike HBD1, HBD2 is not constitutively expressed in non-infected
kidneys. With pyelonephritis, HBD2 expression increases in the loops of Henle, distal
tubules and collecting ducts of chronically infected kidneys [69].

Cathelicidin: Human cathelicidin (LL-37), encoded by the gene CAMP, is expressed in
circulating neutrophils, myeloid bone marrow cells and epithelial cells. Cathelicidin
possesses antimicrobial activity against Gram-positive and Gram-negative bacteria as well
as viruses, and it acts as a chemoattractant for neutrophils and monocytes by interacting with
their fMLP-receptors. Chromek et al demonstrated that in the urinary tract cathelicidin is
expressed in the proximal tubule and the urothelium of the renal pelvis and ureter. When
challenged by uropathogenic E. cali, uroepithelial cells secrete cathelicidin into the urinary
space/tubular lumen [70]. When mice deficient in Cramp (the ortholog of cathelicidin) were
infected with UPEC, the uroepithelium was significantly compromised, suggesting that
cathelicidin plays an important role as a first line of mucosal defense. During later stages of
inflammation, invading leukocytes serve as the main source of the peptide. Thus,
cathelicidin appears to participate in both epithelial antimicrobial defense, recruitment of
immune cells and neutrophil killing of pathogens [70].

Hepcidin: Hepcidin, also known as liver-expressed antimicrobial peptide-1 (LEAP-1), is
produced in the liver and excreted in the urine. Hepcidin has broad-spectrum antimicrobial
activity and plays an important role in iron homeostasis. Genetically modified mice
engineered to over express hepcidin died shortly after birth with severe iron deficiency,
supporting a central role in iron regulation. Therefore, hepcidin participates in the innate
immunity of the urinary tract by both direct antimicrobial activity and reduction of available
iron, which is an essential nutrient for pathogens [45,71,72].

Ribonuclease 7: Recently, our research group has demonstrated that Ribonuclease 7 (RNase
7) is a potent AMP that contributes to maintaining sterility in the human urinary tract [73—
75]. RNase 7 was first identified as an AMP in the epidermis [76]. The uroepithelium of the
bladder and the ureter and the intercalated cells of the renal collecting tubule constitutively
express RNase 7. Urinary levels of RNase 7 are significantly greater than other AMPs,
reaching concentrations that are sufficient to kill bacteria (Figure 5). When urinary RNase 7
was neutralized in human urine specimens in vitro, urinary bacterial growth increases [75].
RNase 7 exhibits potent, rapid antimicrobial activity against common Gram-positive and
Gram-negative uropathogens by disrupting microbial cell membranes at low micromolar
concentrations [74]. Specifically, distinct regions of the peptide appear to be responsible for
activity against various pathogens [77,78]. However, the mechanisms for RNase 7’s
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antimicrobial properties are not completely understood. Its bactericidal activity has been
linked to its capacity to permeate and disrupt the bacterial cell membrane, which is an action
independent of its ribonuclease activity. It has been stated that on a per molar basis, RNase 7
is the most potent human AMP [79].

Proteins with antimicrobial activity: In addition to the AMPSs, there are other proteins
described in the urinary tract that participate in host defense. Tamm-Horsfall protein (THP)
is secreted by epithelial cells lining the loop of Henle [80]. THP is not antimicrobial itself,
but it prevents attachment of certain bacteria to epithelia and thus facilitates bacterial
washout. THP also activates dendritic cells. Similar to hepcidin, lactoferrin and lipocalin are
proteins involved in restricting the availability of iron. Lactoferrin is expressed in the distal
collecting tubule and decreases available iron by chelation. Lactoferrin also has direct
antimicrobial activity by damaging microbial cell membranes. Lipocalin captures iron-laden
siderophores, providing bacteriostatic activity against organisms that secrete siderophores to
scavenge iron from the environment [14,46]. Finally, secretory leukocyte proteinase
inhibitor (SLPI) is a major protease inhibitor that is produced in the distal tubules of the
nephron. SLPI has some antimicrobial effects and up-regulates macrophage production of
anti-inflammatory cytokines [51].

The role of the adaptive immune response in the urinary tract

Despite the innate immune response, bacteria still can persist in the urinary tract. Therefore,
a more specific adaptive immune response ensues that protects the urinary tract. As outlined
previously in this review, studies by Thumbikat et al demonstrated that both cell-mediated
and humoral arms of the immune system are activated after UPEC infection that stimulates
recruitment of activated T cells to the bladder and the production of specific 1gG antibody in
the serum and urine. As a result, their efforts demonstrated that mice were highly resistant to
reinfection with a homologous UPEC strain [44]. Additionally, it has been postulated that
the sensitized B lymphocyte cells migrate to the lamina propria from the lymphatics and
differentiate into IgA secreting cells. However, it has been suggested that these antibodies
inhibit bacterial colonization by lowering the bacterial adherence to the mucosa or assist in
opsonization by WBCs. These results suggest that that urinary tract is able to mount an
appreciable and protective adaptive immune response [16,81].

A summary of the immune mechanisms in the urinary tract

Simplistically, an ascending or aggressive infection in the urinary tract can develop once
bacteria are able to ascend the urethra and evade the mechanical barriers that keep them
from attaching to the uroepithelium — such as urine flow, mucus production and
uroepithelial coating with THP or AMPs. Once overcoming these barriers, UPEC activates
uroepithelial TLR4 that triggers a cascade of signals that activate pro-inflammatory
pathways. Chemokines are released and leukocytes are recruited to the site of infection.
Moreover, the uroepithelium and circulating leukocytes increase production of AMPs.
Together, these mechanisms work in concert to help eradicate a UTI. In all likelihood, these
mechanisms are constantly being utilized by our urinary tract to ward off invading
pathogens without a single symptom or invasive infection.
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Abbreviations

UTlI Urinary Tract Infection

UPEC Uropathogenic E. coli

VUR Vesicoureteral Reflux

TLR Toll-like Receptor

DC Dendritic Cells

AMP Antimicrobial Peptides

HNP Human Neutrophil Peptides

HD5 Human Alpha-Defensin 5

HBD1 Human Beta Defensin 1

HBD2 Human Beta Defensin 2

RNase 7 Ribonuclease 7

THP Tamm-Horsfall protein

SLPI Secretory Leukocyte Protease Inhibitor
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Figure 1. Innate immune mechanisms in the urinary tract
Microbes enter the urinary tract and encounter constitutively expressed AMPs that can

inhibit attachment to the urothelium (A) or cause bacterial lysis (B). If bacteria attach to the
urothelium, they can induce AMP production, which results in destruction of adherent
bacteria (C). When bacteria bind and invade the urothelium, they can elicit the production of
chemokines (D/E) that attract inflammatory cells across the urothelium (F). These cells
control infection by phagocytosis (G) and secretion of intracellular AMPs (H) [14,45,46].
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Figure 2. Signaling pathway of toll-like receptors in urinary tract infection
Activation of TLRs expressed on the cell membrane by a bacterial ligand sets in motion a

series of processes that leads to the release of inflammatory chemokines, cytokines and
AMPs [14,19].
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Figure 3. Proposed antimicrobial mechanisms of antimicrobial peptides
AMPs can kill bacteria by disrupting the microbial membrane (A-C) or translocating across

the membrane and binding to intracellular targets (D). Models of membrane disruption
include the following: (A) Barrel-stave model: (A1) Cationic AMPs (+) bind to the
negatively charged bacteria lipid bilayer (=) and disrupt the microbial membrane by forming
an aqueous channel or “barrel-stave” (A2). (B) Carpet Model: AMPs blanket the microbial
membrane and disrupt it by forming micelles. (C) Torodial Pore Model: AMPs bind to
phospholipid head group on the microbial membrane allowing its hydrophobic portion to
intercalate into the microbial membrane and cause the lipid bilayer to fold back on itself
[50].
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Figure 4. Defined antimicrobial peptides in the human kidney and urinary tract
Left Panel: AMPs identified in the human lower and upper urinary tract.

Right Panel: AMPs identified in the nephron and collecting tubule of the human kidney
[45].
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Figure 5. Urinary antimicrobial peptide concentrations
Mean urinary AMP levels in culture negative and culture positive urine samples [74].
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Table 1

Urine parameters influencing UTI susceptibility

Urine parameter

UTI relevance

pH Optimal bacterial growth in urine occurs between a pH 6-7.

Urea High urea concentrations are associated with inhibition of bacterial growth.

Glucose Glucosuria can promote bacterial growth.

Calcium Idiopathic hypercalcuria increases the risk of UTIs.

Iron Increased iron promotes bacterial growth in urine.

Osmolality Bacterial growth is inhibited when the urine osmolality is < 200 mosm/L or > 1200 mosm/L
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