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ABSTRACT

Urinary tract infections (UTIs) represent one of the most prevalent bacterial infections 
globally, manifesting in diverse clinical phenotypes with varying degrees of severity and 
complications. The mechanisms underlying UTIs are gradually being elucidated, leading to 
an enhanced understanding of the immune responses involved. Innate immune cells play a 
crucial defensive role against uropathogenic bacteria through various mechanisms. Despite 
their significant contributions to host defense, these cells often fail to achieve complete 
clearance of uropathogens, necessitating the frequent prescription of antibiotics for UTI 
patients. However, the persistence of infections and related pathological symptoms in the 
absence of innate immune cells in animal models underscore the importance of innate 
immunity in UTIs. Therefore, the host protective functions of innate immune cells, including 
neutrophils, macrophages, mast cells, NK cells, innate lymphoid cells, and γδ T cells, are 
delicately coordinated and timely regulated by a variety of cytokines to ensure successful 
pathogen clearance.
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INTRODUCTION

The urinary system comprises the upper urinary tract, including the kidneys and ureters, 
and the lower urinary tract, which encompasses the bladder and urethra. In clinical practice, 
lower urinary tract infections (UTIs) are more common than upper UTIs (1,2). This higher 
incidence is attributed to the proximity of the lower urinary tract to the gastrointestinal 
tract, exposing it to various bacteria. Patients who experience 2 or more infections within 
6 months, or 3 or more within a year, are defined as having recurrent UTIs (rUTIs) (3). 
Since UTIs are typically treated with antibiotics, patients with rUTIs have a higher risk of 
developing antibiotic resistance to uropathogens (3).

A prominent pathogen causing UTI is uropathogenic Escherichia coli (UPEC), which 
accounts for 80% of infections (4). Among the fimbriae expressed by UPEC, FimH unit 
forms particularly strong bonds with uroplakin, which is expressed on urothelial cells, 
facilitating attachment and proliferation of UPEC on the epithelial surface (5). Although 
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UPEC is classified as an extracellular pathogen, it has the ability to invade cells and establish 
intracellular bacterial niches within urothelial cells, thereby contributing to persistent and 
recurrent infections.

During the initial stage of UTIs, UPEC attaches to and colonizes epithelial cells, necessitating 
hosts to establish a solid physical barrier that hinders or inhibits the attachment of pathogens 
during the early infection stages. Umbrella cells, also known as superficial cells, secrete 
hyaluronic acid and sulfated glycosaminoglycans (GAGs) to form an extracellular matrix, 
which generates a GAG layer (6). Thus, the GAG layer in the bladder hinders the attachment 
and invasion of pathogens, thereby serving as a passive defense mechanism for the host.

Although passive defense mechanisms such as impeding bacterial colonization, are crucial 
in combating UPEC infections, effective host defense against pathogens necessitates active 
defense mechanisms. In the human body, immune cells undertake these defensive functions. 
Unlike other pathogens, bacteria can rapidly proliferate under suitable environmental 
conditions. Therefore, host is often vulnerable to infections until adaptive immunity takes 
effect. Innate immune cells make up for this short lag in responses and associated weakness. 
Clinically, rUTIs are significant as often immune responses directed at pathogens are 
associated with chronic infections. This involves primarily adaptive immune cells, with the 
role of immune effector cells being regulated by adaptive immunity. While this adaptive 
immunity during rUTI is beyond the scope of this review, detailed explanations can be found 
in the following excellently written review papers (7,8).

This review aims to emphasize the critical nature of the innate immune cells against UTIs, 
seeking to improve the current understanding of their contribution during infection. The 
innate immune response against invading pathogens is a synchronized process that involves 
a delicate balance of innate immune cells, various cytokines, and chemokines, all coming 
together to safeguard the bladder against the uropathogens. This review intends to introduce 
how innate immune cells and urothelial cells interact with immune effector cells to regulate 
defense mechanisms against these infections.

MAIN

The urinary bladder harbors a diverse array of innate immune cells, including tissue-resident 
innate immune cells such as macrophages, innate lymphoid cells (ILCs), dendritic cells, mast 
cells, and γδ T cells, which play defensive roles (Fig. 1). In addition, bladder epithelial cells 
also assist in innate immune functions. However, when these immune cells are insufficient 
to deal with rapidly proliferating bacterial infections, the body mobilizes non-resident 
immune effector cells from the bloodstream, such as neutrophils, monocytes, and NK cells, 
to actively participate in host defense (Fig. 1). Therefore, the presence of diverse immune cells 
in bladder tissues, complemented by the mobilization of bloodstream-immune cells when 
tissue-resident cells are insufficient, underscores the intricate and dynamic nature of the 
body’s defense mechanisms against bacterial infections in the urinary tract.

Neutrophils
Although neutrophils are innate immune cells, they exhibit a behavior distinct from 
other tissue-resident innate immune cells by primarily circulating in the bloodstream and 
swiftly migrating to sites of infection upon sensing inflammatory signals, thereby exerting 
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antimicrobial actions (9,10). As neutrophils exit the bloodstream and migrate through tissue, 
they encounter barriers such as the basement membrane, which is composed of laminins 
expressed by basal epithelial cells, which could impede their recruitment. However, neutrophils 
can secrete metalloproteinase-9, which facilitates their penetration of the basement membrane 
(11). Having traversed this barrier, neutrophils navigate through multiple layers, including 
basal and intermediate cells, to reach superficial epithelial cells. Considering that colonization 
and invasion by UPEC predominantly occur in superficial epithelial cells, the migration of 
neutrophils can represent the most proactive and dynamic immune defense mechanism against 
bacterial invasion. The dynamics of neutrophils in response to bacterial infection in the bladder 
have been systematically investigated using murine models. Neutrophil infiltration typically 
peaks at 6 h post-infection, followed by a gradual decline in influx attributed to a reduction in 
bacterial load or response to anti-inflammatory cytokines (12).
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Figure 1. Dynamic response of innate immune cells in the infected bladder. A schematic representation elucidating various interactions among innate immune 
cells within the bladder upon infection by uropathogenic bacteria. The infection prompts an immediate mobilization of various innate immune cells, such as Mφ, 
neutrophils, mast cells, NK cells, innate lymphoid cells, and γδ T cells. This dynamic response is orchestrated through the action of cytokines and chemokines. 
The response can be categorized in 3 phases: (A) UPEC invasion is detected by PRRs on the BEC surface, such as TLR4 and TLR5, which trigger an expedited 
response involving the production of cytokines (IL-6, IL-8, SDF-1/CXCL12, and CX3CL1) and the secretion of AMPs. Neutrophil recruitment is prominently driven 
by SDF-1 and is further assisted by IL-17, TNF-α, CXCL1, CXCL2 and CXCL5. IL-8 helps in recruiting neutrophils, and IL-6 promotes the expression of CX3CL1, which 
then recruits Mφ. IL-6 also enhances AMP production. The resident Ly6C− Mφ secrete CXCL1 and MIF to recruit neutrophils and CCL2 to recruit Ly6C+ Mφ. Upon 
TNF-α stimulation, they also secrete CXCL2, which triggers neutrophils to secrete MMP9, aiding in the degradation of the basement membrane and initiating 
their transepithelial movement towards the site of infection. (B) Infected BECs secrete IL-1β to induce mast cell recruitment. Mast cells secrete TNF-α to recruit 
neutrophils and release chymases through degranulation which play a key role in the exfoliation of the infected BECs. However, as the infection progresses, they 
switch to a more immunomodulatory phenotype by secreting IL-10. (C) SDF-1 is a primary recruiter of NK cells during UPEC infection. NK cells secrete granulysin 
to induce bacterial death during UPEC infection. Both γδ T cells and ILC3 prominently recruit neutrophils via IL-17 secretion. 
BEC, bladder epithelial cell; SDF-1, stromal cell-derived factor 1; Mφ, macrophage; MMP9, matrix metalloproteinase-9; MIF, migration inhibitory factor.



Infiltrating neutrophils primarily exert antimicrobial effects through phagocytosis, using 
reactive oxygen species such as superoxide anion, hydrogen peroxide, hydroxyl radical, 
and hypochlorous acid, as well as neutral proteases such as elastase and cathepsin G, to 
intracellularly eradicate bacteria (13,14). CD300a, expressed on neutrophils, appears to 
trigger neutrophil activation and mediate UPEC killing via phagocytosis (15). Although the 
neutrophils infiltrating the site of infection possess intrinsic capabilities to kill pathogens, 
the signaling mechanism mediated by TLR4 and MyD88 triggers the secretion of pentraxin 
3 (PTX3), thereby enhancing the phagocytic ability of neutrophils against UPEC and directly 
influencing phagosome maturation (16). The bladders of PTX3-deficient mice exhibited a 
significantly higher number of bacteria than normal mice, highlighting the importance of the 
PTX3 gene in controlling infection (16). Additionally, clinical studies have further revealed an 
association between PTX3 gene polymorphisms and acute cystitis and pyelonephritis (16).

In response to TLR stimulation, neutrophils undergo degranulation, releasing azurophilic 
granules along with other granule types, that help eliminate microbes within tissues. During 
this process, neutrophils release nuclear and plasma membrane components, leading to the 
formation of chromatin scaffolds of neutrophil extracellular traps (NETs) (17). This scaffold 
efficiently captures and exerts antimicrobial activity against invading pathogens while also 
minimizing damage to the surrounding host cells. The DNA scaffold of NETs primarily 
contains histones, myeloperoxidase (MPO), elastase, and calprotectin, which exhibit 
both direct antimicrobial effects and pro-inflammatory effects (18). During the process of 
NETosis, which is triggered by stimuli such as LPS, histone citrullination can occur, leading 
to the secretion of these proteins (19). In a pyelonephritis mouse model, UPEC has been 
reported to evade innate immunity by secreting a virulence factor known as TcpC, thereby 
inhibiting NETosis (20). Such neutrophil NET formation holds clinical significance in 
patients with UTI, as evident by its presence in urine sediment, which readily decomposes 
structurally via deoxyribonuclease I, forming structures containing neutrophil effectors such 
as histones and MPO (21,22). In this context, pyuria, a common symptom in patients with 
UTIs, is observed as a result of the innate immune response aiming to eliminate the infecting 
pathogens and protecting the bladder tissues. Although neutrophils are effective immune 
effector cells against bacterial infections, they can also cause collateral damage to host cells. 
Therefore, innate immune cells have evolved precise mechanisms to regulate the recruitment 
and activity of neutrophils, enabling an immediate response to bacterial infections while 
limiting excessive neutrophil activity to minimize host tissue damage.

Macrophages
As the most abundant innate immune cells in the bladder, macrophages play a multifaceted 
role in protecting tissue from bacterial infection (23,24). The robust phagocytic capabilities 
of macrophages and dendritic cells are activated upon the infiltration of uropathogens 
subsequent to the breach of superficial epithelial cells within the bladder mucosa (Fig. 2). 
These bladder tissue resident macrophages phagocytose bacterial pathogens and regulate 
neutrophil influx during UTIs (25). Their sentinel role in pathogen recognition and direct 
killing mediated by pattern recognition receptors (PRRs) is key to reducing the initial 
bacterial burden during the early stages of infection. Although neutrophils are highly 
effective in killing pathogens, their antimicrobial substances are not pathogen-specific 
owing to the nature of innate immune cells. The nonspecific toxic substances released by 
neutrophils can induce bladder tissue damage and chronic inflammation (26). Therefore, 
finely tuned signaling cells are necessary to regulate neutrophil influx. Following recognition 
of UPEC through TLRs on bladder epithelial cells, IL-8 secretion induces neutrophil 
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recruitment to the infected epithelial cells (27). In addition, neutrophil influx is regulated in 
a more sophisticated manner by tissue-resident macrophages, enabling flexible responses to 
bacterial infections (28-30).

During bacterial infections, the host defense roles of resident macrophages located in the 
lamina propria and detrusor muscle of the bladder include effective pathogen clearance 
through phagocytic activity. The defensive function of macrophages against UPEC has been 
demonstrated in experiments depleting monocytes/macrophages using clodronate liposomes 
(30,31). Macrophages that predominantly reside in the lamina propria and detrusor muscle 
directly engage in phagocytic activity against UPEC present in bladder epithelial cells, with 
those in the muscle being more active in phagocytosing UPEC (25). Specifically, upon 
IL-6 stimulation, epithelial cells secrete CX3CL1, signaling macrophages to migrate to the 
infected urothelial cell layer, actively contributing to host defense (32). Macrophages employ 
CD14 as a coreceptor for PRRs to recognize gram-negative bacteria, thereby regulating the 
expression of cytokines associated with immune cell influx. Additionally, UPEC infection is 
exacerbated in CD14 knockout mice (31). Furthermore, in instances where UPEC infection 
occurs and IL-6 expression is sufficient, macrophages play a crucial role in creating an 
environment within the bladder that is unfavorable for UPEC growth by sequestering free 
irons (33). Therefore, macrophages facilitate a rapid response and clearance of pathogens 
near infected epithelial cells of the bladder mucosa.

However, in infected tissues with appropriate temperature and nutrient conditions, the 
rapid proliferation of pathogenic bacteria frequently exceeds the phagocytic capacity of 
macrophages. Therefore, to compensate for their limited function, macrophages swiftly 
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Figure 2. Phagocytes in the bladder mucosa exhibit a host-protective response by phagocytosing or contacting 
UPEC. C57BL/6 female mice were infected by intravesical instillation of the UPEC CI5 strain (1×108 CFU/mouse). 
After 6 h post-infection, the harvested mouse bladder was cryosectioned and stained with specific antibodies 
for confocal microscopic imaging. MHC class II-positive cells (red) migrate to the bladder mucosa (bright grey) 
where colonization by UPEC (green) has occurred. Scale bar: 20 μm.



induce a neutrophil influx into the infected tissue. Macrophages present in the lamina 
propria and detrusor muscle of the bladder comprise various subsets (25). Upon recognition 
of pathogens, Ly6C− macrophages secrete chemokines, recruiting neutrophils and 
Ly6C+ monocytes (or macrophages) into the bladder’s lamina propria (30). However, for 
neutrophils gathered in the lamina propria to reach the superficial epithelial cell layer, where 
the main infection occurs, they must traverse the basement membrane, which is densely 
structured with laminin and collagen IV, presenting a barrier to movement (30). Activated by 
TNF, Ly6C− macrophages secrete CXCL2, which promotes the release of metalloproteinase-9 
by neutrophils, thereby facilitating the degradation of the basement membrane and easing 
neutrophil passage (30). When combined, these regulatory mechanisms suggest that the 
sentinel function of macrophages primarily contributes by directing neutrophils to the 
epithelial layer in addition to directly killing pathogens, thereby contributing to host defense.

Macrophages distributed in the bladder exhibit distinct subsets based on their location, 
with RNA sequencing analysis revealing unique characteristics between those present in the 
lamina propria and those in detrusor layer (25). Particularly, lamina propria macrophages, 
being closer to the site of infection, exhibit higher expression of infection- and inflammation-
related genes. In contrast, detrusor layer macrophages display higher endocytic activity 
and anti-inflammatory properties, maintaining elevated expression of genes involved in 
lysosome formation (25). Consequently, following the resolution of bacterial infection, 
bladder macrophages undertake the removal of apoptotic neutrophils and pathogens, as well 
as mitigate unnecessary inflammatory responses, thereby assuming a flexible role in bladder 
infection control.

Mast cells
Mast cells are predominantly found in the lamina propria and detrusor of the bladder, with 
a significant portion distributed around blood vessels (34). During degranulation, mast cells 
release substances such as proteases (chymase, tryptase, and carboxypeptidase), histamine, 
and serotonin, which can induce various physiological responses. In particular, during UPEC 
infection, mast cell degranulation plays a crucial role in active immune defense. Upon UPEC 
infection, mast cells secrete chymase and tryptase into the epithelial cells of the bladder, 
directly contributing to the detachment of bladder epithelial cells and the disruption of the 
urothelial barrier (35,36). Bladder epithelial cells are the initial site of UPEC infection, and a 
significant portion of UPEC forms quiescent intracellular reservoirs within these cells, thereby 
contributing to recurrent infections. During this process, infected epithelial cells undergo 
exfoliation, previously attributed solely to cell death induced by UPEC infection (37). Recent 
findings suggest that epithelial exfoliation is facilitated by mast cell-derived chymase, which 
activates caspase-1 and induces cytolytic cell death, thereby promoting detachment. Notably, 
this phenomenon of infected epithelial cell exfoliation and urinary voiding represents an 
effective host defense mechanism that reduces the number of UPEC within the bladder.

An intriguing aspect of mast cells is their role in host defense during the early stages of 
infection by inducing exfoliation. However, as the infection progresses, these cells undergo 
a functional switch towards immunoregulation. During the late stages of infection, activated 
mast cells secrete various cytokines, including IL-10, among other cytokines, through 
de novo synthesis. Comparative studies of mast cell conditional knock-out mice that lack 
production of IL-10 and control mice revealed that IL-10 plays a key role in dampening 
adaptive immunity (38). Notably, in the absence of IL-10 secretion, mast cell conditional 
knock-out mice exhibited lower levels of persistent infection compared with control mice, 
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indicting their role in suppressing adaptive immunity while contributing to the maintenance 
of persistent infection (38). This shift in mast cell function from promoting exfoliation to 
regulating immune responses underscores the dynamic and context-dependent nature of 
mast cell-mediated host defense mechanisms during infection. In fact, the function of IL-10 
in suppressing adaptive immunity may not typically align with the host’s defense against 
bacterial infections. However, considering that mast cell chymase-mediated epithelial cell 
exfoliation disrupts the barrier function of the bladder through invasive defense mechanisms, 
the effect of IL-10 secretion in reducing inflammation can be considered to play a beneficial 
role in tissue regeneration. Bladder exfoliation, particularly resulting in the loss of barrier 
function, can lead to severe pain upon urine contact. Therefore, a series of processes 
aimed at inhibiting the inflammatory response can be considered a trade-off that does not 
significantly compromise bladder homeostasis.

Lastly, whether the time-delayed responses of mast cells represent sequential activation of 
different functions within a single mast cell population or if multiple distinct subsets of mast 
cells with opposing functions are involved remains unclear. Mast cell fate mapping studies 
have revealed morphological and transcriptomic differences between mast cells derived 
from the yolk sac and those derived from the bone marrow (39). Moreover, an analysis of 
mast cell populations using single-cell RNA sequencing has identified subsets of mast cells 
with distinct signature genes (40). While these findings suggest the presence of functionally 
diverse mast cell subsets, further research is required to determine whether these mast cell 
subsets elicit different responses during UPEC infection.

NK cells
NK cells are known for their crucial role in combating viral infections and suppressing 
tumors, but they have also been reported to play a role in host defense against bacterial 
infections. This defensive function extends to both intracellular and extracellular bacterial 
infections, with well-documented roles in defending against pathogens such as Bacillus and 
Mycobacterium (41-43). The host defense function of NK cells during UTIs caused by UPEC 
is also known to be significant (44). During UTI infection, bladder epithelial cells secrete 
stromal cell-derived factor 1, initiating immune cell influx, including recruitment of NK 
cells (45,46). NK cells secrete cytotoxic factors such as perforin, granzyme, and granulysin, 
which induce damage and distortion of bacterial cell walls, suppress energy generation, and 
exhibit antibacterial effects against pathogenic bacteria (42). Specifically, FimH component 
of UPEC’s type I fimbriae acts as a ligand for TLR4, leading to activation of NK cells through 
the downstream signaling mechanism involving TLR4-MyD88. This activation results in 
the secretion of TNF-α by NK cells (44,47), which in turn plays a crucial role in controlling 
bacterial bladder infections in the body (44). Interestingly, researchers observed that 
depletion of NK cells by using an NK cell-neutralizing antibody did not impact the bacterial 
clearance in the infected bladder (48). However, NK cells secrete cytokines such as IFN-γ 
and GM-CSF, creating an inflammatory environment that helps maintain effective immune 
regulation (49,50).

Secretion of hemolysin A by UPEC significantly impairs the host defense function of NK 
cells, primarily attributed to the cytotoxicity of hemolysin A (44). Hemolysin A secretion 
by UPEC is a strategy to evade host defense being mounted by the innate immune cells. 
However, whether NK cells exhibit their intrinsic function, such as controlling the number 
of intracellular bacteria, during bladder infections has not been reported. Although NK 
cells are well-known for their role in viral infections, which involves secretion of IFN-γ and 
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inducing the death of infected host cells containing intracellular pathogens, there is currently 
no evidence from animal studies demonstrating whether NK cells regulate quiescent 
intracellular bacterial niches or control persistent infection by uropathogens. However, 
it is plausible that the normal function of NK cells in overcoming intracellular survival 
by uropathogens contributes to the recovery of several patients who do not progress to 
persistent or rUTIs. However, experimental data to prove this hypothesis is lacking.

ILCs
ILCs lack antigen-specific receptors of T cells and secrete specific cytokines to activate or 
modulate mucosal immunity. Residing mainly on the mucosal surfaces of intestine or lungs, 
ILCs rapidly respond to pathogenic infections and regulate immune cell functions to play a 
defensive role against infections (51). Although their role in the bladder has been recently 
understood, bladder-resident ILC subsets mainly consist of ILC2 and ILC3, with ILC1 present 
in smaller numbers (52). In particular, bladder ILC3 exhibits a cellular phenotype similar to 
CCR6+NKp46-LTi cells (48,52). During UPEC infection, ILC3 is believed to play a primary 
defensive role, as evidenced by increased UPEC burden in ILC3-deficient mice, highlighting 
the importance of bladder-resident ILC3 in UPEC infection (52). Single-cell RNA sequencing 
analysis of UPEC-infected mouse bladders revealed ILC3 as one of the IL-17 producers, 
indicating the crucial role of ILC3-mediated type 17 immunity in host defense, alongside γδ T 
cells and Th17 cells (53).

During UPEC infection of the bladder, concurrent functions of neutrophil influx mediated 
by ILC3-IL17A and macrophage-mediated neutrophil influx in the lamina propria can 
be considered to have overlapping roles. Additionally, it also serves as evidence of the 
significance of neutrophil influx in response to bacterial infection. Nevertheless, it is 
necessary to examine the differences in the role of IL-17A in these 2 distinct influx pathways. 
While Th17 cells can effectively respond to UPEC infections through IL-17 production, the 
time constraints involved in induction of adaptive immunity by Th17 cells against bacterial 
infections may necessitate entrusting this function to innate immune cells, reflecting a 
natural design in the body.

IL-17 stimulates epithelial, endothelial, and fibroblast cells to produce chemokines (CXCL1, 
CXCL2, and CXCL8), directly promoting neutrophil recruitment. Additionally, IL-17-
stimulating endothelial cells increase the expression of ICAM-1, facilitating an easy migration 
of neutrophils across the endothelial barrier to the site of infection. Neutrophils recruited 
to the site of infection not only serve as survival signals but also enhance the bactericidal 
activity against the pathogens they encounter. Through these host defense mechanisms, 
IL-17 plays a crucial role in defending against UPEC, a pathogen commonly responsible for 
bladder infections. However, if IL-17 is not properly regulated after the resolution of bladder 
infection, it may lead to the development of various bladder diseases.

IL-17 dysregulation has been associated with excessive neutrophil accumulation in various 
organs, contributing to inflammatory autoimmune diseases such as psoriasis, rheumatoid 
arthritis, and inflammatory bowel disease (50,54). In the bladder, an increase in IL-17 
levels has been reported in some disease conditions, most notably interstitial cystitis (55). 
Interstitial cystitis is a chronic condition characterized by bladder pain, urinary frequency, 
and urgency, with no clear known cause. However, elevated IL-17 levels in some interstitial 
cystitis patients suggest a potential association between IL-17-mediated inflammation and 
the pathophysiology of the disease. While interstitial cystitis is not typically associated with 
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infections, numerous patients diagnosed with interstitial cystitis have a history of recurrent 
bladder infections (56). Dysregulation of IL-17 signaling following previous infections could 
potentially lead to symptoms of interstitial cystitis after the infection has resolved. However, 
systematic studies are required to further investigate this relationship. In summary, IL-17 
plays a crucial role in mediating immune responses at inflammatory and infection sites 
by recruiting neutrophils, but its dysregulation can also contribute to the pathology of 
inflammatory diseases.

γδ T cell
γδ T cells occur in peripheral tissues such as the skin, intestines, and lungs, and they are also 
present in significant numbers in the bladder. For instance, in uninfected murine bladders, 
they constitute 1%–4% of the immune cell population (23). Strategically positioned to 
swiftly respond to invading bacterial pathogens that breach these barriers, these cells are 
characterized by their ability to rapidly produce large amounts of cytokines, exerting an 
influence on the surrounding cells and tissues. Notably, γδ T cells have been reported as 
a major source of IL-17 production in the bladder (57). As previously stated, IL-17 plays a 
crucial role in neutrophil-mediated bacterial defense, making γδ T cell deficiency in mice 
phenotypically associated with decreased host defense against bacteria (57,58). Following 
UPEC infection, IL-17A is secreted in the bladder of infected mice as part of the innate 
immune response, contributing to host defense efficacy by reducing bacterial burden, as 
evidenced by studies using IL-17A−/− mice or anti-IL-17 neutralizing antibody mediated IL-17 
depletion (48,57). Furthermore, IL-17A−/− mice exhibit a sharp decrease in the number of 
neutrophils infiltrating the infected bladder, resulting in a diminished host protective role 
against bacterial infections (57).

Given the predominant presence of γδ T cells in the bladder mucosa, we can reasonably 
anticipate their direct response upon the initiation of UPEC invasion into the epithelial layer. 
γδ T cells recognize non-peptide antigens via the γδ TCR or are activated by stress-induced 
signals. However, the mechanisms through which they recognize UPEC or how UPEC, while 
forming quiescent intracellular reservoirs in host epithelial cells, induces stress signals 
that may be associated with γδ T cell activation are not well understood. Further research 
is required to determine whether γδ T cells are activated directly by stress-induced signals 
during UPEC infection.

Natural Killer T (NKT) cells
CD1d-restricted NKT cells play a crucial role in host defense against pathogens through 
innate immunity. When activated by α-galactosylceramide (α-GalCer), they possess the 
ability to eliminate bacterial infection, as demonstrated in UTIs caused by pathogen such 
as methicillin-resistant Staphylococcus aureus (59). In a UTI mouse model, administration of 
α-GalCer prior to bacterial infection resulted in robust preventive antimicrobial effects, 
which were attributed to the direct involvement of IL-12, IFN-γ, and TNF-α (59). While this 
study primarily observed the defensive function of NKT cells in an activated state induced 
by α-GalCer rather than direct activation of NKT cells in response to UTIs, the findings 
hinted at the correlation between cytokine secretion and type I response, potentially leading 
to antimicrobial effects. Although this study did not specifically investigate the specific 
mechanisms underlying the protective effects of cytokine production against bacterial 
infections, it is conceivable that similar mechanisms, such as enhanced phagocytosis by 
alveolar macrophages mediated by IFN-γ upon NKT cell activation in pulmonary infections 
(60), may also operate in UTIs. Further research is warranted to elucidate the precise 
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mechanisms by which cytokines contribute to host defense against UTIs mediated by NKT 
cell activation.

Urothelial cells
The expression of uroplakin by bladder umbrella cells facilitates the attachment of UPEC 
fimbriae, thereby promoting infection, with the attached UPEC serving as a reservoir for 
persistent infection within the epithelial cells (61,62). While playing a role in providing 
a foothold for infection, bladder epithelial cells also actively engage in various defense 
strategies against infection by directly participating in innate immunity.

First, these defense mechanisms are facilitated by the presence of PRRs, which serve to 
alert bladder epithelial cells to the onset of infection (63). Particularly in UTIs, TLRs play 
a pivotal role as they recognize microbial components and initiate intracellular signaling, 
thereby triggering the secretion of various cytokines, chemokines, and AMPs. Although TLR4 
and TLR5 are widely recognized as the most crucial subfamily members for host defense 
against UTIs, TLR2 and TLR11 also contribute to these functions to some extent (64). The 
significant decline in the ability of TLR4−/− mice to clear pathogenic bacteria from the bladder 
underscores the pivotal role of TLR4-mediated host responses in determining susceptibility 
to UTIs. While LPS is well-known as a pathogenic factor of UPEC that stimulates TLR4, other 
UPEC components such as FimH adhesin, type I, and P fimbriae can also be recognized by 
TLR4 (65,66). Furthermore, TLR5−/− mice are significantly more susceptible to UPEC due to a 
limited cytokine and chemokine response to flagellin during UPEC infection (67). Therefore, 
bladder epithelial cells seem to be designed to ensure host defense through a robust innate 
immune response by recognizing various types of pathogen-associated molecular patterns 
from UPEC.

Stimulation of TLRs in bladder epithelial cells triggers the production of cytokines that play 
a pivotal role in initiating innate immune responses. Among these cytokines, ILs have been 
extensively studied for their direct involvement. Specifically, IL-6 facilitates the activation 
of transcription factors, leading to the expression of AMPs such as Hamp, RegIIIβ, and 
RegIIIγ in the bladder epithelium (68). AMPs such as β defensin 1 (69,70), cathelicidin (71), 
and ribonuclease 7 (72) contribute to the formation of an antimicrobial barrier, thereby 
preventing microbial colonization and providing mucosal immunity. IL-8, also known 
as CXCL8, is a chemokine that is directly involved in the recruitment of neutrophils and 
is secreted, in response to TLR4 stimulation in bladder epithelial cells, serving as a key 
chemokine that forms a chemotactic gradient to facilitate the transepithelial migration 
of neutrophils into the infected bladder epithelial layer (73,74). Particularly, mice with 
deletion mutations in IL-8 receptor homologues experienced significant challenges in 
bacterial clearance in the bladder and kidneys, whereas patients with low expression of 
CXC chemokine receptor 1 exhibited a higher incidence of acute pyelonephritis, indicating 
a clinical association (74). Through these mechanisms, bladder epithelial cells play a role 
in inhibiting the formation of intracellular bacterial communities (IBCs) and ultimately 
contributing to direct UPEC clearance.

Bladder epithelial cells not only defend against bacteria through the influx of immune 
cells but also exert a physical defense mechanism by expelling pathogens outside the cell. 
Specifically, a considerable number of epithelial cells often expel intracellular UPEC that 
invades them. TLR4, stimulated by LPS, regulates this active defense mechanism (64,75). In 
other words, UPEC that invades bladder epithelial cells initially resides in Rab27b+ vesicles 
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within the cell. Upon stimulation of TLR4, increased cAMP levels cause exocytosis of Rab27b+ 
vesicles containing UPEC, expelling the bacteria outside the cell (64). In addition, epithelial 
cells possess a second system for expelling intracellular UPEC outside the cell, which involves 
the mucolipin TRP channel 3. This mechanism facilitates the exocytosis of UPEC hidden in 
lysosomes, by expelling the bacteria outside the cell enclosed in exosomes (76). The existence 
of multiple pathways for expelling intracellular bacteria from bladder epithelial cells 
potentially serves as a series of defense mechanisms aimed at removing persistent UPEC, 
which demonstrates a strong ability to form IBCs.

Finally, lysosomal proteases present within epithelial cells also play a crucial role in bacterial 
defense. Despite the mechanisms of intracellular bacterial expulsion, these lysosomal 
proteases can be understood as a resistance mechanism against bacteria causing persistent 
infection within the cells. Specifically, cathepsin, one of the proteases expressed in epithelial 
cells, possesses bactericidal effects. Considering the higher bacterial burden in cathepsin-/- 
epithelial cells, it can be interpreted as a direct host defense mechanism (77). Furthermore, 
a recent study has shown that cathepsin D expression is not only regulated by commensal 
bacteria present in the bladder but also increases when Lactobacillus crispatus is introduced 
into the bladder, thereby enhancing host defense against UPEC (78). Taken together, we can 
conclude that bladder epithelial cells, employ various strategies to protect against infection, 
adapting their defense mechanisms based on the timing and location of the infection.

CONCLUSION

Various pathogens can infect the urinary tract, but protection against bacterial infections 
requires a rapid host response compared to viral or fungal infections. This is because 
bacterial pathogens proliferate rapidly under suitable conditions, necessitating a vigorous 
innate immune response in the urinary tract during the initial stages of infection. The 
role of innate immune cells during UTIs is summarized in Table 1. Responses such as 
bacterial expulsion by bladder epithelial cells or the secretion of AMPs serve as host defense 
mechanisms to reduce the number of pathogens in the epithelial cell layer during the early 
stages of infection. Despite these initial responses, pathogens adapt to colonize and invade 
epithelial cells, prompting various components of the innate immune system to act, with 
neutrophils playing a pivotal role. Tissue-resident macrophages, γδ T cells, urothelial cells, 
mast cells, and other immune cells employ different strategies, ultimately aiming to recruit 
neutrophils to the site of infection, where they exhibit bactericidal effects against invading 
pathogens. Despite the stepwise responses of innate immune cells against UTIs, chronic 
infection may arise, possibly due to bacterial persistence within the urothelial cells during 
the initial stages of infection. Understanding why bacteria causing intracellular infections 
evade immune cells involved in adaptive immunity requires the establishment of appropriate 
animal models and the use of various immunological analysis methods. Despite the stepwise 
responses of innate immune cells to UTIs, chronic infection may occur, possibly attributed 
to pathogens hiding within urothelial cells during the initial stages of infection. Therefore, 
activating the innate immune response through various methods during the early stages of 
infection may serve as a crucial rate-limiting factor in preventing the exacerbation of chronic 
bladder infections.

Although antibiotic treatment is currently the best option for UTIs, several therapeutic 
options that boost the activation of host innate immunity are under investigation with the 
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hope of reducing antibiotic resistance. One promising therapeutic approach involves utilizing 
commensal microbiota residing in the bladder. Studies have shown that commensal bacteria 
strains, such as Lactobacillus crispatus, have been effective in preventing the predominance 
of UTI-causing strains. This is achieved by augmenting the elimination of intracellular 
UPEC via the secretion of type I IFNs. These IFNs have downstream effects on infected 
bladder epithelial cells, enhancing the acidity and degradative proficiency of lysosomes 
that harbor UPEC (78). Another potential approach involves combining local vaccination 
with Th1-skewing adjuvants, which stimulate innate immune receptors, such as TLRs, on 
dendritic cells and B cells. Administration of UPEC lysates or a prominent UPEC antigen 
alongside the Th1-skewing adjuvant CpG oligodeoxynucleotides has shown significant 
bacterial clearance in infected bladders. This treatment also yielded promising results in 
mice with rUTI, indicating potential as a therapeutic tool for recurrent cases (87). More 
in-depth studies focusing on UTI pathogenesis and innate immune responses are needed 
to design therapeutics that can stimulate immune responses while complementing existing 
treatments. These refined strategies could provide more effective solutions against UPEC 
infections and prevent their progression to rUTIs.

ACKNOWLEDGEMENTS

Hae Woong Choi was supported by the National Research Foundation of Korea grants (NRF-
2020R1C1C1003257 and RS-2023-00221182) and the internal grant of Korea University. The 
figure was created with BioRender.com.

REFERENCES

 1. Klein RD, Hultgren SJ. Urinary tract infections: microbial pathogenesis, host-pathogen interactions and 
new treatment strategies. Nat Rev Microbiol 2020;18:211-226.    PUBMED | CROSSREF

Innate Immunity During Urinary Tract Infection

https://doi.org/10.4110/in.2024.24.e31 12/16https://immunenetwork.org

Table 1. Functional roles of innate immune cells against uropathogens
Cells Function References
Macrophages Two distinct populations of macrophages reside in the bladder (25)

Directly kill pathogens and recruit neutrophils via CXCL1 and MIF (30)
Neutrophils Release IL-1β, MMP9 (30,79,80)

Release fibrous DNA-histone complexes, called NETs (21,22)
Exert antimicrobial effects via phagocytosis and ROS generation (13)
Enhanced expression of CD300 (15)

Mast cells Activated by exosomes from bladder epithelial cells (36)
Secrete TNF, histamine; switch to anti-inflammatory later and maintain balance between pathogen clearance and tissue maintenance (38,81)
Secrete proteases such as chymase, tryptase etc. to induce exfoliation of BECs (35,82)

NK cells Produce TNF-α to aid in bacterial clearance (44)
Activated by FimH via IFN-γ and TNF-α (47)
Secrete perforin, granzyme, and granulysin to induce bacterial death (83)

ILC3 ILC3 cells are of 3 types: CCR6+ LTi-like cells (majority) secrete IL-17, NCR+ ILC3, and NCR− ILC3s (48,52)
Secrete IL-17 and recruit neutrophils

γδ T cells Play a regulatory rule during UTI; one of the main source of IL-17A in the bladder tissue during infection (57)
NKT cells Have the capacity to kill the bacteria upon activation by α-GalCer (59)
Urothelial cells Express TLRs for pathogen recognition (67,80,84)

Secrete proinflammatory cytokines such as IL-6, IL-8, etc. (85,86)
Secrete antimicrobial proteins such as cathelicidin-related AMPs, β-defensin 1, ribonuclease 7, etc. (70-72)
Secrete SDF-1/CXCL12 for recruiting NK cells, T cells, and neutrophils (45)

MMP9, matrix metalloproteinase-9; ROS, reactive oxygen species; BEC, bladder epithelial cell; MIF, migration inhibitory factor; SDF-1, stromal cell-derived factor 1.

http://www.ncbi.nlm.nih.gov/pubmed/32071440
https://doi.org/10.1038/s41579-020-0324-0


 2. Boon HA, Struyf T, Crèvecoeur J, Delvaux N, Van Pottelbergh G, Vaes B, Van den Bruel A, Verbakel JY. 
Incidence rates and trends of childhood urinary tract infections and antibiotic prescribing: registry-based 
study in general practices (2000 to 2020). BMC Prim Care 2022;23:177.    PUBMED | CROSSREF

 3. Scholes D, Hooton TM, Roberts PL, Stapleton AE, Gupta K, Stamm WE. Risk factors for recurrent urinary 
tract infection in young women. J Infect Dis 2000;182:1177-1182.    PUBMED | CROSSREF

 4. Foxman B. Urinary tract infection syndromes: occurrence, recurrence, bacteriology, risk factors, and 
disease burden. Infect Dis Clin North Am 2014;28:1-13.    PUBMED | CROSSREF

 5. Zhou G, Mo WJ, Sebbel P, Min G, Neubert TA, Glockshuber R, Wu XR, Sun TT, Kong XP. Uroplakin Ia 
is the urothelial receptor for uropathogenic Escherichia coli: evidence from in vitro FimH binding. J Cell Sci 
2001;114:4095-4103.    PUBMED | CROSSREF

 6. Jafari NV, Rohn JL. The urothelium: a multi-faceted barrier against a harsh environment. Mucosal Immunol 
2022;15:1127-1142.    PUBMED | CROSSREF

 7. Bowyer GS, Loudon KW, Suchanek O, Clatworthy MR. Tissue immunity in the bladder. Annu Rev Immunol 
2022;40:499-523.    PUBMED | CROSSREF

 8. Wu J, Abraham SN. The roles of t cells in bladder pathologies. Trends Immunol 2021;42:248-260.    PUBMED | 
CROSSREF

 9. Mantovani A, Cassatella MA, Costantini C, Jaillon S. Neutrophils in the activation and regulation of 
innate and adaptive immunity. Nat Rev Immunol 2011;11:519-531.    PUBMED | CROSSREF

 10. Shrestha S, Hong CW. Extracellular mechanisms of neutrophils in immune cell crosstalk. Immune Netw 
2023;23:e38.    PUBMED | CROSSREF

 11. Chakrabarti S, Patel KD. Regulation of matrix metalloproteinase-9 release from IL-8-stimulated human 
neutrophils. J Leukoc Biol 2005;78:279-288.    PUBMED | CROSSREF

 12. Agace WW, Patarroyo M, Svensson M, Carlemalm E, Svanborg C. Escherichia coli induces transuroepithelial 
neutrophil migration by an intercellular adhesion molecule-1-dependent mechanism. Infect Immun 
1995;63:4054-4062.    PUBMED | CROSSREF

 13. Reeves EP, Lu H, Jacobs HL, Messina CG, Bolsover S, Gabella G, Potma EO, Warley A, Roes J, Segal AW. 
Killing activity of neutrophils is mediated through activation of proteases by K+ flux. Nature 2002;416:291-
297.    PUBMED | CROSSREF

 14. Segal AW. How neutrophils kill microbes. Annu Rev Immunol 2005;23:197-223.    PUBMED | CROSSREF

 15. Isaacson B, Baron M, Yamin R, Bachrach G, Levi-Schaffer F, Granot Z, Mandelboim O. The inhibitory 
receptor CD300a is essential for neutrophil-mediated clearance of urinary tract infection in mice. Eur J 
Immunol 2021;51:2218-2224.    PUBMED | CROSSREF

 16. Jaillon S, Moalli F, Ragnarsdottir B, Bonavita E, Puthia M, Riva F, Barbati E, Nebuloni M, Cvetko 
Krajinovic L, Markotic A, et al. The humoral pattern recognition molecule PTX3 is a key component of 
innate immunity against urinary tract infection. Immunity 2014;40:621-632.    PUBMED | CROSSREF

 17. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS, Weinrauch Y, Zychlinsky A. 
Neutrophil extracellular traps kill bacteria. Science 2004;303:1532-1535.    PUBMED | CROSSREF

 18. Neubert E, Meyer D, Rocca F, Günay G, Kwaczala-Tessmann A, Grandke J, Senger-Sander S, Geisler C, 
Egner A, Schön MP, et al. Chromatin swelling drives neutrophil extracellular trap release. Nat Commun 
2018;9:3767.    PUBMED | CROSSREF

 19. Lewis HD, Liddle J, Coote JE, Atkinson SJ, Barker MD, Bax BD, Bicker KL, Bingham RP, Campbell M, 
Chen YH, et al. Inhibition of PAD4 activity is sufficient to disrupt mouse and human NET formation. Nat 
Chem Biol 2015;11:189-191.    PUBMED | CROSSREF

 20. Ou Q, Fang JQ, Zhang ZS, Chi Z, Fang J, Xu DY, Lu KZ, Qian MQ, Zhang DY, Guo JP, et al. TcpC 
inhibits neutrophil extracellular trap formation by enhancing ubiquitination mediated degradation of 
peptidylarginine deiminase 4. Nat Commun 2021;12:3481.    PUBMED | CROSSREF

 21. Yu Y, Kwon K, Tsitrin T, Bekele S, Sikorski P, Nelson KE, Pieper R. Characterization of early-phase 
neutrophil extracellular traps in urinary tract infections. PLoS Pathog 2017;13:e1006151.    PUBMED | CROSSREF

 22. Krivošíková K, Šupčíková N, Gaál Kovalčíková A, Janko J, Pastorek M, Celec P, Podracká Ľ, Tóthová Ľ. 
Neutrophil extracellular traps in urinary tract infection. Front Pediatr 2023;11:1154139.    PUBMED | CROSSREF

 23. Mora-Bau G, Platt AM, van Rooijen N, Randolph GJ, Albert ML, Ingersoll MA. Macrophages subvert 
adaptive immunity to urinary tract infection. PLoS Pathog 2015;11:e1005044.    PUBMED | CROSSREF

 24. Wang AS, Steers NJ, Parab AR, Gachon F, Sweet MJ, Mysorekar IU. Timing is everything: impact of 
development, ageing and circadian rhythm on macrophage functions in urinary tract infections. Mucosal 
Immunol 2022;15:1114-1126.    PUBMED | CROSSREF

 25. Lacerda Mariano L, Rousseau M, Varet H, Legendre R, Gentek R, Saenz Coronilla J, Bajenoff M, Gomez 
Perdiguero E, Ingersoll MA. Functionally distinct resident macrophage subsets differentially shape 
responses to infection in the bladder. Sci Adv 2020;6:eabc5739.    PUBMED | CROSSREF

Innate Immunity During Urinary Tract Infection

https://doi.org/10.4110/in.2024.24.e31 13/16https://immunenetwork.org

http://www.ncbi.nlm.nih.gov/pubmed/35858840
https://doi.org/10.1186/s12875-022-01784-x
http://www.ncbi.nlm.nih.gov/pubmed/10979915
https://doi.org/10.1086/315827
http://www.ncbi.nlm.nih.gov/pubmed/24484571
https://doi.org/10.1016/j.idc.2013.09.003
http://www.ncbi.nlm.nih.gov/pubmed/11739641
https://doi.org/10.1242/jcs.114.22.4095
http://www.ncbi.nlm.nih.gov/pubmed/36180582
https://doi.org/10.1038/s41385-022-00565-0
http://www.ncbi.nlm.nih.gov/pubmed/35471839
https://doi.org/10.1146/annurev-immunol-101220-032117
http://www.ncbi.nlm.nih.gov/pubmed/33536141
https://doi.org/10.1016/j.it.2021.01.003
http://www.ncbi.nlm.nih.gov/pubmed/21785456
https://doi.org/10.1038/nri3024
http://www.ncbi.nlm.nih.gov/pubmed/37970234
https://doi.org/10.4110/in.2023.23.e38
http://www.ncbi.nlm.nih.gov/pubmed/15831558
https://doi.org/10.1189/jlb.1004612
http://www.ncbi.nlm.nih.gov/pubmed/7558319
https://doi.org/10.1128/iai.63.10.4054-4062.1995
http://www.ncbi.nlm.nih.gov/pubmed/11907569
https://doi.org/10.1038/416291a
http://www.ncbi.nlm.nih.gov/pubmed/15771570
https://doi.org/10.1146/annurev.immunol.23.021704.115653
http://www.ncbi.nlm.nih.gov/pubmed/34268737
https://doi.org/10.1002/eji.202049006
http://www.ncbi.nlm.nih.gov/pubmed/24745336
https://doi.org/10.1016/j.immuni.2014.02.015
http://www.ncbi.nlm.nih.gov/pubmed/15001782
https://doi.org/10.1126/science.1092385
http://www.ncbi.nlm.nih.gov/pubmed/30218080
https://doi.org/10.1038/s41467-018-06263-5
http://www.ncbi.nlm.nih.gov/pubmed/25622091
https://doi.org/10.1038/nchembio.1735
http://www.ncbi.nlm.nih.gov/pubmed/34108482
https://doi.org/10.1038/s41467-021-23881-8
http://www.ncbi.nlm.nih.gov/pubmed/28129394
https://doi.org/10.1371/journal.ppat.1006151
http://www.ncbi.nlm.nih.gov/pubmed/37020646
https://doi.org/10.3389/fped.2023.1154139
http://www.ncbi.nlm.nih.gov/pubmed/26182347
https://doi.org/10.1371/journal.ppat.1005044
http://www.ncbi.nlm.nih.gov/pubmed/36038769
https://doi.org/10.1038/s41385-022-00558-z
http://www.ncbi.nlm.nih.gov/pubmed/33239294
https://doi.org/10.1126/sciadv.abc5739


 26. Mintz D, Salamon H, Mintz M, Rosenshine I, Shpigel NY. Intraepithelial neutrophils in mammary, 
urinary and gall bladder infections. Vet Res 2019;50:56.    PUBMED | CROSSREF

 27. Agace W, Hedges S, Andersson U, Andersson J, Ceska M, Svanborg C. Selective cytokine production by 
epithelial cells following exposure to Escherichia coli. Infect Immun 1993;61:602-609.    PUBMED | CROSSREF

 28. Vega-Pérez A, Villarrubia LH, Godio C, Gutiérrez-González A, Feo-Lucas L, Ferriz M, Martínez-Puente 
N, Alcaín J, Mora A, Sabio G, et al. Resident macrophage-dependent immune cell scaffolds drive anti-
bacterial defense in the peritoneal cavity. Immunity 2021;54:2578-2594.e5.    PUBMED | CROSSREF

 29. De Filippo K, Henderson RB, Laschinger M, Hogg N. Neutrophil chemokines KC and macrophage-
inflammatory protein-2 are newly synthesized by tissue macrophages using distinct TLR signaling 
pathways. J Immunol 2008;180:4308-4315.    PUBMED | CROSSREF

 30. Schiwon M, Weisheit C, Franken L, Gutweiler S, Dixit A, Meyer-Schwesinger C, Pohl JM, Maurice NJ, 
Thiebes S, Lorenz K, et al. Crosstalk between sentinel and helper macrophages permits neutrophil 
migration into infected uroepithelium. Cell 2014;156:456-468.    PUBMED | CROSSREF

 31. Carey AJ, Sullivan MJ, Duell BL, Crossman DK, Chattopadhyay D, Brooks AJ, Tan CK, Crowley M, Sweet 
MJ, Schembri MA, et al. Uropathogenic Escherichia coli engages cd14-dependent signaling to enable 
bladder-macrophage-dependent control of acute urinary tract infection. J Infect Dis 2016;213:659-668.    
PUBMED | CROSSREF

 32. Bottek J, Soun C, Lill JK, Dixit A, Thiebes S, Beerlage AL, Horstmann M, Urbanek A, Heuer H, Uszkoreit 
J, et al. Spatial proteomics revealed a CX3CL1-dependent crosstalk between the urothelium and relocated 
macrophages through IL-6 during an acute bacterial infection in the urinary bladder. Mucosal Immunol 
2020;13:702-714.    PUBMED | CROSSREF

 33. Owusu-Boaitey N, Bauckman KA, Zhang T, Mysorekar IU. Macrophagic control of the response to 
uropathogenic E. coli infection by regulation of iron retention in an IL-6-dependent manner. Immun 
Inflamm Dis 2016;4:413-426.    PUBMED | CROSSREF

 34. Smith J, Tan JK, Moro C. Mast cell distribution and prevalence in the murine urinary bladder. BMC Urol 
2024;24:51.    PUBMED | CROSSREF

 35. Choi HW, Bowen SE, Miao Y, Chan CY, Miao EA, Abrink M, Moeser AJ, Abraham SN. Loss of bladder 
epithelium induced by cytolytic mast cell granules. Immunity 2016;45:1258-1269.    PUBMED | CROSSREF

 36. Wu Z, Li Y, Liu Q, Liu Y, Chen L, Zhao H, Guo H, Zhu K, Zhou N, Chai TC, et al. Pyroptosis engagement 
and bladder urothelial cell-derived exosomes recruit mast cells and induce barrier dysfunction of bladder 
urothelium after uropathogenic E. coli infection. Am J Physiol Cell Physiol 2019;317:C544-C555.    PUBMED | 
CROSSREF

 37. Justice SS, Hung C, Theriot JA, Fletcher DA, Anderson GG, Footer MJ, Hultgren SJ. Differentiation and 
developmental pathways of uropathogenic Escherichia coli in urinary tract pathogenesis. Proc Natl Acad Sci U 
S A 2004;101:1333-1338.    PUBMED | CROSSREF

 38. Chan CY, St John AL, Abraham SN. Mast cell interleukin-10 drives localized tolerance in chronic bladder 
infection. Immunity 2013;38:349-359.    PUBMED | CROSSREF

 39. Gentek R, Ghigo C, Hoeffel G, Bulle MJ, Msallam R, Gautier G, Launay P, Chen J, Ginhoux F, Bajénoff 
M. Hemogenic endothelial fate mapping reveals dual developmental origin of mast cells. Immunity 
2018;48:1160-1171.e5.    PUBMED | CROSSREF

 40. Tauber M, Basso L, Martin J, Bostan L, Pinto MM, Thierry GR, Houmadi R, Serhan N, Loste A, 
Blériot C, et al. Landscape of mast cell populations across organs in mice and humans. J Exp Med 
2023;220:e20230570.    PUBMED | CROSSREF

 41. Gonzales CM, Williams CB, Calderon VE, Huante MB, Moen ST, Popov VL, Baze WB, Peterson JW, 
Endsley JJ. Antibacterial role for natural killer cells in host defense to Bacillus anthracis. Infect Immun 
2012;80:234-242.    PUBMED | CROSSREF

 42. Lu CC, Wu TS, Hsu YJ, Chang CJ, Lin CS, Chia JH, Wu TL, Huang TT, Martel J, Ojcius DM, et al. NK cells 
kill mycobacteria directly by releasing perforin and granulysin. J Leukoc Biol 2014;96:1119-1129.    PUBMED | 
CROSSREF

 43. Katz P, Yeager H Jr, Whalen G, Evans M, Swartz RP, Roecklein J. Natural killer cell-mediated lysis of 
Mycobacterium-avium complex-infected monocytes. J Clin Immunol 1990;10:71-77.    PUBMED | CROSSREF

 44. Gur C, Coppenhagen-Glazer S, Rosenberg S, Yamin R, Enk J, Glasner A, Bar-On Y, Fleissig O, Naor R, 
Abed J, et al. Natural killer cell-mediated host defense against uropathogenic E. coli is counteracted by 
bacterial hemolysinA-dependent killing of NK cells. Cell Host Microbe 2013;14:664-674.    PUBMED | CROSSREF

 45. Isaacson B, Hadad T, Glasner A, Gur C, Granot Z, Bachrach G, Mandelboim O. Stromal cell-derived factor 
1 mediates immune cell attraction upon urinary tract infection. Cell Reports 2017;20:40-47.    PUBMED | 
CROSSREF

Innate Immunity During Urinary Tract Infection

https://doi.org/10.4110/in.2024.24.e31 14/16https://immunenetwork.org

http://www.ncbi.nlm.nih.gov/pubmed/31324217
https://doi.org/10.1186/s13567-019-0676-5
http://www.ncbi.nlm.nih.gov/pubmed/8423089
https://doi.org/10.1128/iai.61.2.602-609.1993
http://www.ncbi.nlm.nih.gov/pubmed/34717795
https://doi.org/10.1016/j.immuni.2021.10.007
http://www.ncbi.nlm.nih.gov/pubmed/18322244
https://doi.org/10.4049/jimmunol.180.6.4308
http://www.ncbi.nlm.nih.gov/pubmed/24485454
https://doi.org/10.1016/j.cell.2014.01.006
http://www.ncbi.nlm.nih.gov/pubmed/26324782
https://doi.org/10.1093/infdis/jiv424
http://www.ncbi.nlm.nih.gov/pubmed/32112048
https://doi.org/10.1038/s41385-020-0269-7
http://www.ncbi.nlm.nih.gov/pubmed/27980776
https://doi.org/10.1002/iid3.123
http://www.ncbi.nlm.nih.gov/pubmed/38443866
https://doi.org/10.1186/s12894-024-01435-6
http://www.ncbi.nlm.nih.gov/pubmed/27939674
https://doi.org/10.1016/j.immuni.2016.11.003
http://www.ncbi.nlm.nih.gov/pubmed/31241987
https://doi.org/10.1152/ajpcell.00102.2019
http://www.ncbi.nlm.nih.gov/pubmed/14739341
https://doi.org/10.1073/pnas.0308125100
http://www.ncbi.nlm.nih.gov/pubmed/23415912
https://doi.org/10.1016/j.immuni.2012.10.019
http://www.ncbi.nlm.nih.gov/pubmed/29858009
https://doi.org/10.1016/j.immuni.2018.04.025
http://www.ncbi.nlm.nih.gov/pubmed/37462672
https://doi.org/10.1084/jem.20230570
http://www.ncbi.nlm.nih.gov/pubmed/22006566
https://doi.org/10.1128/IAI.05439-11
http://www.ncbi.nlm.nih.gov/pubmed/25139289
https://doi.org/10.1189/jlb.4A0713-363RR
http://www.ncbi.nlm.nih.gov/pubmed/2312668
https://doi.org/10.1007/BF00917500
http://www.ncbi.nlm.nih.gov/pubmed/24331464
https://doi.org/10.1016/j.chom.2013.11.004
http://www.ncbi.nlm.nih.gov/pubmed/28683322
https://doi.org/10.1016/j.celrep.2017.06.034


 46. Chamoun MN, Sullivan MJ, Goh KG, Acharya D, Ipe DS, Katupitiya L, Gosling D, Peters KM, Sweet 
MJ, Sester DP, et al. Restriction of chronic Escherichia coli urinary tract infection depends upon T cell-
derived interleukin-17, a deficiency of which predisposes to flagella-driven bacterial persistence. FASEB J 
2020;34:14572-14587.    PUBMED | CROSSREF

 47. Mian MF, Lauzon NM, Andrews DW, Lichty BD, Ashkar AA. FimH can directly activate human and murine 
natural killer cells via TLR4. Mol Ther 2010;18:1379-1388.    PUBMED | CROSSREF

 48. Zychlinsky Scharff A, Rousseau M, Lacerda Mariano L, Canton T, Consiglio CR, Albert ML, Fontes M, 
Duffy D, Ingersoll MA. Sex differences in IL-17 contribute to chronicity in male versus female urinary tract 
infection. JCI Insight 2019;5:e122998.    PUBMED | CROSSREF

 49. Huntington ND, Vosshenrich CA, Di Santo JP. Developmental pathways that generate natural-killer-cell 
diversity in mice and humans. Nat Rev Immunol 2007;7:703-714.    PUBMED | CROSSREF

 50. Elemam NM, Ramakrishnan RK, Hundt JE, Halwani R, Maghazachi AA, Hamid Q. Innate lymphoid cells 
and natural killer cells in bacterial infections: function, dysregulation, and therapeutic targets. Front Cell 
Infect Microbiol 2021;11:733564.    PUBMED | CROSSREF

 51. Ham J, Shin JW, Ko BC, Kim HY. Targeting the epithelium-derived innate cytokines: from bench to 
bedside. Immune Netw 2022;22:e11.    PUBMED | CROSSREF

 52. Huang J, Fu L, Huang J, Zhao J, Zhang X, Wang W, Liu Y, Sun B, Qiu J, Hu X, et al. Group 3 innate 
lymphoid cells protect the host from the uropathogenic Escherichia coli infection in the bladder. Adv Sci 
(Weinh) 2022;9:e2103303.    PUBMED | CROSSREF

 53. Riding AM, Loudon KW, Guo A, Ferdinand JR, Lok LSC, Richoz N, Stewart A, Castro-Dopico T, Tuong 
ZK, Fiancette R, et al. Group 3 innate lymphocytes make a distinct contribution to type 17 immunity in 
bladder defence. iScience 2022;25:104660.    PUBMED | CROSSREF

 54. Blauvelt A, Chiricozzi A. The immunologic role of IL-17 in psoriasis and psoriatic arthritis pathogenesis. 
Clin Rev Allergy Immunol 2018;55:379-390.    PUBMED | CROSSREF

 55. Logadottir Y, Delbro D, Fall M, Gjertsson I, Jirholt P, Lindholm C, Peeker R. Cytokine expression in 
patients with bladder pain syndrome/interstitial cystitis ESSIC type 3C. J Urol 2014;192:1564-1568.    
PUBMED | CROSSREF

 56. Bhide A, Tailor V, Khullar V. Interstitial cystitis/bladder pain syndrome and recurrent urinary tract 
infection and the potential role of the urinary microbiome. Post Reprod Health 2020;26:87-90.    PUBMED | 
CROSSREF

 57. Sivick KE, Schaller MA, Smith SN, Mobley HL. The innate immune response to uropathogenic Escherichia 
coli involves IL-17A in a murine model of urinary tract infection. J Immunol 2010;184:2065-2075.    PUBMED | 
CROSSREF

 58. Jones-Carson J, Balish E, Uehling DT. Susceptibility of immunodeficient gene-knockout mice to urinary 
tract infection. J Urol 1999;161:338-341.    PUBMED | CROSSREF

 59. Minagawa S, Ohyama C, Hatakeyama S, Tsuchiya N, Kato T, Habuchi T. Activation of natural killer T 
cells by α-galactosylceramide mediates clearance of bacteria in murine urinary tract infection. J Urol 
2005;173:2171-2174.    PUBMED | CROSSREF

 60. Nieuwenhuis EE, Matsumoto T, Exley M, Schleipman RA, Glickman J, Bailey DT, Corazza N, Colgan SP, 
Onderdonk AB, Blumberg RS. CD1d-dependent macrophage-mediated clearance of Pseudomonas aeruginosa 
from lung. Nat Med 2002;8:588-593.    PUBMED | CROSSREF

 61. Naskar M, Parekh VP, Abraham MA, Alibasic Z, Kim MJ, Suk G, Noh JH, Ko KY, Lee J, Kim C, et al. 
α-Hemolysin promotes uropathogenic E. coli persistence in bladder epithelial cells via abrogating bacteria-
harboring lysosome acidification. PLoS Pathog 2023;19:e1011388.    PUBMED | CROSSREF

 62. Thumbikat P, Berry RE, Zhou G, Billips BK, Yaggie RE, Zaichuk T, Sun TT, Schaeffer AJ, Klumpp 
DJ. Bacteria-induced uroplakin signaling mediates bladder response to infection. PLoS Pathog 
2009;5:e1000415.    PUBMED | CROSSREF

 63. Ching C, Schwartz L, Spencer JD, Becknell B. Innate immunity and urinary tract infection. Pediatr Nephrol 
2020;35:1183-1192.    PUBMED | CROSSREF

 64. Song J, Abraham SN. TLR-mediated immune responses in the urinary tract. Curr Opin Microbiol 2008;11:66-73.    
PUBMED | CROSSREF

 65. Frendéus B, Wachtler C, Hedlund M, Fischer H, Samuelsson P, Svensson M, Svanborg C. Escherichia coli P 
fimbriae utilize the Toll-like receptor 4 pathway for cell activation. Mol Microbiol 2001;40:37-51.    PUBMED | 
CROSSREF

 66. Fischer H, Yamamoto M, Akira S, Beutler B, Svanborg C. Mechanism of pathogen-specific TLR4 
activation in the mucosa: fimbriae, recognition receptors and adaptor protein selection. Eur J Immunol 
2006;36:267-277.    PUBMED | CROSSREF

Innate Immunity During Urinary Tract Infection

https://doi.org/10.4110/in.2024.24.e31 15/16https://immunenetwork.org

http://www.ncbi.nlm.nih.gov/pubmed/32901999
https://doi.org/10.1096/fj.202000760R
http://www.ncbi.nlm.nih.gov/pubmed/20442710
https://doi.org/10.1038/mt.2010.75
http://www.ncbi.nlm.nih.gov/pubmed/31145099
https://doi.org/10.1172/jci.insight.122998
http://www.ncbi.nlm.nih.gov/pubmed/17717540
https://doi.org/10.1038/nri2154
http://www.ncbi.nlm.nih.gov/pubmed/34804991
https://doi.org/10.3389/fcimb.2021.733564
http://www.ncbi.nlm.nih.gov/pubmed/35291657
https://doi.org/10.4110/in.2022.22.e11
http://www.ncbi.nlm.nih.gov/pubmed/35018740
https://doi.org/10.1002/advs.202103303
http://www.ncbi.nlm.nih.gov/pubmed/35845169
https://doi.org/10.1016/j.isci.2022.104660
http://www.ncbi.nlm.nih.gov/pubmed/30109481
https://doi.org/10.1007/s12016-018-8702-3
http://www.ncbi.nlm.nih.gov/pubmed/24813342
https://doi.org/10.1016/j.juro.2014.04.099
http://www.ncbi.nlm.nih.gov/pubmed/32627695
https://doi.org/10.1177/2053369120936426
http://www.ncbi.nlm.nih.gov/pubmed/20083670
https://doi.org/10.4049/jimmunol.0902386
http://www.ncbi.nlm.nih.gov/pubmed/10037434
https://doi.org/10.1016/S0022-5347(01)62142-6
http://www.ncbi.nlm.nih.gov/pubmed/15879881
https://doi.org/10.1097/01.ju.0000158122.16046.68
http://www.ncbi.nlm.nih.gov/pubmed/12042809
https://doi.org/10.1038/nm0602-588
http://www.ncbi.nlm.nih.gov/pubmed/37167325
https://doi.org/10.1371/journal.ppat.1011388
http://www.ncbi.nlm.nih.gov/pubmed/19412341
https://doi.org/10.1371/journal.ppat.1000415
http://www.ncbi.nlm.nih.gov/pubmed/31197473
https://doi.org/10.1007/s00467-019-04269-9
http://www.ncbi.nlm.nih.gov/pubmed/18243043
https://doi.org/10.1016/j.mib.2007.12.001
http://www.ncbi.nlm.nih.gov/pubmed/11298274
https://doi.org/10.1046/j.1365-2958.2001.02361.x
http://www.ncbi.nlm.nih.gov/pubmed/16385628
https://doi.org/10.1002/eji.200535149


 67. Andersen-Nissen E, Hawn TR, Smith KD, Nachman A, Lampano AE, Uematsu S, Akira S, Aderem 
A. Cutting edge: Tlr5-/- mice are more susceptible to Escherichia coli urinary tract infection. J Immunol 
2007;178:4717-4720.    PUBMED | CROSSREF

 68. Ching CB, Gupta S, Li B, Cortado H, Mayne N, Jackson AR, McHugh KM, Becknell B. Interleukin-6/Stat3 
signaling has an essential role in the host antimicrobial response to urinary tract infection. Kidney Int 
2018;93:1320-1329.    PUBMED | CROSSREF

 69. Morrison G, Kilanowski F, Davidson D, Dorin J. Characterization of the mouse beta defensin 1, Defb1, 
mutant mouse model. Infect Immun 2002;70:3053-3060.    PUBMED | CROSSREF

 70. Valore EV, Park CH, Quayle AJ, Wiles KR, McCray PB Jr, Ganz T. Human beta-defensin-1: an antimicrobial 
peptide of urogenital tissues. J Clin Invest 1998;101:1633-1642.    PUBMED | CROSSREF

 71. Chromek M, Slamová Z, Bergman P, Kovács L, Podracká L, Ehrén I, Hökfelt T, Gudmundsson GH, Gallo 
RL, Agerberth B, et al. The antimicrobial peptide cathelicidin protects the urinary tract against invasive 
bacterial infection. Nat Med 2006;12:636-641.    PUBMED | CROSSREF

 72. Spencer JD, Schwaderer AL, Dirosario JD, McHugh KM, McGillivary G, Justice SS, Carpenter AR, Baker 
PB, Harder J, Hains DS. Ribonuclease 7 is a potent antimicrobial peptide within the human urinary tract. 
Kidney Int 2011;80:174-180.    PUBMED | CROSSREF

 73. Godaly G, Hang L, Frendéus B, Svanborg C. Transepithelial neutrophil migration is CXCR1 dependent in 
vitro and is defective in IL-8 receptor knockout mice. J Immunol 2000;165:5287-5294.    PUBMED | CROSSREF

 74. Frendéus B, Godaly G, Hang L, Karpman D, Lundstedt AC, Svanborg C. Interleukin 8 receptor deficiency 
confers susceptibility to acute experimental pyelonephritis and may have a human counterpart. J Exp Med 
2000;192:881-890.    PUBMED | CROSSREF

 75. Bishop BL, Duncan MJ, Song J, Li G, Zaas D, Abraham SN. Cyclic AMP-regulated exocytosis of Escherichia 
coli from infected bladder epithelial cells. Nat Med 2007;13:625-630.    PUBMED | CROSSREF

 76. Miao Y, Li G, Zhang X, Xu H, Abraham SN. A TRP channel senses lysosome neutralization by pathogens 
to trigger their expulsion. Cell 2015;161:1306-1319.    PUBMED | CROSSREF

 77. Liu YG, Teng YS, Cheng P, Kong H, Lv YP, Mao FY, Wu XL, Hao CJ, Chen W, Yang SM, et al. Abrogation 
of cathepsin C by Helicobacter pylori impairs neutrophil activation to promote gastric infection. FASEB J 
2019;33:5018-5033.    PUBMED | CROSSREF

 78. Song CH, Kim YH, Naskar M, Hayes BW, Abraham MA, Noh JH, Suk G, Kim MJ, Cho KS, Shin M, et al. 
Lactobacillus crispatus limits bladder uropathogenic E. coli infection by triggering a host type I interferon 
response. Proc Natl Acad Sci U S A 2022;119:e2117904119.    PUBMED | CROSSREF

 79. Demirel I, Persson A, Brauner A, Särndahl E, Kruse R, Persson K. Activation of NLRP3 by uropathogenic 
Escherichia coli is associated with IL-1β release and regulation of antimicrobial properties in human 
neutrophils. Sci Rep 2020;10:21837.    PUBMED | CROSSREF

 80. Zec K, Volke J, Vijitha N, Thiebes S, Gunzer M, Kurts C, Engel DR. Neutrophil migration into the 
infected uroepithelium is regulated by the crosstalk between resident and helper macrophages. Pathogens 
2016;5:15.    PUBMED | CROSSREF

 81. Regauer S. Mast cell activation syndrome in pain syndromes bladder pain syndrome/interstitial cystitis 
and vulvodynia. Transl Androl Urol 2016;5:396-397.    PUBMED | CROSSREF

 82. Wang X, Liu W, O’Donnell M, Lutgendorf S, Bradley C, Schrepf A, Liu L, Kreder K, Luo Y. Evidence for 
the role of mast cells in cystitis-associated lower urinary tract dysfunction: a multidisciplinary approach 
to the study of chronic pelvic pain research network animal model study. PLoS One 2016;11:e0168772.    
PUBMED | CROSSREF

 83. Belizário JE, Neyra JM, Setúbal Destro Rodrigues MF. When and how NK cell-induced programmed 
cell death benefits immunological protection against intracellular pathogen infection. Innate Immun 
2018;24:452-465.    PUBMED | CROSSREF

 84. Zhang D, Zhang G, Hayden MS, Greenblatt MB, Bussey C, Flavell RA, Ghosh S. A Toll-like receptor that 
prevents infection by uropathogenic bacteria. Science 2004;303:1522-1526.    PUBMED | CROSSREF

 85. Song J, Duncan MJ, Li G, Chan C, Grady R, Stapleton A, Abraham SN. A novel TLR4-mediated signaling 
pathway leading to IL-6 responses in human bladder epithelial cells. PLoS Pathog 2007;3:e60.    PUBMED | 
CROSSREF

 86. Nagamatsu K, Hannan TJ, Guest RL, Kostakioti M, Hadjifrangiskou M, Binkley J, Dodson K, Raivio 
TL, Hultgren SJ. Dysregulation of Escherichia coli α-hemolysin expression alters the course of acute and 
persistent urinary tract infection. Proc Natl Acad Sci U S A 2015;112:E871-E880.    PUBMED | CROSSREF

 87. Wu J, Bao C, Reinhardt RL, Abraham SN. Local induction of bladder Th1 responses to combat urinary 
tract infections. Proc Natl Acad Sci U S A 2021;118:e2026461118.    PUBMED | CROSSREF

Innate Immunity During Urinary Tract Infection

https://doi.org/10.4110/in.2024.24.e31 16/16https://immunenetwork.org

http://www.ncbi.nlm.nih.gov/pubmed/17404249
https://doi.org/10.4049/jimmunol.178.8.4717
http://www.ncbi.nlm.nih.gov/pubmed/29475562
https://doi.org/10.1016/j.kint.2017.12.006
http://www.ncbi.nlm.nih.gov/pubmed/12010997
https://doi.org/10.1128/IAI.70.6.3053-3060.2002
http://www.ncbi.nlm.nih.gov/pubmed/9541493
https://doi.org/10.1172/JCI1861
http://www.ncbi.nlm.nih.gov/pubmed/16751768
https://doi.org/10.1038/nm1407
http://www.ncbi.nlm.nih.gov/pubmed/21525852
https://doi.org/10.1038/ki.2011.109
http://www.ncbi.nlm.nih.gov/pubmed/11046063
https://doi.org/10.4049/jimmunol.165.9.5287
http://www.ncbi.nlm.nih.gov/pubmed/10993918
https://doi.org/10.1084/jem.192.6.881
http://www.ncbi.nlm.nih.gov/pubmed/17417648
https://doi.org/10.1038/nm1572
http://www.ncbi.nlm.nih.gov/pubmed/26027738
https://doi.org/10.1016/j.cell.2015.05.009
http://www.ncbi.nlm.nih.gov/pubmed/30596522
https://doi.org/10.1096/fj.201802016RR
http://www.ncbi.nlm.nih.gov/pubmed/35939684
https://doi.org/10.1073/pnas.2117904119
http://www.ncbi.nlm.nih.gov/pubmed/33318544
https://doi.org/10.1038/s41598-020-78651-1
http://www.ncbi.nlm.nih.gov/pubmed/26861402
https://doi.org/10.3390/pathogens5010015
http://www.ncbi.nlm.nih.gov/pubmed/27297031
https://doi.org/10.21037/tau.2016.03.12
http://www.ncbi.nlm.nih.gov/pubmed/28002455
https://doi.org/10.1371/journal.pone.0168772
http://www.ncbi.nlm.nih.gov/pubmed/30236030
https://doi.org/10.1177/1753425918800200
http://www.ncbi.nlm.nih.gov/pubmed/15001781
https://doi.org/10.1126/science.1094351
http://www.ncbi.nlm.nih.gov/pubmed/17465679
https://doi.org/10.1371/journal.ppat.0030060
http://www.ncbi.nlm.nih.gov/pubmed/25675528
https://doi.org/10.1073/pnas.1500374112
http://www.ncbi.nlm.nih.gov/pubmed/33653961
https://doi.org/10.1073/pnas.2026461118

