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Abstract  
Anna Lindblad (2023): The role of caspase-1, caspase-4, NLRP3 and IL-1RA 
in bladder epithelial cells infected by uropathogenic Escherichia coli. 
Örebro Studies in Medicine 284. 
 
Urinary tract infection is one of the most common infections and is mostly 
caused by uropathogenic Escherichia coli (UPEC). The inflammasome-
associated proteins caspase-1, caspase-4 and NLRP3 are essential in the host 
cell response during urinary tract infection by regulating IL-1β release. The 
pro-inflammatory effects of IL-1β can be inhibited by binding of the IL-1 
receptor antagonist (IL-1RA) to the IL-1 receptor. The aim of this thesis is to 
investigate what role caspase-1, caspase-4, NLRP3 and IL-1RA have on the pro-
inflammatory host response evoked by UPEC and their role in recurrent UTI. 

The results showed that the inflammasome-associated proteins 
caspase-1, caspase-4 and NLRP3 are involved in cytokine and chemokine 
release and in antimicrobial activities of neutrophils during UTI. We 
conclude that IL-1RA influences the release of various inflammatory 
proteins during a UPEC infection from bladder epithelial cells. In addition, 
deficiency in IL-1RA led to decreased UPEC colonization and invasion of 
bladder epithelial cells. Our results also show that NLRP3 has a regulative 
function on estrogen signalling and the expression of antimicrobial 
peptides. Additionally, we found that capsase-1 and caspase-4 can regulate 
the gene expression of important immune regulators, including TLR4, 
antimicrobial peptides, cytokines and chemokines. 

Together, our results show that that the inflammasome-associated 
proteins caspase-1, caspase-4, NLRP3 and IL-IRA are important immune-
regulators during UPEC infection in bladder epithelial cells. They regulate 
UPEC colonization, cytokines and chemokines release, antimicrobial 
activities of neutrophils and estrogen signalling. 
 
Keywords: Urinary tract infection, inflammasome, uropathogenic 
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Populärvetenskaplig sammanfattning 

Urinvägsinfektioner (UVI) är en av de mest förekommande infekt-
ionerna och orsakas oftast av uropatogena Escherichia coli (UPEC) 
stammar. Förekomst av bakterier i urinblåsan leder till cystit 
(blåskatarr) och aktivering av ett komplext vävnadsförsvar. Det yttersta 
lagret av slemhinnan i urinvägarna är täckt av epitelceller och dessa 
fungerar som en immunaktiv barriär som deltar i bekämpningen av 
UPEC. Vid UVI binder UPEC in till urinvägsepitelet och aktiverar 
värdens immunförsvar. En viktig del i värdens försvar mot UPEC 
under en urinvägsinfektion är den så kallade NLRP3-inflammasomen. 
NLRP3-inflammasomen består av olika komponenter, en sensor som 
identifierar bakterier eller andra ämnen som kan vara ett hot och den 
andra komponenten är ett enzym. När de olika delarna av 
inflammasomen sätts samman, aktiveras enzymet och inflammatoriska 
ämnen (cytokiner och kemokiner) bildas och dessa använder kroppen 
för att bli av med bakterier. Cytokinerna och kemokinerna lockar till 
sig vita blodkroppar (neutrofiler) som bekämpar bakterierna i 
infektionsområdet. Som svar på detta har UPEC utvecklat olika 
strategier för att undkomma värdens immunsvar. Den här 
avhandlingen undersöker hur de inflammasom-associerade 
proteinerna caspase-1, caspase-4 och NLRP3 påverkar värdcellens 
försvar mot bakterier under en urinvägsinfektion orsakad av UPEC 
samt deras roll vid återkommande urinvägsinfektioner. 

Våra resultat visade att de inflammasom-associerade proteinerna 
caspase-1, caspase-4 och NLRP3 är involverade i utsöndringen av 
cytokiner, kemokiner och antimikrobiella funktioner hos neutrofiler 
under UVI. Vi kunde även se att IL-1 receptor antagonisten (IL-1RA) 
påverkar flera inflammatoriska proteiner och att brist på IL-1RA ledde 
till att UPEC minskade sin kolonisering samt invasion av 
blåsepitelceller. NLRP3 verkar även ha en regulativ funktion inom 
östrogen-signalering samt uttrycket av antimikrobiella peptider. 

Sammanfattningsvis visar våra resultat att de inflammasom-
associerade proteinerna caspase-1, caspase-4, NLRP3 och IL-IRA är 
viktiga immunregulatorer vid en UPEC medierad UVI. De reglerar 
UPEC-kolonisering, frisättning av cytokiner och kemokiner, 
neutrofilers antimikrobiella aktiviteter och östrogen signalering. 
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INTRODUCTION 

Urinary tract infection 
The kidneys, ureters, bladder and urethra are parts of the urinary tract, 
where the kidneys are referred to as the upper urinary tract and ureters, 
bladder and urethra as the lower urinary tract. Urinary tract infection 
(UTI) is one of the most common infections in humans. It is 
characterized by the presence of bacteria in the urine, usually > 105 

colony forming units (CFU)/mL [1]. About 50% of all women will 
experience at least one UTI and 25% will have an increased risk of 
recurrency within 6 months [2]. Recurrent UTIs are defined as three or 
more UTIs within 12 months or two or more UTIs within 6 months 
after the initial infection [1, 2]. Both men and women can suffer from 
UTI; however, the prevalence is higher in women mostly because 
women have a shorter urethra and shorter distance between the urethra 
and anus [3]. Common pathogens giving rise to UTIs include 
Escherichia coli (E. coli), Klebsiella, Staphylococcus and Enterococcus 
species. However, most UTIs are caused by uropathogenic E. coli 
(UPEC)[4, 5]. UTIs are often classified as lower UTI when affecting the 
urethra (urethritis) or the bladder (cystitis). If the bacteria ascends the 
ureters to the kidneys, it causes upper UTI (pyelonephritis), which is a 
more severe as it may cause renal scarring and sepsis if the bacteria 
enters the bloodstream (Figure 1) [6]. Prescence of bacteria in the urine 
without symptoms is classified as asymptomatic bacteriuria (ASB). 
Typical symptoms of cystitis are suprapubic pain, frequency and 
urgency to urinate, and burning sensations during urination. 
Symptoms of pyelonephritis include high fever and flank pain [6]. 

Globally, infections caused by E. coli represent half of the 
estimated burden of antibiotic resistance and approximately 90% of E. 
coli strains are resistant to at least one antibiotic. In Europe, 12% of 
UPEC isolates are resistant to third generation cephalosporins and 22% 
are resistant to fluoroquinolones [7]. The World Health Organisation 
(WHO) states that antimicrobial resistance is one of the top ten global 
public health threats [7]. There is an urgent need to develop new 
antimicrobial treatment strategies to combat resistant bacteria. 
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Escherichia coli 
E. coli, a member of the Enterobacteriaceae family, is a facultative 
anaerobic rod-shaped Gram-negative bacterium. Infants are usually 
colonized with commensal strains of E. coli directly after birth, which 
will be part of the beneficial normal flora [8]. E. coli has many strains 
with the genus exhibiting different genomic traits, metabolic 
properties, virulence factors and pathogenesis [8, 9]. Several isolates are 
commensals and belong to the microbiota in humans and many 
animals. 

The gastrointestinal tract is colonized by a wide variety of 
microbes giving rise to the microbiota, which is involved in several 
physiological functions. This includes regulation and maturation of 

Figure 1. The urinary tract consists of the urethra, bladder, ureters and the 
kidneys. Urinary tract infections (UTIs) are divided into two groups, cystitis 
and pyelonephritis, characterized by the localization of the bacteria in the 
urinary tract. Cystitis is infection of the bladder. Once in the bladder, 
bacteria can ascend the ureters and colonize the kidneys, causing 
pyelonephritis, a more severe infection. The most common cause is 
uropathogenic Escherichia coli (UPEC), which have developed different 
mechanisms to colonize the bladder epithelial cells and give rise to an 
infection. 
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the immune system, nutritional and metabolic activities, and 
involvement in brain and behaviour modulations. We have not yet 
completely understood the functional significance of human 
microbiota; however, it is evident that an imbalance in the interactions 
between microbes is connected to different human diseases [10]. A 
small cohort study showed that women with recurrent UTI have a 
disrupted microbiota with a reduced number of butyrate-producing 
bacteria and depleted microbial richness [11]. Bacteria with production 
of short chain fatty acid (SCFA) such as butyrate and propionate have 
an anti-inflammatory effect in the gut by promoting 
immunomodulation and intestinal barrier function [12, 13]. Exposure 
to broad-spectrum antibiotics – e.g., ciprofloxacin – leads to reduced 
gut microbial diversity, richness and butyrate-producing bacteria [14, 
15] Additionally, exposure to antibiotics, especially during childhood, 
disrupts the gut microbiota and these effects are harmful for the host, 
not only in the short term but also in the long term [16]. 

The pathogenic E. coli strains are divided into groups depending 
on their ability to cause intestinal, internal, or urinary infections. 
UPEC belongs to the group of extra intestinal pathogenic E. coli 
(ExPEC). Several isolates of ExPEC are members of the gut microbiota, 
colonizing the intestines asymptomatically [9]. It is believed that UPEC 
harbour in the gut and spread through oral-faecal routes, sexual contact 
and contaminated food [17]. Phylogenetic and pangenomic studies 
have divided E. coli into eight different categories: A, B1, B2, C, D, E, 
F, G, H and clade I. The majority of UPEC belong to group B2 [18]. 
The genome of E. coli is one of the most flexible due to horizontal gene 
transfer or loss of genetic information among strains. Genes associated 
with virulence are normally located on genomic islands, 
bacteriophages, plasmids or transposons and are exchanged between 
different bacteria [19]. ExPEC strains express several different virulence 
factors, including toxins, adhesins and siderophores [9]. 

Bacterial virulence 
The colonization of the urinary tract requires UPEC to express 
different virulence factors, such as lipopolysaccharides (LPS), capsule, 
flagella, type-1 fimbriae and P-fimbriae [1], iron acquisition systems, 
sisA and sisB [20], α-hemolysin [21], and Toll/interleukin‑1 receptor 
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domain‑containing protein C (TcpC) [22]. Both commensal E. coli and 
UPEC isolates express type-1 fimbriae (>90%). However, the P-fimbriae 
is more present in pyelonephritis isolates (70–90%) compared to 
cystitis strains (30%) and influences the severity of UTI [23-26]. Once 
in the bladder, UPEC can invade bladder epithelial cells via several 
mechanisms, including usage of the FimH adhesin on the tip of the 
type-1 fimbriae to bind to several receptors on the epithelial cells [27]. 
These receptors include secretory immunoglobulin (Ig) A, uroplakins 
(UPs), CD48, N-oligosaccharides on integrins β1 and α3 [27]. FimH 
can bind to the CD48 receptor, which can lead to bacterial uptake 
through the opsonin-mediated phagosome-endosome route. UPEC 
can invade bladder epithelial cells through actin rearrangement and 
endocytosis when the type 1-fimbriae binds to N-oligosaccharides on 
integrins β1 and α3 and phosphorylates the integrin tail [27, 28]. α-
hemolysin is expressed in approximately 50% of pyelonephritis strains 
and 40% of cystitis strains [23]. Commensal isolates usually do not 
express α-hemolysin. α-hemolysin is a pore-forming toxin that can form 
pores in membranes of different cell types such as leukocytes, 
erythrocytes, lymphocytes endothelial cells and epithelial cells [29, 30]. 
Depending on the concentration of α-hemolysin, it has different 
effects. High concentrations disrupt the cell membrane and induce 
caspase-1/caspase-4 dependent cell death (pyroptosis), which provides 
access to cell nutrients and iron and mediates IL-1β release [21, 30-32]. 
Lower concentrations lead to inhibition of the AKT signalling 
pathway, disruption of NF- κB signalling, which reduces the release of 
IL-8, IL-6, and antimicrobial peptides in vitro [33, 34]. Additionally, 
sub-lytic concentrations of α-hemolysin activates mesotrypsin, a serine 
protease that degrades a cytoskeletal scaffolding protein, paxillin. This 
degradation interferes with the cell membrane, which leads to 
exfoliation of cells [35]. TcpC is expressed in approximately 30% of 
cystitis isolates and 40% of pyelonephritis isolates, and it is more 
common that strains expressing P-fimbriae also express TcpC [26]. 
UPEC strains expressing TcpC can prevent formation of the NLRP3 
inflammasome complex, disrupting the host immune system (Figure 
2) [36]. Furthermore, UPEC can suppress epithelial cytokine 
production by controlling NF-κB activity through genes involved in 
LPS biosynthesis or in a α-hemolysin-dependent way [37]. 
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Interaction of UPEC with the innate immune system 

Activation of bladder epithelial cells and neutrophils 
The bladder mucosa consists of epithelial and immune cells covered by 
a layer of superficial facet cells (umbrella cells). These immunoactive 
cells create a permeable barrier that controls urine flow, exchange of 
metabolic products between blood and urine, and protects against 
pathogens [6, 38]. In the early phase of the innate immune response to 
UPEC infection, bladder epithelial cells and macrophages release 
several factors to combat UPEC – e.g., antimicrobial substances, 
cytokines and chemokines (IL-1β, IL-6, IL-8 and tumour necrosis factor 
α (TNF-α), gamma interferon (IFN-γ), IFN-β, IL-10, IL-17, and 
hormones (e.g., norepinephrine and estradiol) [39-41]. Conserved 
microbial components of UPEC are defined as pathogen-associated 
molecular pattern molecules (PAMPs), recognized by host pattern 
recognizing receptors (PRRs). The PRRs include both membrane-
bound Toll-like receptors (TLRs) and cytoplasmic nucleotide-binding 
and leucine-rich repeat receptors (NLRs). When it comes to the 
pathogenesis of UTI, several TLRs are important and they react to 
different stimuli. TLR4 can be found in urothelial cells lining the 
bladder and kidneys and detects LPS, type 1-and P-fimbriae. and heat 
shock proteins (HSP) 60, 70, and 90 [42]. Activation of TLR4 by LPS 
requires the co-receptor CD14 [43]. However, because urothelial cells 
lack CD14, they respond poorly to LPS [44]. UPEC can activate TLR4 
downstream signalling by binding type-1-and P-fimbriae to their 
receptors, independent of CD14 [45]. P-fimbriae binds to 
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glycosphingolipids on host cells via the PapG tip adhesin and activates 
the TRIF signalling pathway. The type-1 fimbriae bind to 
mannosylated glycoproteins and activate the MyD88-dependent 
pathway, which leads to activation and translocation of NF-κB (Figure 
2) [45]. TLR5, which is highly expressed in the bladder, recognizes 
bacterial flagella [42]. Most UPEC strains express flagella and mice 
lacking TLR5 are more likely to develop UTI [46-48]. 

Expressed in the kidneys, Tamm-Horsfall glycoprotein (THP) is 
one of the most abundant proteins in the urine. THP limits 
colonization of bladder epithelial cells by binding to S-fimbriated or 
type-1 fimbriated UPEC. High mannose glycans of THP bind to the 

Figure 2. Activation of NLRP3 inflammasome by UPEC. When entering the 
urinary tract, UPEC can bind to TLR4 and activate MyD88-dependent 
signalling. Phagocytosis of UPEC leads to NLRP3 activation in a α-
hemolysin dependent way. This leads to caspase-1 dependent maturation of 
pro-forms of IL-1β and IL-18. UPEC strains expressing the inhibitory protein 
TcpC can inhibit NLRP3 formation. Activation of NLRP3 leads to caspase-
1 mediated cleavage of gasdermin D resulting in pyroptosis. In the non-
canonical activation, caspase-4/5 and the mouse homologue caspase-11 can 
directly cleave gasdermin D without the assembly of the NLRP3 complex. 

 



 

18 Anna Lindblad 
 

adhesin FimH, which prevents UPEC from binding to uroplakin Ia 
and Ib and therefore limits the colonization of the bladder [49]. As 
THP also has a suppressive effect on neutrophil activation, it can reduce 
ROS production, chemotaxis and bactericidal activity [50]. 

UPECs adhesion to the epithelial cells leads to the release of 
several cytokines and chemokines. The release of cytokines and 
chemokines leads to a cascade reaction with both local and systemic 
effects. Both IL-6 and IL-8 are key pro-inflammatory mediators 
important for the clearance of UPEC [51, 52]. IL-6 has both pro-and 
anti-inflammatory functions and activates acute phase responses. IL-6 
binds to soluble and membrane bound IL-6 receptors, which interact 
with the co-receptor glycoprotein 130 (gp130) [53]. IL-6 knockout mice 
exhibit increased bacterial load in the kidneys and increased mortality 
[54]. IL-8 can be produced by different cell types in response to elevated 
levels of the inflammatory factors IL-1, TNF-α, and bacteria [55, 56]. 
During UPEC infection, the chemokine receptors CXCR1 and CXCR2 
are up-regulated and can bind to IL-8. However, for transepithelial 
neutrophil migration, CXCR1 is the vital receptor [57]. IL-8 receptor 
knockout mice develop renal scarring and sepsis because they cannot 
clear the UPEC infection [58]. 

Neutrophils are produced in the bone marrow and can enter the 
circulation and move to infection sites across the vascular barrier 
through a chemotactic gradient and pro-inflammatory signals [59]. 
Neutrophils are the most important effector cells of the innate immune 
response during a UTI and are crucial for UPEC clearance. Neutrophils 
can detect and move towards a concentration gradient of IL-8 during 
the UPEC infection [43]. When in the bladder, epithelium neutrophils 
can kill UPEC through phagocytosis, neutrophil extra cellular traps, 
reactive oxygen species (ROS), or antimicrobial peptides (AMPs) [59]. 
Neutrophils can be detected in urine 2 hours post-infection, peaking 6 
hours post-infection. The neutrophil numbers are correlated to 
bacterial burden [60]. 

Intracellular bacterial communities 
UPEC can invade bladder epithelial cells and proliferate and 
differentiate into intracellular bacterial communities (IBCs) [61, 62]. 
In the IBC, the bacteria are surrounded by a biofilm-like matrix that 
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protects them against immune responses and antibiotics. Intracellular 
UPEC develops from a coccoid shape to a rod shape to a filamentous 
form that can flux out of the IBC into the lumen and start a new IBC 
cycle (Figure 3) [6]. The body can remove UPEC via the urine and 
regenerate the epithelium by exfoliating dead or dying cells [63, 64]. It 
is believed that IL-1β signalling and the NLRP3 inflammasome are 
involved in the exfoliation of infected cells though pyroptosis [21]. The 
exfoliation of cells can be regarded as a double-edged sword since it 

Figure 3. The colonization of the urothelium by UPEC is a multistep process. 
It consists of adhesion, invasion, colonization, and host damage. UPEC 
residing in the gut can ascend into the bladder. After reaching the bladder, 
UPEC can adhere to the surface of umbrella cells that line the bladder lumen 
(B). UPEC can then invade the cells where they either are expelled back into 
the lumen by the cell (C) or escape into the cytoplasm (D). UPEC can 
replicate in the cytoplasm and form intracellular bacterial communities 
(IBCs), which provides protection against host defense and antibiotic 
treatment (E). In the IBC, UPEC can change into a filamentous form (F) and 
leave the IBC to start a new IBC cycle. A host defense mechanism against 
intracellular UPEC is exfoliation of epithelial cells into the urine (G). 
Exfoliation leads to a reduction of UPEC in bladder cells but also provides 
access of UPEC to deeper cell layers (H) where UPEC can form quiescent 
intracellular reservoirs (QIRs)(I) and persist for months and give rise to 
recurrent UTI. Reprinted with permission from (6).  
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provides access of UPEC to deeper epithelial layers, where bacteria can 
form small quiescent intracellular reservoirs (QIRs) persisting for 
several weeks. In QIRs, UPEC are non-replicating and protected 
against antibiotics, so they can initiate a new UTI-cycle and cause 
recurrency [64, 65].  

Inflammasomes 
In addition to the membrane bound TLRs, cytosolic NLRs are vital for 
detecting PAMPs and danger-associated molecular patterns (DAMPs) 
in the cytosol [66]. NLRs and the absent in melanoma 2-like receptors 
(ALRs) and pyrin are known to form inflammasomes [67].  Discovered 
in 2002, inflammasomes have been determined to have a central place 
in innate immunity [68]. The inflammasome family includes canonical 
absent in melanoma 2 (AIM2), NOD-like receptor family apoptosis 
inhibitory protein (NAIP)-NLRC4, NLRP1, NLRP3, NLRP6 and 
NLRP9b. AIM2 detects double stranded (ds)DNA of host or microbial 
origin [69], and the NLRC4 inflammasome can be activated by 
flagellin [70] and proteins of the type II secretion system (T3SS) and 
the NAIPs function as a sensor component [71]. NLRP1 was the first 
protein known to form an inflammasome complex and it is activated 
by the lethal toxin anthrax secreted by Bacillus anthracis [72, 73], the 
parasite Toxoplasma gondii [74], the ubiquitin ligase secreted effector 
IpaH7.8 from Shigella Flexneri [75], and Val-boro-Pro, an inhibitor of 
cytosolic serine proteases DPP8 and DPP9 [76]. NLRP3 responds to a 
variety of stimuli, including pathogens, nucleic acids, microbial toxins, 
crystalline substances and ATP [77, 78]. NLRP6 is expressed in the 
intestines and is believed to be involved in maintaining intestinal 
homeostasis, and NLRP9b is expressed in intestinal epithelial cells and 
recognizes short dsDNA [67]. 

NLRs have three domains: a central nucleotide-binding domain 
(NACHT), which is common to all NLRs; a C-terminal leucine-rich 
repeat (LRR), which sense ligands; and a N-terminal caspase 
recruitment (CARD) or pyrin (PYD) domain, which initiates 
downstream signalling. When sensing specific DAMPs, PAMPs, or 
homeostasis-altering molecular processes (HAMPs), the NLR recruits 
the adaptor protein apoptosis-associated speck like protein (ASC) 
containing a CARD. ASC has two domains – a PYD and a CARD. The 
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assembly of the inflammasome leads to activation of caspase-1 and the 
maturation and release of IL-1β and IL-18 [79].  

Caspases are proteases that can be found in an inactive pro-form 
in the cytosol. They can be activated by autoproteolytic cleavage or by 
other caspases. Caspase-1 and caspase-4 are regarded as pro-
inflammatory caspases as their activation leads to pyroptosis (Figure 2) 
[79]. In addition, caspase-4, caspase-5 and the murine homologue 
caspase-11 have been shown to be cytosolic LPS receptors, which can 
activate NLRP3 independently of TLR4 [80, 81]. Caspase-11 can 
induce cell death independently of NLRP3 inflammasome activation 
[82]. However, the processing of IL-1β still needs a functional NLRP3 
inflammasome pathway such as NLRP3, ASC, caspase-1 and potassium 
efflux from cell [83]. Caspase-4 can bind to LPS and divide large LPS 
micelles into smaller caspase-4/LPS complexes that induce pyroptosis 
[84]. This finding is interesting as it could explain the role of caspases 
when facing intracellular bacteria. Furthermore, it has also been shown 
that caspase-1 can mediate inflammation through NF- κB activation 
independent of its enzymatic activity [85, 86]. This strengthens the 
notion that inflammasome-associated proteins can mediate 
inflammasome independent immune responses. 

The NLRP3 inflammasome 
The NLRP3 inflammasome, the most studied inflammasome, has been 
highlighted as a vital part of the early host response in the urothelium 
against UPEC [21, 87-92]. The NLRP3 inflammasome is composed of 
three key components: the sensor molecule NLRP3, the adaptor 
protein ASC, and pro-caspase-1. NLRP3 consists of the three domains: 
a PYD domain, which mediates homotypic binding; a NACHT 
domain, which mediates ATP-dependent oligomerization; and a LRR 
domain. ASC binds to other PYD-containing proteins through its own 
PYD and recruits caspases via CARD/CARD interaction. The 
activation of pro-caspase-1 occurs through its interaction with ASC. 
During activation, the NLRP3 receptor first forms dimers and binds 
ASC through interactions between their respective PYDs. Then, ASC 
interacts with pro-caspase-1 through their respective CARD domains 
and Caspase-1 undergoes auto-proteolytic cleavage to transform into its 
active form. Next, caspase-1 cleaves the precursor forms of IL-1β and 
IL-18 to generate their biologically active forms [93]. 
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The activation of the NLRP3 inflammasome can either be 
canonical or non-canonical and the outcome is pyroptosis (Figure 2), a 
rapid cell death that leads to swelling of cytoplasm, destruction of the 
plasma membrane, and nuclear condensation. Pyroptosis is regarded 
as an inflammatory form of cell death, as it releases the cell content and 
intracellular bacteria into the extracellular space and activates 
inflammatory and repair processes [94]. In the canonical activation, the 
assembly and activation of NLRP3 is a two-step process where priming 
is the first step. Priming mediated by PAMPs or cytokines leads to 
transcriptional upregulation of pro-IL-1β and NLRP3 and initiation of 
posttranslational modifications. The second activating signal occurs 
when PAMPs or DAMPs (e.g., pore-forming toxins (α-hemolysin) silica 
or ATP) are detected. Rather than detection through conventional 
ligand-receptor interaction, PAMP/DAMP are suggested to be detected 
through distress signals that can trigger the activation of NLRP3. These 
distress signals involve alterations in cell volume, generation of ROS, 
lysosomal rupture, potassium efflux and calcium signalling. All these 
factors have been proposed as potential distress signals capable of 
initiating the activation of NLRP3. The assembly of NLRP3 leads to 
cleavage of gasdermin D by caspase-1. Following this, gasdermin D is 
inserted in the cell membrane, which creates pores leading to 
pyroptosis by K+ efflux [94]. The non-canonical activation of NLRP3 
can be achieved when intracellular LPS binds to caspase-4 and/or 
caspase-5 without the priming step, leading to cleavage of gasdermin D 
and pyroptosis (Figure 2) [77]. During pyroptosis, spherical membrane 
bound structures are formed, the DNA is damaged, and chromatin 
condensation occurs. In addition, increased osmotic pressure leads to 
swelling, large spherical protrusions forming on the membrane, and 
eventual cell rupture [95]. After rupture, which can be determined by 
measuring the release of lactate dehydrogenase (LDH), the cytosolic 
contents enter the extracellular space [96].  

Recent studies have demonstrated that inflammasome-associated 
proteins, including NLRP3, play a role as transcriptional regulators in 
the innate immune response. For example, they facilitate the binding 
of IRF-4 to DNA [97]. The transcriptional functions of the NLR family 
involving proteins like the major histocompatibility complex class II 
transactivator CIITA [98] and NLRP5 have been previously reported 
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[99]. Interestingly, NLRP3 is predominantly located in the nucleus of 
epithelial cells; however, in macrophages, it is primarily found in the 
cytoplasm. Additionally, a novel discovery has revealed that NLRP3 
functions as a crucial transcription factor for IL-33 in epithelial cells 
independently of inflammasome activation [98].  

IL-1 
The IL-1 family includes important mediators for innate immunity and 
most of them can be found as inactive precursors in the cytoplasm. IL-

Figure 4. Interleukin (IL)-1α and IL-1β receptor complexes and downstream 
signalling. Both pro- and mature forms of IL-1α and IL-1β can bind to the IL-
1 receptor (IL-1RA) which leads to recruitment of the IL-1 receptor accessory 
protein (IL-1RAcP) coreceptor. The formation of the IL-1R complex leads to 
recruitment of MyD88 and a cascade of downstream events resulting in the 
activation of signalling proteins, such as mitogen-activated protein kinases 
(MAPKs, p38), and transcription factors, including nuclear factor (NF)-κB. 
The IL-1 receptor antagonist (IL-1RA) binds with high affinity to the IL-1 
receptor and thereby inhibits the pro-inflammatory activities of IL-1α and IL-
1β. The signalling through the IL-1R complex can also be modulated by 
inhibitory actions of membrane-bound IL-1R2 and soluble forms of the 
receptors (sIL-1R1, sIL-1R2, and sIL-1RAcP). 
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33 and IL-1α are regarded as alarmins, where the precursor itself is 
active and released during cell damage [100]. The pro-inflammatory 
effects of IL-1α and IL-1β can be inhibited by binding of the IL-1 
receptor antagonist (IL-1RA) to the IL-1 receptor [100, 101] (Figure 4). 
There is one secreted soluble isoform of IL-1RA and three intracellular 
isoforms (icIL-1RA). icIL-1RA are not known to be released from cells 
under normal conditions [101]. The expression of IL-1RA can be 
induced by signals that lead to IL-1β secretion as well as by IL-1β 
stimulation [102]. In addition, icIL-1RA are suggested to contribute to 
intracellular cell signalling [103]. An imbalance between the 
production of IL-1β and IL-1RA could be a part of the development of 
inflammatory conditions [104-106]. Studies have shown that in 
patients with UTI, the urinary levels of IL-1RA were significantly 
higher compared to healthy individuals [107, 108]. Recombinant IL-
1RA (generic anakinra) has been used to treat many systemic 
inflammatory diseases, including rheumatoid arthritis [109]. Anakinra 
has also been shown to reduce bladder pathology, reduce the amount 
of bacteria and neutrophils in mice with UTI [110, 111], and to have a 
positive effect on haemorrhagic cystitis in mice [112]. 

Antimicrobial peptides 
Antimicrobial peptides (AMP) are small polypeptides (<10kDa) that 
are part of the innate immune system and are secreted by host tissue. 
AMPs, which can directly kill pathogens, have immunomodulatory 
functions, including induction of cytokines, chemokines, and tight 
junction proteins [113, 114]. There are several classes of AMPs: 
defensins, ribonucleases, cathelicidins, and metal-binding proteins. In 
the urinary tract, AMPs are expressed by epithelial cells in the ureter, 
bladder, kidneys, urethra as well as by immune cells recruited to the 
infection site. AMPs contribute to maintain a healthy microflora in the 
urothelial tract and their expression is well studied. The most common 
in the urinary tract are β-defensins, α-defensins, cathelicidin (LL-37), 
lipocalin 2 and ribonucleases [115]. What role defensins play in the 
immune response during UTI needs more elucidation [116]. Studies 
have shown that RNASE7 expresses broad-spectrum antimicrobial 
activity against pathogens [117] and that LL-37 protects against 
bacterial adherence in the urinary tract [118].  
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Estrogen 
Estrogens belong to a group of steroid hormones derived from 
cholesterol. Five estrogens are produced endogenously: estrone, 17β-
estradiol, estriol, estetrol, and 27-hydroxycholesterol. 17β-estradiol is 
the most potent estrogen in humans. Estrone is the most dominant 
variant in postmenopausal women, and it is produced in both gonads 
and adipose tissue [119]. Estrogens are important in the development 
and maintenance of normal reproductive and sexual functions. In both 

Figure 5. Potential mechanisms of estrogenic actions on the defense 
mechanisms in the urothelium. As estrogen can increase the glycogen storage, 
lactobacilli growth can increase. The growth of UPEC can also be reduced by 
bactericidal peptides, hydrogen peroxide (H2O2) and a low pH. E. coli can 
invade the bladder epithelial cells and form intracellular bacterial 
communities (IBCs) within the superficial umbrella cells. They can later 
emerge and re-infect cells from deeper layers, which are exposed after 
exfoliation of infected umbrella cells. In the deeper cell layers, UPEC can 
form quiescent intracellular reservoirs (QIR), which is a potential source of 
recurrent infections. Estrogen can dampen this process by improving 
epithelial integrity and production of antimicrobial peptides (AMPs). 
Reprinted with permission from [120]. 
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men and women, estrogens have several biological effects on the 
musculoskeletal system, cardiovascular system, central nervous system 
and immune system. In the lower urinary tract, estrogen has important 
defense functions including enhancement of glycogen storage, which 
promotes the growth of lactobacilli, enhancement of epithelial 
integrity, and production of antimicrobial peptides (Figure 5) [120]. 
Two major types of nuclear estrogen receptors (ER) – ER alpha and ER 
beta – have been identified and they have different functions and tissue 
expression patterns. The regulatory effects of estradiol and ERs can 
either be positive or negative on pro-inflammatory cytokine 
production depending on the cell type or estrogen dose. ER activity 
can increase and reduce innate immune signalling pathways in 
dendritic cells and macrophages. Pregnancy or high doses of ectopic 
estrogen usually suppress immune responses. Variations between 
females and males regarding expression of genes involved in innate 
immunity have been detected. These differences are eliminated in 
gonadectomized mice or differ in pre-and postmenopausal women as 
ER signalling might regulate these genes [121, 122]. Moreover, ER 
alpha and estradiol might promote production of type I interferon 
(IFN) [121]. In both men and women, ER beta is the major ER type in 
the epithelium of the bladder and urethra [123]. Furthermore, estrogen 
increases the cell contact between urothelial cells and stimulates 
production of AMPs. Hence, estradiol has an important role in 
protecting the urothelium [124]. Recently, studies have shown that 
estrogen could enhance the activation of the NLRP3 inflammasome 
[125, 126]. However, another study found that estrogen deficiency 
could lead to activation of NLRP3 and neuroinflammation in mice 
[127]. Hence the correlation between NLRP3, estrogen, and host 
defense mechanisms needs further investigation. 
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AIMS 

This thesis investigates the role of caspase-1, caspase-4, NLRP3 and IL-
1RA on the pro-inflammatory host response and colonization induced 
by UPEC in bladder epithelial cells. 

This thesis has four specific aims: 

I. To investigate how the inflammasome-associated proteins caspase-
1, caspase-4 and NLRP3 regulate the cell response of bladder 
epithelial cells during UPEC infection. 

II. To investigate the role of IL-1RA in UPEC colonization of bladder 
epithelial cells and the subsequent host inflammatory response. 

III. To investigate the role of NLRP3 in regulation of AMPs and 
estrogen signalling in bladder epithelial cells during UPEC 
infection. 

IV. To evaluate the role of caspase-1 and caspase-4 in regulating global 
gene expression in bladder epithelial cells during UPEC infection. 
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METHODOLOGICAL CONSIDERATIONS 
This section gives an overview of the experimental procedures in this 
thesis; more details can be found in the respective papers. 

Human bladder epithelial cells 
The human bladder epithelial cell line 5637 (ATTCC HBT-9), which 
was used in all papers, is a bladder carcinoma grade 2 cell line that is 
frequently used as an in vitro model to study host-pathogen interactions 
during UPEC infection [21, 28, 128]. The cells were cultured in 
Dulbecco’s modified Eagle Medium (DMEM) supplemented with 10% 
foetal bovine serum (FBS), 1mM non-essential amino acids and 2 mM 
L-glutamine at 37 °C with 5% CO2. When performing infection 
experiments in Papers I–IV, cell culture medium was substituted with 
DMEM containing 2% FBS, 1mM non-essential amino acids and 2mM 
L-glutamine. During estradiol experiments in Paper III, the cells were 
serum starved overnight. For these experiments, we used DMEM 
containing 2% charcoal stripped FBS, 1mM non-essential amino acids 
and 2mM L-glutamine. Cell viability and confluency were controlled 
visually before experiments. 

CRISPR/Cas9 
In this thesis, we used the type II clustered regularly interspaced short 
palindromic repeats (CRISPR) and CRISPR-associated (Cas) protein 9 
system. This is an RNA-guided endonuclease technology for genome 
editing found in bacteria and archaea as part of their acquired immune 
response against viruses and phages. DNA is recognized by the CRISPR 
RNA (crRNA) and cleaved by Cas-nucleases [129]. Bladder epithelial 
cell lines deficient in caspase-1, caspase-4, NLRP3 and IL-1RA were 
constructed using the pSpCas9 (BB)-2A-Puro (PX459, V2.0) (a gift from 
Feng Zhang, Addgene plasmid # 62988) [130]. A polyclonal pool of 
gene-edited 5637 cells was used when performing the experiments. The 
target sites were: GCTAATGATCGACTTCAATG(NLRP3), 
TGCAGCTCATCCGAATATGG(Caspase-4), 
GACAGTATTCCTAGAAGAAC(Caspase-1) and GCTCTGTTC 
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TTGGGAATCCA (IL-1RA). The cells were selected using puromycin 
(2.5 µg/ml) 24 h after transfection. 

Isolation of neutrophils 
To study the effect of inflammasome-associated proteins on 
antimicrobial activities in neutrophils (Paper I), we isolated human 
neutrophils from healthy blood donors using the density gradient kits 
polymorphprep and lymphoprep according to manufacturer’s 
instructions. After isolation, the trypan blue exclusion test confirmed 
>90% viability. 

Bacterial strains 
Throughout this thesis, the UPEC strain CFT073 was used. CFT073 
was originally isolated from a patient with acute pyelonephritis and 
expresses type-1-and P-fimbriae, TcpC and α-hemolysin [131, 132]. In 
Paper II, we also used the non-pathogenic E. coli K-12 strain MG1655 
and deletion mutants of the CFT073 strain with deficiency in α-
hemolysin (CFT073ΔhlyA), type-1 fimbriae (CFT073ΔfimH) and P-
fimbriae (CFT073Δpap). CFT073 deletion mutants were created using 
λ red recombinase [133]. 

Stimulation of bladder epithelial cells 
Bladder epithelial cells were stimulated with CFT073, different 
CFT073 mutants or the commensal E. coli MG1655 strain at a 
multiplicity of infection (MOI) of 10 in Papers I–IV. In Paper III, 
bladder epithelial cells were stimulated with 1 nM or 10 nM estradiol 
for 6 or 24 h. DMSO was used as a negative control. 

Conditioned medium 
To investigate what role caspase-1, caspase-4, and NLRP3 play in 
neutrophil phagocytosis, migration, ROS-production, and bacterial 
growth, we created a caspase-1, caspase-4 and NLRP3-deficient milieu 
from the bladder epithelium. Cas9 (Papers I and III), caspase-1 (Paper 
I), caspase-4 (Paper I), and NLRP3 (Paper I and III) deficient cells 
were stimulated with CFT073 at MOI 10 for 6 h at 37 °C with 5% CO2. 
The supernatants were collected, centrifuged at 5000g for 5 min, and 
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sterile filtered to remove bacteria. To ensure that there were no viable 
bacteria, we performed TSA plaiting. 

Enzyme-linked immunosorbent assay 
Enzyme-linked immunosorbent assay (ELISA) is a method used to 
detect and quantify substances, including antibodies, peptides or 
proteins. In Papers I–III, sandwich ELISA was used to detect 
protein/peptide release following manufacturer’s instructions. In 
Paper I, IL-1β, IL-8, and IL-18 levels were measured after CFT073 
stimulation for 6 h at MOI 10. In Paper II, bladder epithelial cells were 
stimulated with CFT073 or MG1655 for 3 or 6 h at MOI 10 and the 
release of IL-1β and IL-1RA was measured. In Paper III, focus was on 
measuring the levels of defensin beta 1, defensin beta 2, CAMP, LL-37 
and RNASE7 in bladder epithelial cells stimulated with CFT073 for 6 
h at MOI 10. 

Lactate dehydrogenase assay 
Pyroptosis can be detected by measuring lactate dehydrogenase (LDH), 
which is released from bursting cells. Since pyroptosis is regulated by 
caspase-1, both LDH and caspase-1 needs to be measured for reliable 
results. A LDH assay was used to compare the cell viability between 
bladder epithelial cells deficient in caspase-1, caspase-4, NLRP3 (Paper 
I) and IL-1RA (Paper II) with Cas9 control cells after CFT073 
stimulation at MOI 10 for 6 h. 

Western blot 
Western blot was used to quantify the presence of inflammasome-
associated proteins and estrogen receptors. Caspase-1, caspase-4 and 
NLRP3 deficiency were confirmed in Paper I. IL-1RA, caspase-1 and 
NLRP3 deficiency was confirmed in Paper II. In Paper III, we studied 
the expression of human estrogen receptor alpha and beta. Equal 
amounts of Laemmli buffer and protein were mixed and boiled at 
95 °C. The samples were subjected to SDS-polyacrylamide gel 
electrophoresis and transferred to a polyvinylidene fluoride (PVDF) 
membrane. The PVDF membrane was blocked with 3% BSA. Caspase-
1 was detected using a mouse monoclonal antibody in Paper I and II. 
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In Paper I, caspase-4 was detected using a rabbit monoclonal antibody. 
In Papers I and II, NLRP3 was detected using a mouse monoclonal 
antibody. In Paper II, a mouse monoclonal antibody was used to 
detect IL-1RA. As secondary antibodies, we used horseradish 
peroxidase (HRP) conjugated goat antirabbit IgG and HRP conjugated 
goat anti-mouse IgG. In Paper III, estrogen receptor alpha was 
detected using a rabbit monoclonal antibody and estrogen receptor 
beta was detected by using a rabbit polyclonal antibody. HRP 
conjugated goat anti-rabbit IgG was used as secondary antibodies. The 
loading control GAPDH was detected using a rabbit polyclonal 
antibody in Papers I–III. The high sensitivity and specificity of western 
blot provides advantages compared to ELISA. With western blot, not 
only the amount but also the molecular size of the protein can be 
detected, which provides an accurate detection of the protein. 

RNA isolation and real-time PCR 
Total RNA was isolated using the E.Z.N.A. Total RNA Kit I following 
manufacturer’s instructions. The RNA quantity was assessed using the 
Nano-Drop ND-1000 (Wilmington, NC, USA). First strand cDNA was 
synthesized using the High-capacity cDNA RT kit (Thermo Fisher 
Scientific, MA, USA). Real time reverse-transcriptase (RT)-PCR with 
Maxima SYBR Green qPCR Master Mix (Thermo Fisher Scientific) was 
used to study IL-1α, IL-1β, IL-6, IL-8 and IL-18 mRNA expression after 
CFT073 stimulation (Paper I) and IL-1RA mRNA expression (Paper 
II) after CFT073 or MG1655 stimulation of bladder epithelial cells. In 
Paper III, we investigated the gene expression of the antimicrobial 
peptides: Defensin beta 1, Defensin beta 4, CAMP, Lactoferrin, 
RNASE6 and RNASE7 after stimulation with estradiol. The 
comparative Ct (ΔΔCt) method was used to analyse the mRNA 
expression and normalized to GAPDH. Fold change was calculated as 
2−ΔΔCt. 

Targeted protein analysis 
Proteomic profiling was conducted on Cas9, caspase-1, caspase-4 
(Paper I) and IL-1RA-deficient cells (Paper II) after CFT073 infection 
using the Olink proximity extension assay (PEA). This is a multiplex 
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assay where 92 inflammatory proteins were analysed in the cell 
supernatants. A pair of oligonucleotide-labelled antibodies target 
proteins and when in close proximity, a PCR target sequence is formed, 
detected and quantified with real-time PCR. The protein data are 
reported as normalized protein expression levels (NPX). The NPX 
levels are Ct values normalized by subtraction of values for extension 
and inter-plate controls. Proteins displaying signals below the limit of 
detection (LOD) were excluded from further analysis. 

Luciferase assay 
We used a luciferase assay to analyse the estrogen receptor activity after 
estradiol stimulation in bladder epithelial cells deficient in NLRP3 
(Paper III). Bladder epithelial cells transfected with a 3X ERE TATA 
luc plasmid and a renilla luciferase expressing construct (pGL4.74) 
were stimulated with 1 nM estradiol for 24 h, and the cell lysates were 
analysed for bioluminescence. To normalize the transfections, we used 
the Renilla luciferase expressing construct (pGL4.74). Briefly, by using 
luciferase as a reporter gene, the test shows if a stimuli can activate or 
repress the expression of a target gene. The synthesis of a reporter 
protein (luciferase) and the adding of a substrate (D-luciferin) leads to 
a bioluminescence reaction, which corresponds to the expression of the 
target gene. If the protein activates the expression, the amount of 
luciferase increases; if the protein blocks the gene expression, less 
luciferase is produced. 

Microarray 
Cas9 control cells and NLRP3-deficient cells (Paper III) and caspase-1 
and caspase-4-deficient cells (Paper IV) were stimulated with CFT073 
for 6 h at MOI 10 and total RNA was isolated. The quality and integrity 
of RNA was evaluated with the Agilent Tapestation 2200 platform. It 
is critical that the RNA quality is high to achieve valid microarray 
results. This can be controlled by the measurement of the RNA 
integrity number (RIN) [134]. The RNA integrity number was 10 for 
all RNA samples, which ensures an intact RNA profile. Labelled cRNA 
was prepared using the Low Input Quick Amp WT Labelling Kit, and 
the hybridization of labelled cRNA samples were performed in a 
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G2545A hybridization oven onto glass arrays (Agilent SurePrint G3 (v3) 
Human Gene Expression 8x60k) and scanned with a G2550C array 
laser scanner. Image analysis and data extraction were performed by 
Feature Extraction Software version 10.7.3.1. All materials were 
purchased from Agilent Technologies (CA, USA). 

Invasion and colonization assay 
Cas9, IL-1RA-deficient (Paper II) and NLRP3-deficient (Paper III) 
cells were infected with CFT073 carrying an eGFP-expressing plasmid 
at MOI 10 for 4 h. The cells were washed to remove non-adherent 
bacteria, and the colonization (adhered/invaded bacteria) was 
quantified as mean fluorescence intensity (MFI) using a Cytation 3 
plate reader. In some experiments, cells were pre-incubated with 
recombinant IL-1RA for 1 h before infection (Paper II) or estradiol for 
24 h before infection (Paper III). Bacterial invasion was evaluated 
using the gentamicin protection assay. Cas9 and IL-1RA-deficient cells 
(Paper II) and NLRP3-deficient cells (Paper III) were stimulated with 
CFT073 at MOI 10 for 2 h and washed. Next, gentamicin was added 
for 2 h to kill all extracellular bacteria. The cells were then lysed and 
the intracellular bacteria were plated on TSA plates followed by CFU 
counting. 

Measurement of ROS 
In Paper I, ROS production from neutrophils was analysed with a 
luminol horseradish peroxidase (HRP) assay. HRP catalyses the 
oxidation of the luminol substrate by hydrogen peroxide, superoxide 
anion, and hydroxyl radicals. The induced luminescence is 
proportional to ROS production. Neutrophils pre-incubated with 
luminol and HRP were added to conditioned medium from CFT073 
stimulated caspase-1, caspase-4 and NLRP-3-deficient cells. The 
luminescence was measured in a Cytation 3 plate reader. 

Phagocytosis assay 
In Paper I, a phagocytosis assay was performed with flow cytometry 
using CFT073 (eGFP-plasmid). Neutrophils were added to wells 
containing conditioned medium from caspase-1, caspase-4 and 
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NLRP3-deficient cells. CFT073 (eGFP-plasmid) (MOI 10) was added to 
the wells containing conditioned medium and neutrophils for 3 h. 
Trypan blue was added to quench eGFP signal from extracellular 
bacteria. Phagocytosis was quantified by measuring the mean 
fluorescence intensity of the phagocytized CFT073 (eGFP) using the 
Gallius flow cytometer (Beckman Coulter, Brea, USA) with 488 nm 
laser and FL1 525/40 nm band-pass filter. The data were analysed with 
Kaluza Flow Cytometry Analysis version 1.3. 

Proliferation assay 
We used the resazurin assay to quantify cell proliferation. The assay 
measures metabolic activity (Paper I), a common method for 
quantifying cell proliferation. Viable cells with active metabolism 
reduce resazurin into a fluorescent product (resorufin) [135]. 
Conditioned medium with resazurin was added to wild-type 5637 
cells (50% confluent) and incubated for 24 h. The proliferation was 
quantified in a Cytation 3 plate reader at excitation 560 nm and 
emission 590 nm. After 24 h, the cells were also counted using a 
Bürker counting chamber. 

Bacterial growth assay 
In Paper III, we investigated what effect conditioned medium from 
Cas9 cells and NLRP3-deficient cells had on the CFT073 growth. 
Conditioned medium from Cas9 and NLRP3-deficient cells were 
added to a 96-wells plate with 1 x 106 CFU/ml CFT073. The optical 
density (600 nm) was measured every hour using a spectrophotometer 
(Cytation 3) for 24 h. 

Data processing and statistical analysis 
Data are presented as mean±standard error of the mean (SEM). 
Differences between groups were evaluated by unpaired Student’s t-
test or one-way ANOVA followed by Bonferroni multiple testing 
correction. Results were considered statistically significant at p<0.05 
(n=number of independent experiments). Microarray analysis was 
performed using Gene Spring GX version 14.9 (Agilent Technologies) 
after per chip and gene 75th percentile shift normalization of samples. 
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Different expression between groups was analysed with one-way 
analysis of variance (ANOVA) parametric test. Significantly expressed 
entities (p<0.05) were obtained using Tukey HSD post-hoc test 
followed by Benjamini-Hochberg multiple testing correction and a 
fold change set at ≥2. GO enrichment analyses were conducted with 
Cytoscape 3.9.1 with STRING (version 11.5) enrichment with a false 
discovery rate (FDR) <0.05. 
 

Ethical consideration 

The work in this thesis includes experimental in vitro studies on human 
cell cultures and collection of blood samples from volunteers. The 
regional ethics review board in Uppsala, Sweden has given their 
consent (Dnr 2015/437) to isolate blood from healthy individuals after 
informed consent. Collection of blood samples was performed 
according to the ethical guidelines of the Declaration of Helsinki for 
Medical Research and the Swedish National Board of Health and 
Welfare. 
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RESULTS AND DISCUSSION 

The role of caspase-1, caspase-4 and NLRP3 in regulating the host 
cell response evoked by uropathogenic Escherichia coli (Paper I) 
Previous work has highlighted that caspase-1, caspase-4 and NLRP3 are 
important regulators of the innate host response during a urinary tract 
infection [21, 36, 87]. This study investigates how the inflammasome-
associated proteins caspase-1, caspase-4 and NLRP3 regulate the cell 
response of bladder epithelial cells during UPEC infection. Bladder 
epithelial cells deficient in caspase-1, caspase-4 and NLRP3 release less 
IL-1β compared to Cas9 cells after stimulation with CFT073 (Figure 
6A). Previously, we have shown that IL-1β release from bladder 
epithelial cells after UPEC infection depends on α-hemolysin, ROS, 
p38 and ERK1/2 [92]. This study presents evidence showing that 
caspase-1, caspase-4 and NLRP3 are needed for UPEC-evoked IL-1β 
release from bladder epithelial cells in vitro. The release of IL-1β was 
almost completely inhibited from CFT073 stimulated NLRP3-
deficient cells. This implies that NLRP3 could be the most important 
factor regulating IL-1β release from bladder epithelial cells. We still 
detected IL-1β release from caspase-1- and caspase-4-deficient cells, a 
finding that is in line with other studies [92, 136]. In an in vivo UTI 
model, Ambite et al. showed that matrix metalloproteinase-7 (MMP-7) 
could cleave and activate IL-1β [90]. Karmakar and Scheriber showed 
that serine proteases could be involved in the processing and release of 
IL-1β [137, 138]. We have also shown that the serine protease 
mesotrypsin is involved in IL-1β release after a UPEC infection [92]. 
These findings might explain why we still detected released IL-1β from 
caspase-1-and caspase-4-deficient cells. We also found that caspase-4-
deficient cells had increased basal IL-8 release compared to Cas9 cells 
(Figure 6C). An interesting finding was that the release of IL-18 was 
increased in caspase-1-deficient cells after CFT073 stimulation, but the 
expression of the IL-18 receptor decreased to basal levels. The 
downregulation of the IL-18 receptor and the increased levels of IL-18 
are most likely explained by a pharmacodynamic desensitization 
mechanism. It is well known that a receptor can be downregulated to 
compensate for high availability of agonists. 
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An Olink proteomics analysis was performed to detect 92 
inflammatory proteins. The purpose was to gain more knowledge 
about how caspase-1, caspase-4 and NLRP3 interact with other host 
immune factors during a UPEC infection. We observed that 32 
proteins had a significantly changed basal protein expression after 6 h 
compared to Cas9 cells. NLRP3-deficient cells had a significantly 
decreased expression of 16 proteins and increased expression of 10 
proteins. Caspase-4-deficient cells had a significantly decreased 
expression of 12 proteins and increased expression of 12 proteins. 
Caspase-1-deficient cells had a significantly decreased expression of 21 
proteins and increased expression of 6 proteins. Caspase-1, capsase-4 

Figure 6.  Release of IL-1β, IL-18 and IL-8 from Cas9, caspase-1, caspase-4 
and NLRP3-deficient bladder epithelial cells after CFT073 stimulation at 
MOI 10 for 6 h. guideRNA (gRNA) targets specific genes using 
CRISPR/Cas9. Data are presented as mean ± SEM of three independent 
experiments. * over error bar denotes statistical significance compared to 
respective unstimulated control (*p< 0.0.5, **p<0.01, ***p<0.001). 
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and NLRP3 showed co-regulation of several proteins involved in 
inflammatory processes in bladder epithelial cells. The inflammasome-
associated proteins altered the release of several chemokines and 
cytokines including IL-1α, TGFα, CCL20, CXCL9, IL-18, IL-18R1, 
PDL-1, IL-33, SCF, caspase-8, LIF and ADA both at basal levels and 
after CFT073 stimulation. 

We continued to investigate how conditioned medium collected 
from the caspase-1, caspase-4 and NLRP3-deficient cells affected 
phagocytosis and ROS-production by neutrophils. It has previously 
been shown that UPEC can suppress formation of NLRP3 by TcpC and 
create a NLRP3 deficient milieu in the bladder [36]. Furthermore, 
Waldhuber et al. found that inhibition of the NLRP3 inflammasome 
by TcpC reduced the IL-1β levels in BM-derived macrophages (BMDMs) 
and that this most likely is beneficial for UPEC [36]. Our results show 
that conditioned medium from caspase-4-deficient cells induced an 
increased phagocytosis of CFT073, while conditioned medium from 
NLRP3-deficient cells decreased phagocytosis of CFT073 compared to 
Cas9 cells (Figure 7A). We also found that conditioned medium from 
CFT073-stimulated NLRP3-deficient cells induced a significant 
increased ROS production in neutrophils compared to conditioned 
medium from CFT073-stimulated Cas9 cells (Figure 7B). However, 
conditioned medium from CFT073-stimulated caspase-4-deficient cells 
induced a significant decreased ROS production. The difference in 
phagocytosis between caspase-4 and NLRP3-deficient cells could be 
due to differential expression of LIF, a protein known to reduce 
neutrophil phagocytosis [139]. Hypothetically, reduced phagocytosis 
could lead to a shift in the antimicrobial phenotype of neutrophils that 
would increase rather than decrease ROS production. 

Furthermore, we observed that conditioned medium from 
caspase-4-deficient and NLRP3-deficient cells but not from caspase-1-
deficient cells increased proliferation of bladder epithelial cells. During 
a UPEC infection, the epithelium is damaged, exposing the underlying 
undifferentiated cell layers to UPEC. UPEC can invade these 
undifferentiated cells and form quiescent intracellular reservoirs 
(QIRs). The QIRs provide protection from antibiotics and host 
immune responses, which leads to persistence and recurrent UTI [64]. 
When the bladder epithelium is damaged, the immune system 
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prioritizes repair of the epithelium rather than clearing UPEC. This 
preference has been linked to recurrent UTI [140]. Our results show 
that caspase-4 and NLRP3 take part in bladder epithelial cell 
proliferation and possibly cell repair. 

  

Figure 7. Bacterial phagocytosis and production of reactive oxygen species 
(ROS) from neutrophils. Neutrophils were exposed to conditioned medium 
from Cas9, capsase-1, caspase-4 and NLRP3-deficient bladder epithelial cells 
and phagocytosis of CFT073 (A) and ROS production (B) was measured. 
Phagocytosis is expressed as fold change (mean florescence intensity) relative 
to unstimulated control. ROS production is presented as % of unstimulated 
control. guideRNA (gRNA) targets specific genes using CRISPR/Cas9. Data 
are presented as mean ± SEM of three independent experiments. * denotes 
statistical significance (*p< 0.0.5, **p<0.01). 
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IL-1RA is part of the inflammasome-regulated immune response in 
bladder epithelial cells and influences colonization of uropathogenic 
E. coli (Paper II) 
We hypothesized that an imbalance between the production of IL-1β 
and IL-1RA could explain why inflammatory responses and related 
tissue damage develop during UPEC-mediated UTI. This study 
investigates the role of IL-1RA in UPEC colonization of bladder 
epithelial cells and the subsequent host inflammatory response. The 
UPEC strain CFT073 and the commensal MG1655 strain induced 
significantly increased IL-1RA release compared to unstimulated cells. 
The IL-1RA release was significantly higher after CFT073 stimulation 
compared to MG1655 stimulation (Figure 8). P-fimbriae (Δpap), type-
1 fimbriae (ΔfimH) and α-hemolysin (ΔhlyA) CFT073-deletion mutants 

Figure 8. IL-1RA release from bladder epithelial cells after stimulation with 
CFT073 or MG1655 at MOI 10 for 3 and 6 h. Data are presented as mean 
± SEM of three independent experiments. * over error bar denotes statistical 
significance compared to respective unstimulated control (*p< 0.0.5, 
***p<0.001). 
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were used to investigate the effect of bacterial virulence factors on IL-
1RA release. The results show that the CFT073ΔhlyA mutant was 
unable to induce IL-1RA release from bladder epithelial cells. 
However, the ability to stimulate IL-IRA was restored when 
stimulating the bladder epithelial cells with a α-hemolysin 
complemented CFT073ΔhlyA/pGNH404 strain. Infection with Δpap 
and ΔfimH deletion mutants showed no differences compared to the 
wild-type CFT073 strain. We and others have shown that α-hemolysin 
is an important virulence factor leading to NLRP3 activation, IL-1β 
release and pyroptosis [21, 91]. Commensal E. coli such as MG1655 
usually lack α-hemolysin [141] and in accordance with that MG1655 
induce a lower amount of IL-1RA release from bladder epithelial cells 
compared to CFT073. Our results also show that type-1-and P-fimbriae 
are not necessary for activating IL-1RA release from bladder epithelial 
cells after CFT073 stimulation. 

The release of IL-1RA is known to be activated by the same 
cytokines and bacterial components that activate IL-1β secretion [102]. 
Therefore, we investigated whether the inflammasome-associated 
proteins caspase-1 and NLRP3 were involved in IL-1RA release from 
bladder epithelial cells after stimulation with CFT073. The results 
show that caspase-1-deficient cells stimulated with CFT073 released 
significantly more IL-1RA compared to infected Cas9 cells. NLRP3-
deficient cells stimulated with CFT073 released significantly less IL-
1RA compared to infected Cas9 cells (Figure 9). Since caspase-1-
deficient cells released significantly more IL-1RA compared to Cas9 
cells, it indicates that caspase-1 supresses IL-1RA secretion. 
Furthermore, we found that the release of basal or CFT073-induced IL-
1β did not change in IL-1RA-deficient cells, but the ratio of IL-1β/IL-
1RA release was significantly increased in IL-1RA-deficent cells 
compared to Cas9 cells. This implies that IL-1β could be more 
accessible for activation of the IL-1 receptor and lead to exaggerated 
activation of the IL-1β receptor in IL-1RA-deficient cells. 
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We continued to evaluate whether IL-1RA was important for 
UPEC colonization of bladder epithelial cells. The bacterial 
colonization and invasion of IL-1RA-deficient cells were significantly 

reduced compared to wild-type cells (Figure 10 B–C), suggesting that 
IL-1RA counteract mechanisms protect host cells against bacterial 
colonization and invasion. In supplementary experiments, we tried to 
restore the reduced colonization by pre-incubating the IL-1RA-
deficient cells with recombinant IL-1RA, but recombinant IL-1RA did 
not restore bacterial colonization or invasion (Figure 10 A–C). These 
findings indicate that the decreased colonization and invasion 
observed in IL-1RA-deficient cells cannot be primarily explained by 
increased IL-1β receptor activation. Moreover, the decreased 
colonization and invasion observed in IL-1RA-deficient cells are not 
likely to be attributed to pyroptosis, as there was no difference in cell 
death (LDH release) between IL-1RA-deficient cells and Cas9 cells. 

Figure 9. Involvement of inflammasome-associated proteins in IL-1RA 
release. Release of IL-1RA from Cas9, caspase-1 and NLRP3-deficient 
bladder epithelial cells after stimulation with CFT073 at MOI 10 for 6 h. 
guideRNA (gRNA) targets a specific gene using CRISPR/Cas9. Data are 
presented as mean ± SEM of three independent experiments. * denotes 
statistical significance (***p<0.001). 
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However, since pre-incubating with recombinant IL-1RA did not 
restore bacterial colonization or invasion, the observed effects could be 
due to the intracellular forms of IL-1RA (icIL-1RA). icIL-1RA are 
known to be part of the cells intracellular signalling [103]. The ability 
of UPEC to adhere and invade epithelial cells and UPECs expelling are 
regulated by Rho family GTPases, focal adhesion kinases and actin 
rearrangement [142, 143]. One hypothesis is that icIL-1RA deficiency 
could interfere with these signalling pathways and therefore reduce 
bacterial colonization. 

As in Paper I, we performed a targeted protein analysis of 92 
proteins in IL-1RA-deficient cells to gain more knowledge on co-
regulation of IL-1RA with other host response factors. 

Figure 10. Bacterial colonization and invasion of IL-1RA-deficient bladder 
epithelial cells. IL-1RA-deficient bladder epithelial cells and wild-type cells 
were stimulated with CFT073, and IL-1RA-deficient cells were also pre-
incubated with 500ng/ml recombinant IL-1RA 1 h before infection. 
Bacterial colonization with CFT073 (expressing a GFP-plasmid) (A) and 
colonization of CFT073 were quantified using mean fluorescence intensity 
(MFI) (B). UPEC invasion was detected by using the gentamycin protection 
assay and quantified as the number of intracellular bacteria (CFU) (C). 
Scale bar represents 125 µm. guideRNA (gRNA) targets specific genes using 
CRISPR/Cas9. Data are presented as mean ± SEM of three independent 
experiments. * denotes statistical significance (*p<0.05, **p<0.01, 
***p<0.001). 
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The basal expression of 23 proteins were significantly changed in IL-
1RA-deficient cells. CFT073-stimulation significantly altered 10 
proteins in IL-1RA-deficient cells compared to Cas9 cells. The results 
indicate that IL-1RA co-regulates several inflammatory proteins in 
bladder epithelial cells. Several of the altered proteins in CFT073 
stimulated cells were cytokines or chemokines (IL-18, CXCL10, 
CCLL20). The exact mechanisms behind this regulation remain 
unknown, but one hypothesis is that the altered expression of these 
inflammatory proteins is an indirect and secondary consequence 
resulting from the unopposed and exaggerated action of IL-1β. 
However, it has been suggested that IL-1RA itself might regulate the 
expression of matrix metalloproteinase-13 in periodontal tissue 
independently of the IL-1β signalling cascade, implying a potential 
direct regulatory effect of different IL-1RA isoforms [144]. We believe 
that IL-1RA could have more immunomodulatory functions in UPEC-
infected bladder epithelial cells than only inhibiting IL-1α- and IL-1β-
mediated signalling. 
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The role of NLRP3 in regulation of antimicrobial peptides and 
estrogen signaling in UPEC-infected bladder epithelial cells (Paper 
III) 
In Paper I , we showed that NLRP3 regulates the release of chemokines 
and cytokines from bladder epithelial cells and modulates the 
antimicrobial activity of neutrophils [136]. This study investigates the 
role of NLRP3 in regulation of AMPs and estrogen signalling in 
bladder epithelial cells during an experimental UPEC infection. 
Microarray analysis showed that CFT073-stimulation of NLRP3-
deficient cells upregulated 3228 gene entities and downregulated 1398 
gene entities compared to unstimulated NLRP3-deficient cells. In 

comparison, CFT073-infection of Cas9 cells lead to upregulation of 
4773 gene entities and downregulation of 1749 gene entities compared 
to unstimulated Cas9 cells (Figure 11). The microarray data revealed 
that infected NLRP3-deficient cells had a differential expression of 

Figure 11. Venn diagram showing the number of differentially expressed 
gene entities that either were upregulated (Up) or downregulated (Down) 
after CFT073 infection. Cas9 (yellow) and NLRP3-deficient cells (blue) 
were infected with CFT073 at MOI 10 for 6 h. A microarray analysis was 
then performed. 

 



 

46 Anna Lindblad 
 

several gene ontologies associated with, for example, defense response 
to bacterium, immune response activity, cell-cell signalling and 
cytokine and hormone activity. Thus, it seems that the regulative role 
of NLRP3 is broader than previously known and not limited to the 
classical regulation of pro-inflammatory cytokines. 

Next, we investigated the role of NLRP3 related to the gene 
ontology defense response to bacterium in more detail. Most genes in 
this ontology had higher expression in Cas9 cells compared to NLPR3-
deficient cells after CFT073 stimulation. Many of the genes in the 
NLRP3-deficient cells with a low expression belonged to antimicrobial 
peptides such as defensins, RNASE6 and CAMP. Antimicrobial 
peptides (AMPs) are crucial components in the early defense against 
uropathogens as they have the ability to induce production of tight 
junction proteins, cytokines and chemokines [114, 115, 145]. Chromek 
and colleagues showed that LL-37 is crucial for the mucosal immunity 
against UPEC in the urinary tract [118]. In addition, patients with 
UPEC-induced UTI have increased levels of LL-37 [146]. Spencer et al. 
observed that RNASE7 is increased during pyelonephritis and that it 
may be an important factor for the early defense against pathogens in 
the upper urinary tract [117]. The interest in AMPs has increased the 
last decade [147], but knowledge on regulation of AMPs by NLRP3 in 
the urinary tract is limited. Yoon et al. recently showed that LL-37 
induced rosacea-like skin inflammation through NLRP3 [148]. Our 
data show that NLRP3 influences the basal release of beta-defensin 1, 
RNASE7, but not LL-37 from bladder epithelial cells. NLRP3 was also 
vital for the CFT073-induced LL-37 release from bladder epithelial cells. 
Hence, our results indicate that NLRP3 can regulate the basal and 
CFT073-induced expression and release of AMPs in bladder epithelial 
cells. 

Next, we investigate whether the reduced AMP expression in 
NLRP3-deficient cells affected bacterial growth. The results show that 
conditioned medium from Cas9 cells had the ability to significantly 
suppress the growth of CFT073. However, the conditioned medium 
from NLRP3-deficient cells failed to suppress the growth of CFT073 
(Figure 12). This indicates that NLRP3 is involved in suppressing 
CFT073 growth. Theoretically, UPEC may create a NLRP3-deficient 
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bladder milieu through the virulence factor TcpC, leading to decreased 
AMP levels and potentially a more severe UTI. 

Estrogen plays an important role in protecting the urinary tract 
against pathogens [149]. Lüthje and colleagues have shown that 
estrogen supplementation increased β-defensins and LL-37 levels in the 

urinary tract [124] and that estrogen strengthens the epithelial cell 
integrity [124]. As estradiol has been associated with NLRP3 regulation 
and AMP release [150, 151],we investigated whether NLRP3 could 
regulate estradiol-mediated expression and release of AMP from 
bladder epithelial cells. At the gene expression level, but not protein 
level, estradiol was found to significantly increase the expression of 
DEFB1, DEFB4A, CAMP, Lactoferrin, RNASE6 and RNASE7 in Cas9 
control cells (Figure 13). However, estradiol did not induce any 
increase in gene expression of AMPs in NLRP3-deficient cells. Han and 
colleagues showed that estradiol does not increase the release of beta-
defensin 1 or beta-defensin 2 under normal conditions in the vaginal 

Figure 12. CFT073 was added to conditioned medium from Cas9 control 
cells and NLRP3-deficient cells. Bacterial growth was measured with optical 
density at 600 nm. guideRNA (gRNA) targets a specific gene using 
CRISPR/Cas9. Data are presented as mean ± SEM of three independent 
experiments. * denotes statistical significance (*p<0.05) compared to NLRP3 
gRNA. 
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epithelial cells. However, in combination with LPS, estrogen induced 
the production of beta-defensin 2 [150]. This indicates that expression 
and release of AMPs from bladder epithelial cells may require signals 

Figure 13. The gene expression of antimicrobial peptides from Cas9 and 
NLRP3-deficient bladder epithelial cells after stimulation with estradiol. 
Cas9 and NLRP3-deficient cells were stimulated with 1 nm or 10 nm 
estradiol for 24 h and gene analysis of DEFB1 (A), DEFB4A (B), CAMP (C), 
Lactoferrin (D), RNASE6 (E) and RNASE7 (F) mRNA expression was 
performed. guideRNA (gRNA) targets a specific gene using CRISPR/Cas9. 
Data are presented as mean ± SEM of three independent experiments. The 
gene expression is expressed as fold change relative to unstimulated Cas9 
control and was normalized to GAPDH. * denotes statistical significance 
compared to unstimulated control (*p<0.05, **p<0.01, ***p<0.001). 
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from both UPEC (LPS) and estradiol. Taken together, our results 
indicate that NLRP3 is involved in regulating estradiol-induced AMP 
expression in bladder epithelial cells. 

We hypothesized that NLRP3 may affect the expression of 
estrogen receptor 1 and estrogen receptor 2 and therefore influence 
estradiol-induced AMP expression. The microarray data show a 
significantly decreased expression of estrogen receptor 1 (ESR1) after 
CFT073 infection in both Cas9 cells and NLRP3-deficient cells 
compared to unstimulated cells. The CFT073 infection led to an 
increased expression of estrogen receptor 2 (ESR2) in Cas9 cells but not 
in NLRP3-deficient cells. The basal protein expression of estrogen 

Figure 14. The expression and activation of estrogen receptors in Cas9 control 
cells and NLRP3-deficient bladder epithelial cells. Cas9 and NLRP3-deficient 
cells were stimulated with CFT073 at MOI 10 for 6 h (A, B), or 10 nM 
estradiol for 24 h (C, D). guideRNA (gRNA) targets specific gene 
using CRISPR/Cas9. Data are presented as mean ± SEM of three 
independent experiments. * denotes statistical significance compared to 
unstimulated cells (*p<0.05, **p<0.01, ***p<0.001). 

0
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receptor alpha and beta was changed in opposite directions. The basal 
protein expression of estrogen receptor alpha (ESR1) showed a 
significant increase (Figure 14A), but the basal expression of estradiol 
receptor beta (ESR2) was significantly decreased in NLRP3-deficient 
cells compared to Cas9 cells (Figure 14B). A significant 
downregulation of estradiol receptor beta by CFT073 was found in 
both Cas9 cells and NLRP3-deficient cells. Estrogen stimulation for 24 
h did not change the protein expression of ESR1 or ESR2 in Cas9 or 
NLRP3-deficient cells (Figure 14C, D). Next an ERE-luciferase reporter 
assay was performed to investigate the estrogen receptor activity after 
estradiol stimulation. This assay was used to evaluate the overall 
outcome of the opposite altered receptor expressions. It was found that 
the estrogen receptor activity was significantly lower in NLRP3-
deficient cells compared to Cas9 cells after estradiol stimulation for 24 
h. Our results suggest that ER beta, which is reduced in NLRP3-
deficient cells, is likely the receptor subtype by which NLRP3 regulates 
estradiol-mediated AMP expression. Previously, ER beta was shown to 
be the major ER type in the urinary bladder, and ER alpha was found 
to be the major type in the vagina [123, 152, 153]. Additionally, our 
research emphasizes that a bladder environment lacking NLRP3 
mirrors a localized state of menopause in the bladder. Despite the 
presence of estrogen, the protective benefits of estrogen are diminished 
due to the downregulation of the ER beta receptor. 

We continued to investigate whether estradiol protects the 
bladder epithelial cells against CFT073 colonization and whether 
NLRP3 contributes to this protection. The results show that estradiol 
protects bladder epithelial cells against CFT073 colonization, a finding 
also observed by others [124]. However, the protective effect was not 
detected in NLRP3-deficient cells. This might be explained by the 
reduced ER beta expression in NLRP3-deficient cells. Our results 
suggest that NLRP3 could be an important factor for estradiol-
mediated protection against UPEC invasion of bladder epithelial cells. 
Taken together, NLRP3 seems to be involved in regulating both AMP 
expression and estrogen signalling, suggesting that NLRP3 is a crucial 
part of the defense against UPEC in the urinary tract.  
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Caspase-1 and caspase-4 affect gene expression of host defense 
factors in UPEC-infected bladder epithelial cells (Paper IV) 
In our previous work, we showed that caspase-1 and caspase-4 were 
important for protecting the urinary tract against UPEC in vitro [136] 
(Paper I). However, there is a lack of knowledge regarding the 
inflammasome-independent role of caspase-1 and caspase-4 in the 

immune response during UPEC infection. This study evaluates the role 
of caspase-1 and caspase-4 in regulating global gene expression in 
bladder epithelial cells during UPEC infection. The microarray results 

Figure 15. Alterations in global gene expression after CFT073-infection. The 
Venn diagram illustrates the number of differentially expressed gene entities 
that either were upregulated (Up, A) or downregulated (Down, B) after 
CFT073 infection. Cas9 (yellow) and caspase-1-deficient cells (blue) or 
caspase-4-defcient cells (red) were infected with CFT073 at MOI 10 for 6 h 
and a microarray analysis was performed. 
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show that in Cas9 cells infected with CFT073, 10050 gene entities were 
upregulated and 1895 gene entities were downregulated, which is 
visualized in a Venn diagram (Figure 15A, B). CFT073-stimulation of 
caspase-1-deficient cells significantly upregulated 4488 gene entities 
and downregulated 1897 gene entities compared to unstimulated 
caspase-1-deficient cells. Additionally, CFT073 infection of caspase-4-
deficient cells significantly upregulated 2652 gene entities and 
downregulated 1077 gene entities compared to unstimulated caspase-
4-deficient cells (Figure 15A, B). 

Results from the gene ontology analysis show that 98 
upregulated gene ontologies were significantly enriched, and 220 
downregulated gene ontologies were significantly enriched. Among 
these, we continued to investigate Defense response to bacterium 
(Figure 16) and cytokine activity. The gene ontology defense response 
to bacterium consisted of 107 gene entities. CFT073 significantly 
increased the expression of 78 gene entities and decreased 14 gene 
entities in Cas9 cells. CFT073-infection of caspase-1-deficient cells led 
to increased expression of 45 gene entities and decreased the expression 
of 10 gene entities. Additionally, CFT073-infection of caspase-4-
deficient cells increased the expression of 15 gene entities and 
decreased the expression of 12 gene entities (Figure 16). Several AMPs, 
including cathelicidin (CAMP), defensins, and RNASE6, were 
upregulated by CFT073 in Cas9 cells. However, this was not true for 
caspase-1 or caspase-4-deficent cells. Most of the defensin genes were 
not upregulated in caspase-4- or caspase-1-deficient cells. Our results 
indicate that both caspase-1 and caspase-4 have important roles in 
regulation of gene expression in bladder epithelial cells during UPEC 
infection. Their influence seems to be wider than only regulation of 
pro-inflammatory cytokines. The same trend was observed in Paper III, 
where NLRP3-deficient cells in the gene ontology defense response to 
bacterium had a low expression of defensins, RNASE6 and LL-37 
(CAMP). Antimicrobial peptides have a crucial role in the defense 
against UPEC [113, 114, 145] and exhibit strong immunomodulatory 
effects and stimulate the production of cytokines, chemokines and 
tight junction proteins. Beta-defensins are expressed in the urogenital 
tract, although their role in UTI is still not completely known [116]. 
Both RNASE6 and RNASE7 are known to have antimicrobial activity 
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against uropathogenic bacteria [154]. Additionally, LL-37 levels have 
been found to be increased in UTI [155]. LL-37 also has the ability to 
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Figure 16. Genes entities 
associated with gene ontology 
Defence response to bacterium. 
This heat map shows the gene 
profile of 107 significantly 
altered genes (p<0.05) in 
CFT073-infected Cas9, caspase-
1-deficient cells (caspase-1 
gRNA) or caspase-4-deficient 
cells (caspase-4 gRNA) after 6 h 
compared to unstimulated cells. 
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protect against UPEC colonization, and LL-37 is known to inhibit 
UPEC growth [118]. 

TLR4 and NOS2 were downregulated in Cas9 cells after CFT073 
infection. However, we could not detect a downregulation of TLR4 in 
caspase-1-deficient cells nor a downregulation of NOS2 in caspase-4-
deficient cells. TLR4 is a vital pathogen recognition receptor that 
recognizes lipid A of extracellular LPS and initiates release of pro-
inflammatory cytokines [42]. Additionally, caspase-4 can detect 
intracellular LPS and initiate the non-canonical inflammasome [156]. 
NOS2 encodes for the inducible nitric oxide synthase (iNOS) enzyme, 
which produces nitric oxide (NO). iNOS can produce substantial 
amounts of NO resulting in death or limitation of pathogen growth 
[157]. Caspase-1 is essential for cytosolic flagellin-induced iNOS 
expression in mice [158], and NO can suppress caspase-1 and caspase-4 
activity and IL-1β release [159]. However, the mechanisms of how 
caspase-4 regulates NOS2 are still unknown. 

The gene ontology cytokine activity contained 96 gene entities, 
and a CFT073 infection led to a significantly increased expression of 68 
gene entities and decreased the expression of 8 gene entities. CFT073 
infection of caspase-1-deficient cells significantly increased the 
expression of 42 gene entities and decreased the expression of 8 gene 
entities. Furthermore, CFT073 infection of caspase-4-deficient cells 
significantly increased the expression of 32 gene entities and decreased 
the expression of 1 gene entity. The findings show that caspase-1- and 
caspase-4-deficient cells had significantly fewer differentially expressed 
gene entities compared to Cas9 cells after infection. Compared to Cas9, 
the most significant alterations were detected among the upregulated 
gene entities: caspase-1-deficient cells had approximately 50% and 
caspase-4-deficient cells approximately 75% less significantly changed 
entities. These results show that caspase-1 and caspase-4 regulate the 
gene expression of several cytokines and chemokines during UPEC-
infection of bladder epithelial cells. Two of the key mediators of the 
immune response during a UPEC infection are IL-6 and CXCL8 [58, 
160-162]. We detected a reduced expression of IL-6 and CXCL8 in 
caspase-1- and caspase-4-deficient cells. CXCL8 is a vital pro-
inflammatory mediator that is important for the clearance of UPEC 
[51, 52, 58]. The secretion of CXCL8 from bladder epithelial cells leads 
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to recruitment of neutrophils to the infection site [161]. IL-6 is a 
versatile cytokine with both anti-inflammatory and pro-inflammatory 
effects [162]. Khalil and colleagues showed that IL-6 deficiency results 
in elevated bacterial load in the kidneys and a higher mortality [163]. 
Additionally, the gene expression of both IL-1α and IL-1β was higher 
in caspase-1- and caspase-4-deficient cells compared to Cas9 cells during 
a UPEC infection. Like us, others have reported that caspase-1 and 
caspase-4 are important for the release of IL-1α and IL-1β during UPEC 
infection [21, 92, 136]. The release of the cytokines was lower in 
caspase-1- and caspase-4-deficient cells. However, we could detect an 
increased gene expression of IL-1α and IL-1β, which may be a 
compensatory mechanism for their decreased release. 

The ability of UPEC to adhere and invade bladder epithelial cells 
and form intracellular bacterial communities is an essential virulence 
trait [63, 64, 164, 165]. The intracellular life cycle of UPEC can be 
correlated to recurrent UTI and possibly explain some of our 
microarray findings. The largest difference observed in the microarray 
analysis was in caspase-4-deficient cells after infection. The non-
canonical inflammasome caspase-4 directly detects intracellular LPS 
instead of associating it with an upstream sensor [166]. We found a 
more pronounced reduction of upregulated genes in caspase-4-
deficient cells compared to Cas9 cells. The results imply that caspase-4 
could be vital for recognition of intracellular LPS/UPEC and an 
activator of host responses during UPEC infection. Our results support 
the notion that the intracellular life cycle of UPEC is essential for 
colonization of the urinary tract [63, 64, 164, 165]. The intracellular life 
cycle may also be important for UPEC identification and the initiation 
of host responses. Furthermore, there is a possibility that caspase-4, like 
caspase-1, harbours certain abilities (which are yet to be determined) 
that can induce inflammation independently of its enzymatic activity. 
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CONCLUSION AND FUTURE STUDIES 
The main findings and conclusions of the thesis are summarized as 
follows: 

 

I. The inflammasome-associated proteins caspase-1, caspase-4, 
and NLRP3 contribute to the host cell response during 
UPEC infection of bladder epithelial cells by affecting 
release of cytokines and chemokines as well as the 
antimicrobial activities of neutrophils. 
 

II. IL-1RA is part of the inflammasome-regulated immune 
response in bladder epithelial cells during UPEC infection 
of bladder epithelial cells. IL-1RA affects the expression of 
several inflammatory proteins, and IL-1RA deficiency leads 
to a decrease of UPEC colonization and invasion of bladder 
epithelial cells. 
 

III. NLRP3 has an extensive role in the regulation of host-
response factors during UPEC infection of bladder 
epithelial cells, including regulation of antimicrobial 
peptide expression and release and estrogen signalling. 
 

IV. Caspase-1 and caspase-4 regulate gene expression of 
antimicrobial peptides, cytokines, chemokines, and TLR4, 
emphasizing a crucial role of these caspases in the host 
response to UPEC infection. 
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Future studies 
This thesis provides knowledge on the interaction between UPEC and 
bladder epithelial cells and the role the inflammasome-associated 
proteins have on the immune response during the infection. These 
findings suggest directions for further investigations. 

It would be interesting to continue to investigate the link 
between NLRP3, estrogen signalling and AMPs. We should continue 
to validate our findings in primary bladder epithelial cells and create 
estrogen receptor deficient cell lines and a double NLRP3/estrogen 
receptor deficient cell line. Using these cell lines, we could validate the 
link between NLRP3 and estrogen signalling and their effect on AMP 
production. 

We will also continue to finalize Paper IV, where the role of 
caspase-4 is of extra interest. Our microarray data show that caspase-4 
is very important for the host response of bladder epithelial cells to 
UPEC. We would like to investigate whether this could partly be 
explained by the ability of caspase-4 to recognize intracellular UPEC 
(LPS). 

We also want to collect urine samples from women with cystitis, 
and recurrent UTI and compare them to healthy controls to investigate 
whether there is a correlation between urine levels of caspase-1, 
caspase-4, NLRP3, IL-1β, IL-1RA and recurrent urinary tract infections. 
This would help us validate clinically what we have seen in vitro. 

There is a growing need to develop new treatment strategies for 
UTI due to the growing threat of antibiotic resistant UPEC bacteria. By 
increasing our knowledge of the host-pathogen interactions, we might 
find new strategies to prevent and treat urinary tract infections. 
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