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Comprehensive transcriptome
profiling of urothelial cells
following TNFa stimulation in an
in vitro interstitial cystitis/
bladder pain syndrome model

Tadeja Kuret, Dominika Peskar, Mateja Erdani Kreft,
Andreja Erman and Peter Veranič*

Institute of Cell Biology, Faculty of Medicine, University of Ljubljana, Ljubljana, Slovenia
Urothelial cells of the urinary bladder play a critical role in the development and

progression of interstitial cystitis/bladder pain syndrome (IC/BPS), a chronic

and debilitating inflammatory disease. Given the lack of data on the exact

phenotype and function of urothelial cells in an inflammatory setting (as in IC/

BPS), we performed the first in-depth characterization of these cells using RNA

sequencing, qPCR, ELISA, Western blot, and immunofluorescence. After TNFa
stimulation, urothelial cells in the in vitro model of IC/BPS showed marked

upregulation of several proinflammatory mediators, such as SAA, C3, IFNGR1,

IL1a, IL1b, IL8, IL23A, IL32, CXCL1, CXCL5, CXCL10, CXCL11, TNFAIPR,

TNFRSF1B, and BIRC3, involved in processes and pathways of innate

immunity, including granulocyte migration and chemotaxis, inflammatory

response, and complement activation, as well as TLR-, NOD-like receptor-

and NFkB-signaling pathways, suggesting their active role in shaping the local

immune response of the bladder. Our study demonstrates that the TNFa-
stimulated urothelial cells recapitulate key observations found in the bladders

of patients with IC/BPS, underpinning their utility as a suitable in vitromodel for

understanding IC/BPS mechanisms and confirming the role of TNFa signaling

as an important component of the associated pathology. The present study

also identifies novel upregulated gene targets of TNFa in urothelial cells,

including genes encoding the acute phase protein SAA, complement

component C3, and the cytokine receptor IFNGR1, which could be exploited

as therapeutic targets of IC/BPS. Altogether, our study provides a reference

database of the phenotype of urothelial cells in an inflammatory environment

that will not only increase our knowledge of their role in IC/BPS, but also

advance our understanding of how urothelial cells shape tissue immunity in

the bladder.
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1 Introduction

Interstitial cystitis/bladder pain syndrome (IC/BPS) is a

chronic disorder, generally characterized by discomfort or pain

in the bladder and surrounding pelvic region, often

accompanied by increased micturition, urgency, and nocturia

(1). IC/BPS more commonly affects women with an estimated

prevalence of 3–7% (2) and has severe and debilitating effects on

quality of life (3). The diagnosis of IC/BPS is mostly based on

exclusion criteria for other conditions, with no specific and

reliable diagnostic biomarkers available to date (4, 5).

Currently, there is no treatment that has been consistently

successful in alleviating clinical symptoms and ensuring long-

term efficacy in patients with IC/BPS (6).

The exact etiology and pathophysiology of IC/BPS still

remain elusive, however, a substantial number of studies have

suggested injury or dysfunction of the urinary bladder

urothelium and continuous cycle of inflammation as key

components (5, 7). The urothelium is a specialized type of

epithelial tissue that lines the wall of the majority of the

urinary tract and forms a blood-urine barrier that prevents the

penetration of urine components into the underlying tissue and

bloodstream (8, 9). Damage to the urothelial layer increases

permeability, allows urinary solutes such as urea and potassium

to permeate into the bladder wall, and leads to activation of an

inflammatory response, as well as mast cell infiltration with

increased production of several proinflammatory mediators,

such as tumor necrosis factor a (TNFa), interleukin (IL)1b
and IL8. These mediators sensitize afferent nerve endings,

leading to increased release of neuropeptides that promote

mast cell degranulation and further contribute to the

inflammatory process (10–12).

TNFa is a proinflammatory cytokine that plays an

important role in the pathogenesis of IC/BPS and acts as a

mediator of the urothelial response to mast cell secretion

products (13). Its expression has been found to be increased in

bladder urothelium (14, 15), and serum (16) of IC/BPS patients

compared to healthy controls. Furthermore, TNFa signaling

pathway has been determined as significantly enriched in the

bladders of IC/BPS patients, specifically in those with Hunner’s

lesions (17). It is therefore not surprising that published in vitro

models of bladder urothelial cells frequently use TNFa to mimic

an inflammatory milieu found in IC/BPS (18–23). However, the

exact effects of TNFa on global gene expression and alterations

of cellular processes in urothelial cells are still not yet entirely

known. Hence, we here determined the overall effect of TNFa on

the transcriptomic profile of urothelial cells using RNA

sequencing (RNA seq) and validated our result using qPCR,

ELISA, Western blots, and immunofluorescence. The

concentration of TNFa (20 ng/ml) that was used to stimulate

urothelial cells in the current study was selected based on

previously published in vitro studies (18–23), viability assays
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and the ability to elicit a maximum measurable inflammatory

response with the methods used that reached statistical

significance. The ultimate goal of the in vitro model was to

recapitulate the most important pathological processes and

pathways, found enriched in the bladders of IC/BPS patients,

and identify new potential therapeutic targets. As normal human

bladder urothelial cells are difficult to obtain for ethical reasons,

while cell lines are widely accessible, our in vitromodel consisted

of the human non-invasive bladder cancer urothelial cell line

RT4. In contrast to the more commonly used muscle-invasive

bladder cancer urothelial cell line T24 in previously published in

vitro IC/BPS models (18, 20, 21, 23), RT4 cells isolated from

grade I transitional cell carcinoma better reflect normal

urothelial cells, especially with respect to differentiation

markers (24, 25), as well as growth and migration

characteristics (26). However, to increase the credibility of our

results, we also confirmed our main findings from RT4 cells in

normal porcine bladder urothelial (NPU) cells, which are more

accessible and share most structural, molecular, and

physiological features with normal human bladder urothelial

cells (27–29). Overall, our study provides a reference database

and the foundation for future studies to explore potential

diagnostic biomarkers and therapeutic targets for IC/PBS.
2 Methods

2.1 In vitro models of interstitial cystitis/
bladder pain syndrome

2.1.1 TNFa-treated RT4 cell line
Human non-invasive cancer urothelial cells, RT4, isolated

from transitional cell papilloma (HTB-2, ATCC, Manassas, VA)

were grown in 75 cm2 cell culture flasks in basal media

consisting of equal parts of advanced Dulbecco’s modified

Eagle’s medium (A-DMEM) (Gibco, Thermo Fisher Scientific,

Waltham, MA, USA) and F12 (HAM) (Sigma Aldrich, St. Louis,

MO, USA), supplemented with 5% fetal bovine serum (FBS),

and 4 mM GlutaMAX (both Gibco, Thermo Fisher Scientific,

USA). Cells repeatedly tested negative for mycoplasma infection

using MycoAlert mycoplasma detection kit (Lonza, Basel,

Switzerland). For the experiments, RT4 cells were seeded in 6-

well plates with (for IF) or without (for RNA and protein

extraction and measurement of protein levels in supernatants)

coverslips or 96-well plates (for viability assay) at a seeding

density of 5×104 cells/cm2 and grown until reaching 80-90%

confluency (approximately 3-4 days) . To mimic a

proinflammatory environment, cells were treated with 20 ng/

ml human recombinant TNFa (Cayman Chemicals, Ann Arbor,

MI, USA) for 24 h in serum-free basal media, as previously

described (18–21). Untreated cells grown in serum-free basal

media served as controls.
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2.1.2 TNFa-treated normal porcine
urothelial cells

NPU cells were established from porcine urinary bladders

(n=5), obtained independently from a local abattoir as described

in (27–29). The use of porcine urinary bladders for preparation

of primary urothelial cells was approved by the Administration

for Food Safety, Veterinary Sector and Plant Protection of the

Slovenian Ministry of Agriculture and Forestry in compliance

with the Animal Health Protection Act and the Instructions for

Granting Permits for Animal Experimentation for Scientific

Purposes. The NPU cell cultures were grown in 75 cm2 cell

culture flasks in basal UroM medium, consisting of equal parts

of MCDB153 medium (Sigma-Aldrich, USA) and A-DMEM

(Thermo Fisher Scientific, USA), supplemented with 2.5% FBS

(Gibco , Thermo Fisher Sc ient ific , USA) , 0 .1 mM

phosphoethanolamine, 15 µg/mL adenine, 0.5 µg/mL

hydrocortisone, 5 µg/mL insulin (all Sigma-Aldrich, USA), and

4 mM glutamax (Gibco, Thermo Fisher Scientific, USA). For

experiments, NPU cells were seeded in 6-well plates with (for IF)

or without (for RNA and protein extraction and measurement of

protein levels in supernatants) coverslips or 96-well plates (for

viability test) at a seeding density of 1×105 cells/cm2 and grown

until reaching 80-90% confluency (approximately 4-5 days). To

mimic a proinflammatory environment, cells were treated with

20 ng/ml porcine recombinant TNFa (R&D Systems,

Minneapolis, MN, USA) for 48 h in serum-free basal media.

Untreated cells, grown in serum-free basal media served as

controls. All cell cultures were maintained at 37°C in a

humidified atmosphere at 5% CO2.
2.2 Viability assay

For viability assay, RT4 or NPU cells were seeded in 96-well

plates and grown until reaching 80-90% confluency.

Subsequently, cells were treated with increasing concentrations

of TNFa (0, 2, 10, 20, 50, 100 ng/ml) in serum-free basal media

for 24 h (RT4 cells) or 48 h (NPU cells). Cell viability was

determined using CellTiter-Glo® Luminescent Cell Viability

Assay (Promega, Madison, WI, USA) following manufacturer’s

instructions. Luminescent signal proportional to the amount of

ATP present was subsequently measured using a microplate

reader (Safire; Tecan, Mannedorf, Switzerland). Viability assay

was performed in triplicates in 3 independent experiments

(RT4) or 3 biological replicates (NPU). The results were

expressed as percentage of luminescence signal intensity of

untreated controls (set to 100).
2.3 RNA isolation

For RNA seq and qPCR, total RNA was isolated from RT4

(n=8 independent experiments) and NPU cells (n=5 biological
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replicates), grown on 6-well plates, using Quick-RNAMicroprep

Kit (Zymo Research, Irvine, CA, USA), according to

manufacturer’s instructions with on column genomic DNA

digestion. The concentration and purity of isolated RNA were

assessed with Qubit RNA Broad Range Assay Kit on Qubit Flex

Fluorimeter (both Invitrogen, Thermo Fisher Scientific,

Waltham, MA, USA) and NanoDropTM 1000 (Thermo Fisher

Scientific), respectively.
2.4 RNA sequencing

RNA seq was performed in RT4 cells (n=3 independent

experiments) by Novogene Co., Ltd. (Beijing, China). Prior to

library preparation, the integrity of RNA, isolated from RT4

cells was assessed using the RNA Nano 6000 Assay Kit and

the Bioanalyzer 2100 system (Agilent Technologies, Santa

Clara, CA, USA). A total amount of 0.5 µg RNA per sample

was used as an input material for the RNA sample

preparations. RNA included in the analysis had a RNA

integrity number (RIN) ≥ 7. Sequencing libraries were

generated using NEBNext® UltraTM RNA Library Prep Kit

for I l lumina (NEB, Ipswich, MA, USA) fol lowing

manufacturer ’ s recommendat ions . Then PCR was

performed with Phusion High-Fidelity DNA polymerase,

Universal PCR primers and Index (X) Primer. PCR

products were purified (AMPure XP system) and library

quality was assessed on the Agilent Bioanalyzer 2100

system. The clustering of the index-coded samples was

performed on a cBot Cluster Generation System using

TruSeq PE Cluster Kit v3-cBot-HS (Illumina, San Diego,

CA, USA) according to the manufacturer’s instructions.

After cluster generation, the library preparations were

sequenced to a read depth of 26 million reads/sample, on

an Illumina Novaseq 6000 platform, generating paired-end

150 bp reads fastq files. Original raw data can be found in the

NCBI Gene Expression Omnibus database with the accession

number GSE202576.

Raw data (raw reads) of fastq format were firstly processed

through Novogene Co., Ltd. in-house perl scripts. In this step,

clean data (clean reads) were obtained by removing reads

containing adapters, reads containing ploy-N and low quality

reads from raw data. At the same time, Q20, Q30 and GC

content of the clean data were calculated. High quality reads

were aligned to human (Ensembl GRCh38.p13) reference

genome using Hisat2 (v2.0.5).

FeatureCounts (v1.5.0-p3) was used to count the reads

numbers mapped to each gene. The fragments per kilobase of

transcript sequence per millions base pairs sequenced (FPKM)

of each gene was calculated based on the length of the gene and

reads count mapped to this gene. RNA seq reads were of good

quality with ~ 93% reads mapping uniquely to the

reference genome.
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2.5 Gene enrichment and pathway
analysis of differentially expressed genes

Differential expression analysis of two groups (TNFa-
treated vs. control; 3 replicates per group) was performed by

Novogene Inc., using DESeq2 R package (1.20.0). The p value

was calculated using the negative binomial distribution and the

resulting p values were adjusted using the Benjamini-Hochberg’s

approach for controlling the false discovery rate (FDR). The

clusterProfiler (v. 3.8.1) software was used for enrichment

analysis of differentially expressed genes, including Gene

Ontology (GO) enrichment analysis and Kyoto Encyclopedia

of Genes and Genomes (KEGG) database. Pathways with

adjusted p values less than 0.05 were considered as

significantly enriched by differentially expressed genes. The

protein-protein interaction network was constructed for

differentially expressed genes by searching STRING protein

interaction database.
2.6 Reverse transcription and qPCR

The expression profile of selected genes was confirmed

using qPCR performed on RNA samples isolated from RT4 and

NPU cells. For RT4 cells, three independent experiments

employed in RNA seq and five additional experiments

(controls vs TNFa-treated cells; n=8 in total) were used. For

NPU cells, RNA was isolated from 5 biological replicates

(TNFa-treated and controls). Reverse transcription of 1 ug of

total RNA/sample was performed with Promega Reverse

Transcription System Kit (Promega, Madison, WI, USA)

following manufacturer’s instructions. qPCR analysis was

performed in triplicates on LightCycler® 480 PCR System in

LightCycler® 480 Multiwell Plates 384 (both Roche, Basel,

Switzerland), using self-designed primers (Integrated DNA

Technologies, Coralville, IA, USA) and 5x HOT FIREPol

EvaGreen qPCR Mix Plus (Solis BioDyne, Tartu, Estonia).

Sequences of primers used for qPCR are listed in

Supplementary Table S1. Expression of GAPDH or ACTB

were used as endogenous control to normalize the data of

RT4 and NPU cells, respectively. Data were analyzed with the

comparative 2^-DDCt method and presented as fold change of

TNFa-treated cells vs untreated controls (set to 1).
2.7 Immunofluorescence

For F-actin and IFNGR1 labeling, both RT4 and NPU

cells were seeded in 6–well plates with coverslips. After 24 h

(RT4) or 48 h (NPU) of TNFa-treatment, cells were fixed in

4% paraformaldehyde in PBS. After fixation, the samples were

washed in PBS and blocked with 1% BSA/PBS, at room
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temperature for 1 h. The samples were then incubated with

phalloidin conjugated with FITC (diluted 1:5 in PBS, P6282;

Sigma-Aldrich, USA) for 1 h, at RT, and washed in PBS. For

immunolabeling with anti-IFNGR1, the samples were

permeabilized for 10 min with 0.1% TritonX-100 (Sigma

Aldrich, St. Louis, MO, USA) prior to blocking in 1% BSA/

PBS, at RT, 1 h. Subsequently, samples were incubated with

anti-IFNGR1 rabbit monoclonal antibody (ab134070, Abcam,

Cambridge, United Kingdom), diluted 1:100 in 1% BSA/PBS

overnight at 4°C. For negative control, the primary antibodies

were omitted and samples were incubated in 1% BSA in PBS

at 4°C overnight. After washing in PBS, secondary goat anti-

rabbit antibodies (Alexa Fluor 488; Invitrogen, Molecular

Probes, Thermo Fisher Scientific), diluted 1:400 in 1% BSA/

BPS were added for 2 h, at RT. After washing in PBS, the

samples were mounted in Vectashield mounting medium

with 4′ ,6-diamidino-2-phenylindole (DAPI) (Vector

Laboratories, Burlingame, CA, USA) for DNA labeling. The

samples were analyzed with a fluorescence microscope

AxioImager.Z1 equipped with ApoTome (Carl Zeiss

M i c r o I m a g i n g Gm bH , M ü n c h e n , G e r m a n y ) .

Immunofluorescence images shown here are representative

of 3 independent experiments (RT4) and 3 biological

replicates (NPU).
2.8 Enzyme-linked immunoassays

The supernatants of RT4 and NPU cells, seeded in 6-well

plates and treated with/without TNFa for 24 h or 48 h, were

collected, centrifuged (200 × g, 5 min, RT) and stored at -80°C

until analysis. Enzyme-linked immunoassays (ELISA) were

performed using commercial ELISA kits in duplicates,

according to manufacturer’s instructions. Absorbance at 450

nm with a reference wavelength set at 570 nm was measured on

a microplate reader (Safire; Tecan, Mannedorf, Switzerland).

The following ELISA kits were used in the present study:

human IL8 ELISA MAX™ Deluxe Set, human IL1A MAX™

Deluxe Set, human IL32 MAX™ Deluxe Set, human CXCL10

ELISA MAX™ Deluxe Set (all Bio Legend, San Diego, CA,

USA), human CXCL1 Duo Set Kit (R&D Systems, USA),

human complement C3 ELISA Kit (Novus Biologicals,

Englewood, CO, USA), and porcine IL8/CXCL8 Quantikine

ELISA Kit (R&D Systems, USA).
2.9 Western blots

For western blots, RT4 and NPU cells were seeded in 6-well

plates and treated with/without TNFa for 24 or 48 h, respectively.

After the treatment, the RT4 and NPU cells were collected and

lysed in ice-cold RIPA lysis buffer (Merck, Kenilworth, NJ, USA),
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containing a cocktail of protease and phosphatase inhibitors

(Thermo Fisher Scientific, USA). Total protein levels were

quantified using the Pierce BCA Protein Assay Kit (Thermo

Fisher Scientific, USA). Equivalent concentrations of protein (20

µg/lane) were separated using 4–20% Novex WedgeWell Tris-

Glycine Gels (Invitrogen, Carlsbad, CA, USA) and then

transferred onto a nitrocellulose membrane (Sigma-Aldrich,

USA). The membranes were blocked in blocking buffer

consisting of 5% skim milk in 0.1% Tris Buffered saline/Tween

20 (TBS-T) for 2 h at RT and incubated overnight at 4°C with

primary antibodies against IFNGR1 (diluted 1:1000 in blocking

buffer; ab134070, Abcam, UK) and anti-a-tubulin (diluted 1:2000

in blocking buffer; T6199, Sigma-Aldrich, USA). The next day, the

membranes were washed with TBS-T and immediately incubated

for 1 h at RT with secondary antibodies conjugated with

horseradish peroxidase (diluted 1:1000 in blocking buffer, A6154,

Sigma-Aldrich, USA). Visualization of the protein bands was

performed using the SuperSignal West Pico Chemiluminescent

Substrate (Thermo Fisher Scientific, USA), and the iBright FL1500

imaging system (Thermo Fisher Scientific, USA). iBright Firmware

1.7. (Thermo Fisher Scientific, USA) was used to perform the

densitometric analysis, normalized to the expression of a-tubulin,
used as a loading control. Western blot analyses shown here are

representative of 5 independent experiments (RT4) and 4 biological

replicates (NPU).
2.10 Statistical analysis

Statistical analysis was performed using Graph Pad Prism

software 8.01 (Graphpad Software Inc., San Diego, CA, USA). The

normality of data distribution was investigated by the Shapiro-

Wilk test. Due to the normal distribution of the data, summary

statistics are expressed as means and standard deviations (SD)

unless otherwise stated. One-sample t-test (normal distribution)

was used to compare the x-fold change of treated versus control

(set to 1) groups. Statistical differences between two groups were

calculated using unpaired t-test with (unequal variances) or

without (equal variances) Welch’s correction for variables with

normal data distribution. All tests were two-tailed and p values of

<0.05 were regarded as statistically significant.
3 Results

3.1 Initial validation of the in vitro IC/BPS
model of RT4 urothelial cells

Based on the initial cell viability assay, stimulation with

20 ng/ml TNFa for 24 h was selected as optimal to create an

inflammatory environment in the in vitro model of RT4

urothelial cells (Supplementary Figure 1). Initial assessment

of the in vitro model included measurement of gene
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expression of two inflammatory markers (IL1b and IL8)

known to be upregulated in urothelial cells after TNFa
stimulation (18, 20) and assessment of cell morphologic

changes. In addition to increased mRNA expression of IL1b
and IL8 (Figure 1A), we also detected increased protein levels

of IL8 (Figure 1B) in the supernatants of RT4 cells after 24 h

of TNFa treatment. As expected, TNFa-treated cells

enhanced formation of long and thick actin stress fibers

that were randomly distributed throughout the cell, whereas

in untreated cells phalloidin staining was observed mainly in

the cell cortex (Figure 1C). This finding showing actin

remodeling and cytoskeletal rearrangement is commonly

observed in TNFa-treated endothelial cells (30, 31). The

upregulated expression of two major proinflammatory

cytokines together with enhanced formation of stress fibers

indicated that RT4 urothelial cells were in an inflammatory

state induced by TNFa.
3.2 The transcriptome of TNFa-treated
RT4 urothelial cells is enriched in innate
immunity signaling pathways

To comprehensively characterize the transcriptome of RT4

urothelial cells exposed to an inflammatory environment, we

performed RNA seq in TNFa-treated vs. untreated cells (n=3

independent experiments). Differential expression analysis

identified 199 differentially expressed genes (DEG; p ≤ 0.05),

of which 127 were upregulated and 72 were downregulated

(Figure 2A). Unsupervised principal component (PC) analysis,

based on all 199 DEGs showed a clear separation between

TNFa-treated and untreated cells, with PC1 and PC2

explaining 13.6 and 65.6% of the total variability, respectively

(Figure 2B). This analysis showed that the main variance

between independent experiments was TNFa stimulation

(PC1). DEGs were further visualized by unsupervised

hierarchical clustering, which indicated clustering of samples

according to the degree of similarities in gene expression

patterns, with a clear distinction between TNFa-treated and

ctrl cells (Figure 2C).

To better understand which pathways and biological

processes are activated in urothelial cells during inflammation,

we performed KEGG and GO enrichment analysis based on the

upregulated transcripts in TNFa-stimulated cells. The majority

of the upregulated transcripts were enriched in processes and

signaling pathways involved in the innate immune response. The

top five enriched biological processes identified by GO were

related to regulation of signaling receptor activity, granulocyte

chemotaxis and migration, cellular response to molecules of

bacterial origin and lipopolysaccharide (LPS), regulation of

inflammatory response, and acute inflammatory response. The

top five enriched GO molecular functions included receptor

ligand activity, cytokine receptor binding/activity, chemokine
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receptor binding/activity, endopeptidase regulatory activity, and

G protein-coupled receptor binding (Figure 3A). Several

interactions, including coexpression, are evident between the

upregulated genes and their putative proteins involved in the

immune and inflammatory response, as shown by STRING

analysis (Figure 3B). The enriched KEGG signaling pathways

in the network yielded similar results, as several signaling

pathways involved in innate immunity, such as Toll-like and

NOD-like receptor-signaling pathways, NFkB-, TNF-, and IL17-

signaling pathways, and complement and coagulation cascades,

were identified. In addition, cytokine-receptor interactions and

chemokine signaling pathways were also among the twenty most

enriched KEGG pathways (Figure 3C).
3.3 TNFa-treated RT4 urothelial cells
upregulate acute inflammatory response
genes and produce higher levels of
complement component C3

We next validated the RNA seq data by performing

independent qPCR analysis of selected upregulated genes
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involved in the regulation of inflammatory response

(Figure 4A), including TNFAIP3, TNFRSF1B, BIRC3, SAA1,

SAA2 , and C3 , a component also implicated in the

complement and coagulation cascade. These two processes

have been previously already identified as enriched in the

bladders of patients with IC/BPS (17, 32), but not yet in in

vitro models. Our validation qPCR analysis showed significant

upregulation of all measured transcripts in TNFa-treated cells

compared to controls (Figure 4B). Furthermore, the protein

levels of C3 were significantly increased in supernatants of

TNFa-treated cells vs controls (Figure 4C).
3.4 TNFa-treated RT4 urothelial
cells are primed for increased
production of proinflammatory
cytokines and chemokines

In addition to innate immunity pathways, KEGG enrichment

analysis showed that chemokine signaling and cytokine-cytokine

receptor interactions were among the 20 most enriched processes

in the TNFa-regulated gene network (Figure 3C). The same was
B

C

A

FIGURE 1

Initial validation of the in vitro IC/BPS model on RT4 cells. (A) mRNA expression of IL1b and IL8 in TNFa-treated cells compared to untreated
cells (ctrl, red dotted line). Shown is mean ± SD fold change of TNFa-treated cells (n=8) vs. ctrl (n=8; set to 1 indicated with red dotted line).
(B) Protein levels of IL8 in the supernatants of TNFa-treated cells and ctrl (n=8 each). Shown are mean ± SD protein levels for each group.
(C) Representative images of 3 independent experiments showing F-actin (green) and DAPI (blue) of ctrl and TNFa-treated cells. Z-stack images
were taken at the 63 x magnification at the same starting position and with the same distance (0.24 mm) between optical sections in ctrl and
TNFa-treated samples. Scale bars: 10 µm. *p<0.05; ***p<0.001; ****p<0.0001.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.960667
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Kuret et al. 10.3389/fimmu.2022.960667
observed in the GO enrichment analysis in terms of molecular

function, as receptor-ligand activity, cytokine-receptor binding/

activity, and chemokine-receptor binding/activity were among the

five most enriched functions in our gene set of interest

(Figure 3A). While increased expression of IL8 and IL1b has

been reported in previous studies (11, 13), this is the first report of

increased mRNA expression of IL1a, IL23A, IL32, IFNGR1,
CXCL1, CXCL10, CXCL11, and CXCL5 in RT4 urothelial cells

after TNFa stimulation (Figure 5A). To confirm our results from

RNA seq, independent qPCR analysis was performed, which

showed significant upregulation of all the aforementioned

proinflammatory cytokines and chemokines in TNFa-treated
cells compared with untreated controls (Figures 5B, C). In

addition, protein levels of IL1a, IL32, CXCL1, and CXCL10

were significantly increased in the supernatant of TNFa-treated
cells (Figure 5D), collectively suggesting that urothelial

cells acquire immune function when exposed to an

inflammatory environment.
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3.5 Interferon gamma receptor 1 may be
involved in TNFa-mediated effects on
RT4 urothelial cells

Our data showed that TNFa not only alters the expression

of key inflammatory cytokines such as IL1a, IL1b, and IL8 but

also alters the expression of cytokine receptors such as type I

and II interferon (IFN) receptors (IFNAR1, 2 and IFNGR1, 2)

in RT4 cells (Figure 6A). The upregulated mRNA and protein

expression of IFNGR1 was subsequently validated by qPCR

( F i g u r e 6 B ) , W e s t e r n b l o t ( F i g u r e 6 C ) , a n d

immunofluorescence (Figure 6D). IFNGR1 activates the

downstream Janus kinase (JAK) signal transducer of

transcription (STAT) signaling pathway (33), which is also

significantly enriched in our TNFa-upregulated network (in

addition to IFNGR1, IL23A, CSF2, IL7R, and IL20RB)

(Supplementary Table S2), indicating the potential of JAK-

STAT signaling pathway as a therapeutic target in IC/BPS.
B

CA

FIGURE 2

The effects of TNFa stimulation on transcriptional profile of RT4 urothelial cells in vitro. (A) Volcano plot showing 127 upregulated (green dots)
and 72 downregulated (purple dots) genes in TNFa-treated cells compared to controls (p value ≤ 0.05; log2 foldchange ≥ 0.5); (B) Principal
component analysis based on 199 DEGs with principal components 1 and 2 (PC1 and PC2) explaining 13.6% and 65.4% of the total variance,
respectively. Unit variance scaling was applied to rows and singular value decomposition (SVD) with imputation was used to calculate principal
components. Prediction ellipses are such that with probability 0.95, a new observation from the same group will fall inside the ellipse;
(C) Heatmap with unsupervised hierarchical clustering based on 199 DEGs showing a clear distinction between TNFa-treated (purple; n=3
independent experiments: A1, A2, A6) and control (green; n=3 independent experiments: B1, B2, B6) cells. Both rows and columns are clustered
using Euclidean distance and average linkage.
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3.6 Normal urothelial cells show similar
phenotypic alterations as RT4
cancer urothelial cells in an
inflammatory environment

Although cancer urothelial cells represent a commonly cited

in vitromodel of IC/BPS, they may not accurately reflect IC/BPS

pathology due to phenotype changes caused by the tumor

microenvironment (25, 34). We therefore sought to also

confirm our results by stimulating NPU cells. Based on

viability assay and IL8 protein levels, 20 ng/ml TNFa and 48 h

incubation of NPU cel ls were selected as optimal

(Supplementary Figure 2). Our results show that TNFa-
stimulated NPU cells exhibit similar changes in their

phenotype as TNFa-stimulated RT4 cancer urothelial cells.

We confirmed enhanced formation of long and thick actin

stress fibers (Figure 7A), upregulated mRNA expression of the
Frontiers in Immunology 08
acute phase protein SAA3, complement component C3,

chemokine CXCL10, several proinflammatory cytokines (IL1a,
IL1b, IL8), and the cytokine receptor IFNGR1 (Figure 7B). In

addition, protein levels of IL8 (Figure 7C) and IFNGR1

(Figure 7D) were also significantly higher in TNFa-treated
NPU cells compared with controls, as determined by ELISA

and Western blot, respectively.
4 Discussion

Several studies exploiting the etiology and pathophysiology

of IC/BPS suggest that urothelial cells may play a crucial role in

the development of this disease (35–38). However, the precise

transcriptional profile and function of these cells in an

inflammatory environment (as in IC/BPS) were largely

unclear. Here, we applied RNA seq technology to an
B

CA

FIGURE 3

Upregulated transcripts in TNFa-treated RT4 urothelial cells are significantly enriched in pathways of innate immunity. (A) GO enrichment
analysis based on upregulated genes showing five top enriched biological processes (purple) and molecular functions (blue) ranked by the
lowest adjusted p value. (B) STRING analysis shows multiple known and predicted interactions, including co-expression among the TNFa-
upregulated genes and their putative proteins, involved mainly in immune (green) and inflammatory (yellow) responses. Only protein interactions
of high confidence are shown. (C) Dot plot of KEGG enriched pathways. The 20 KEGG enriched pathways with the lowest adjusted p value
(based on significantly upregulated transcripts in TNFa-treated cells) showing several enriched immune response pathways, especially signaling
cascades of innate immunity (highlighted in blue), as well as chemokine signaling pathway and cytokine-cytokine receptor interaction
(highlighted in purple). The size of the dots represents the number of genes, while the color of the dots represents the adjusted p value in the
significantly upregulated gene list associated with the individual KEGG pathway.
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established in vitromodel of IC/BPS consisting of TNFa-treated
cancer RT4 urothelial cells to characterize the overall effect of an

inflammatory environment on their phenotype with genome-

wide resolution. Our main findings were confirmed using a

second in vitro IC/BPS model consisting of TNFa-treated NPU

cells, contributing significantly to the body of knowledge on

urothelial phenotype and function in bladder immune response.

The two most frequently cited in vitro IC/BPS models

include LPS‐ and TNFa-induced inflammation of cancer RT4

and T24 urothelial cells (39). While LPS-induced model of

inflammation is less appropriate since exclusion of bacterial

infection is one of the criteria for the diagnosis of IC/BPS (1),

TNFa, on the other hand, has been recognized as one of the

most important proinflammatory cytokines involved in the

pathophysiological process of IC/BPS (40, 41) and was

therefore used as an inflammatory trigger in the current study.

Our transcriptome analysis revealed that the TNFa-
upregulated transcriptional network in RT4 urothelial cells

showed specific enrichment in several processes and pathways

of innate immunity, such as granulocyte migration and

chemotaxis, inflammatory response, and complement

activation, as well as TLR-, NOD-like receptor- and NFkB-

signaling pathways, suggesting an active role of urothelial cells

in shaping tissue immunity in the urinary bladder. These
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specialized epithelial cells, equipped with pattern recognition

receptors (PRRs), have previously been shown to provide early

recognition of pathogens and elicit a rapid and robust

proinflammatory immune response to combat urinary tract

infections (42) also in our unpublished data on biomimetic

urothelial in vitro model. However, their function in bladder

immune response in IC/BPS is less known. IC/BPS patients have

altered urothelial cell expression of proinflammatory cytokines

and chemokines, including IL1b, and TNFa (14, 43), while urine

samples from IC/BPS patients contain elevated levels of IL1b,
IL8, CXCL1, CXCL10 (44–47), possibly derived from urothelial

cells, as observed in our study, where significantly higher

concentration of these cytokines and chemokines was

determined in TNFa-stimulated cells. Abnormalities in

specific proinflammatory signaling networks that contribute to

alterations in bladder immune and structural cell phenotypes

were recently uncovered by Su et al. (40), who performed single

cell RNA seq in bladder tissues of patients with IC/BPS. They

have also shown that immune response during IC/BPS is

characterized by extensive infiltration of TNFa-producing
neutrophil granulocytes and macrophages in bladder tissue

(40). Their observations go hand in hand with our findings

suggesting an active role of urothelial cells in shaping the bladder

immunity through altered proinflammatory cytokine and
B

C

A

FIGURE 4

TNFa-treated RT4 urothelial cells upregulate the expression of genes involved in acute inflammatory response and complement and
coagulation cascade. (A) Heatmap showing upregulation of transcripts (RNA seq), enriched in regulation of inflammatory and acute
inflammatory response, in TNFa-treated urothelial cells (purple, n=3 independent experiments: A1, A2, A6) vs ctrl cells (green, n=3 independent
experiments: B1, B2, B6). Rows are clustered using Euclidean distance and average linkage. Lower expression is indicated with blue, higher
expression is indicated with red. (B) qPCR validation of selected genes of acute inflammatory response confirming their upregulation in TNFa-
treated cells. Shown is mean ± SD fold change expression of target genes in TNFa-treated cells vs ctrl (set to 1; dotted red line), determined in
8 independent experiments. (C) Confirmatory analysis showing significantly higher protein levels of complement component C3 released in
supernatants of TNFa-treated cells compared to controls (n=8 in each experimental condition). Shown are mean ± SD for control and TNFa-
treated groups. *p<0.05; **p<0.01.
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chemokine signaling pathways. Further studies are needed to

explore the involvement of urothelial cells in neutrophil and

macrophage chemotaxis and migration, as well as the urothelial-

immune cell communication, which may provide new

therapeutic targets.

The TNFa-induced inflammatory in vitro model

recapitulates key observations found in the urinary bladders of

individuals with IC/BPS, as shown in the present study. Several

enriched pathways and processes, observed in the bladder of

patients with IC/BPS, especially those with Hunner’s lesions,

including complement and coagulation cascades, cytokine-

cytokine receptor interaction, chemokine signaling,

granulocyte chemotaxis and migration, inflammatory response,

TLR-, NOD-like receptor-, NFkB-and TNF-signaling pathways

(14, 17, 32, 48, 49) were also identified in our study. These data
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support the utility of TNFa-treated RT4 urothelial cells as a

suitable in vitro model for understanding IC/BPS mechanisms

and confirm the role of TNFa signaling as an important

component in the associated pathology.

The present study also identifies novel upregulated gene

targets of TNFa in urothelial cells, such as the acute phase

reactant SAA, complement component C3, and the cytokine

receptor IFNGR1. It should be noted here that we and others

have used RT4 or T24 cancer cell lines to model bladder

urothelium in vitro (18–21). However, these cells may not

accurately reflect the in vivo situation due to alterations in

phenotype caused by the cancerous transformation. Hence, we

also confirmed our new findings by stimulating bladder normal

urothelial cells. As normal human urothelial cells are difficult to

obtain for ethical reasons, we used normal porcine urothelial
B

C

D

A

FIGURE 5

TNFa-treated RT4 urothelial cells are primed for enhanced proinflammatory cytokine and chemokine production. (A) Significantly upregulated
mRNA expression of cytokines, cytokine receptors and chemokines in TNFa-treated samples vs controls with log2 fold change ranging from 0.5
(blue) to 2.5 (red), as determined by RNA seq. The majority of upregulated cytokines, cytokine-receptors and chemokines were significantly
enriched in the following GO biological processes: regulation of signaling receptor activity (GO:0030593), granulocyte chemotaxis/migration
(GO:0071621), cellular response to molecules of bacterial origin/LPS (GO:0071219), regulation of inflammatory response (GO:0050727), and
acute inflammatory response (GO:0002526). B, C) qPCR confirmation of significantly upregulated mRNA expression of cytokines, cytokine
receptors (B) and chemokines (C) in TNFa-treated urothelial cells vs controls. Shown is mean ± SD fold change expression of target genes in
TNF-a treated cells vs untreated cells (ctrl; set to 1; red dotted line), determined in 8 independent experiments. (D) Confirmatory analysis
showing significantly higher protein levels of IL1a, IL32, CXCL1 and CXCL10 released in supernatants of TNFa-treated cells compared to
controls (n=8 in each experimental condition). Shown are mean ± SD for control and TNFa-treated groups. *p<0.05; **p<0.01; ***p<0.001.
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cells (NPU), which are available in sufficient amounts and have

many structural, molecular and physiological properties that

correspond to normal human urothelial cells (27, 50–53). We

discovered that TNFa-stimulated NPU cells show similar

changes in mRNA and protein expressions as TNFa-
stimulated RT4 urothelial cells pointing towards a high degree

of interspecies similarities suggesting that both cell types can be

used as in vitro models to mimic IC/BPS. Based on our

observations, we suggest that SAA, C3 and IFNGR1 should be

further explored as potential therapeutic targets of IC/BPS.

SAA represents a family of highly homologous acute-phase

proteins that have been remarkably conserved in vertebrate

evolution (54). Levels of SAA increase substantially in

response to trauma, infection, inflammation, and neoplasia

and serve to regulate lipid metabolism and transport, immune

cell chemotaxis, and other inflammatory processes (55). In

humans, SAA1 and SAA2 are considered acute phase

reactants, whereas in pigs, the SAA3 isoform is the major

acute phase protein induced in response to an inflammatory

stimulus (56), which was also shown in the present study. TNFa
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is one of the major inducers of SAA synthesis in the liver, and it

has also been shown that the production of SAA is increased in

intestinal epithelial cells following TNFa stimulation, possibly

contributing to the development of inflammatory bowel disease

(57, 58). In urothelial cells, expression of SAA has been shown to

increase upon infection with uropathogenic bacteria E.coli (59),

whereas Lannergard et al. proposed that it might serve as a

sensitive systemic biomarker of uncomplicated cystitis due to

urinary tract infections (UTI) (60). While SAA plays a protective

role in UTI, its continued production in chronic inflammation

may promote the development and progression of IC/BPS.

Based on the following, we suggest that SAA might be a useful

diagnostic marker of IC/BPS, which should be validated in

future clinical studies.

C3 is an important component of the complement cascade

and plays a critical role in the clearance of invading pathogens. It

is synthesized and produced primarily by hepatocytes (61), but

also by other cell types, including epithelial cells (62). While

complement components play an important role in regulating

local immune responses, their uncontrolled and sustained
B

C
D

A

FIGURE 6

Upregulated mRNA and protein expression of IFNGR1 in TNFa-treated RT4 urothelial cells compared to controls. (A) Heatmap showing
upregulated mRNA expression (RNA seq) of type I and II IFN receptors in TNFa-treated urothelial cells (purple, n=3 independent experiments:
A1, A2, A6) and ctrl cells (green, n=3 independent experiments: B1, B2, B6). Rows are clustered using Euclidean distance and average linkage.
Lower expression is indicated with blue, higher expression is indicated with red. (B) mRNA expression of IFNGR1 plotted as normalized RNA seq
read counts (left) and mean ± SD fold change expression of an independent qPCR confirmatory analysis (right) in ctrl and TNFa-treated cells.
Data are presented as mean ± SD normalized counts of three independent experiments (RNA seq) and as mean ± SD fold change expression in
TNFa treated cells vs untreated (ctrl) cells (set to 1; dotted red line), determined in 8 independent experiments. (C) Confirmatory Western blot
analysis showing significantly higher protein levels of IFNGR1 in TNFa-treated cells compared to controls. Shown are representative blots of 5
independent experiments, and mean ± SD of relative protein expression normalized to a-tubulin. (D) Representative images of three
independent experiments of ctrl and TNFa-treated cells showing IFNGR1 (green) and DAPI (blue). Z-stack images were taken at the 63 x
magnification at the same starting position and with the same distance (0.24 mm) between optical sections in ctrl and TNFa-treated samples.
Scale bars: 10 µm. *p<0.05; **p<0.01.
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production can trigger severe inflammatory processes and lead

to tissue damage (63). C3 is produced and secreted in large

amounts by intestinal epithelial cells after TNFa stimulation (64,

65), but little is known about its production and secretion by

urothelial cells. Overexpression of C3 has been shown to reduce

the expression of E-cadherin (66), a key component of adherent

junctions essential for cell adhesion and maintenance of the

urothelial permeability barrier. A number of studies have shown

that E-cadherin expression is decreased in the urothelium of IC/

BPS patients (10, 35, 36, 67, 68), which is also suggested by our in

vitro models. Specifically, we showed TNFa-induced stress fiber

formation pointing towards actin remodeling and cytoskeletal

rearrangement that may increase the permeability of urothelial

cells and thus induce barrier dysfunction, as already shown for

TNFa-stimulated endothelial cells (30, 31). C3 might therefore

be indirectly linked to urothelial permeability dysfunction in IC/

BPS, which should be further validated.

IFNGR1, along with type I IFN receptors, which were also

upregulated in our study, may be of particular interest in IC/BPS

since they are considered to be pivotal players in various

inflammatory and autoimmune diseases (69, 70). Activation of

IFN receptors triggers stimulation of a JAK/STAT pathway,
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which was also significantly enriched in our study. The

IFNGR1-JAK1 activation pathway has recently been shown to

have an impact on the survival and differentiation of urothelial

cells, as well as affects their interaction with immune cells (71). It

appears that not only does the leaky urothelium trigger an

inflammatory response and a downstream cascade of evens,

but also inflammatory mediators released by urothelial cells

affect their differentiation and compromise the permeability

barrier. Thus, whether inflammation is the cause or the

consequence of a disrupted permeability barrier in IC/BPS

remains to be elucidated.

Our study has its limitations; first, the TNFa concentrations

used were relatively high (20 ng/ml) and inflammation was

induced over a short time period of 24 h. It should be noted here

that the concentration of TNFa, used in the current (20 ng/ml)

and previously published in vitro studies is significantly higher

(approximately five to ten thousand times) compared to the

concentration of TNFa measured in urine (approximately 2-4

pg/ml) of patients with IC/BPS (72). The concentration of TNFa
used for the in vitro model described in the current study has

been selected based on viability assay and the ability to elicit a

prominent inflammatory and immune response in urothelial
B

C D

A

FIGURE 7

Morphologic, transcriptional and protein alterations in TNFa-stimulated normal porcine urothelial cells. (A) Representative images of 3
independent experiments showing F-actin (green) and DAPI (blue) of ctrl and TNFa-treated cells. Z-stack images were taken at the 63 x
magnification at the same starting position and with the same distance (0.24 mm) between optical sections in ctrl and TNFa-treated samples.
Scale bars: 10 µm. (B) Upregulated mRNA expression of genes involved in inflammatory response and complement cascade, proinflammatory
cytokines, cytokine receptors, and chemokine in TNFa-treated cells, as compared to controls. Shown is mean ± SD fold change expression of
target genes in TNFa-treated cells vs untreated cells (ctrl; set to 1; red dotted line), determined in 5 biological replicates by qPCR. (C) Protein
levels of IL8 in the supernatants of TNFa-treated cells and ctrl (n=5 biological replicates). Shown are mean ± SD protein levels for each group.
(D) Western blot analysis showing significantly higher protein expression of IFNGR1 in TNFa-treated cells compared to controls. Shown are
representative blots of 4 biological replicates, and mean ± SD of relative protein expression normalized to a-tubulin. *p<0.05; **p<0.01;
***p<0.001; ****p<0.0001.
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cells that could be determined with the methods used (RNA seq,

qPCR, WB, ELISA) and reached statistical significance vs

untreated cells. When lower concentrations of TNFa were

used (for example 2 ng/ml), only a slight increase in secreted

IL8 levels was detected compared to untreated cells, so higher

TNFa concentrations were necessary in order to be able to

describe this particular in vitro model and compare our findings

with the findings determined in the bladders of patients with IC/

BPS. Although the in vitro model described here recapitulated

the key findings from the transcriptomes of bladders from

patients with IC/BPS, especially those with Hunner’s lesions in

whom the inflammatory component is more prominent, caution

is still required when interpreting these results due to the high

TNFa concentrations used. A lower concentration of TNFa,
used repeatedly over a longer period of time might better mimic

the low-grade inflammatory environment observed in IC/BPS.

Future studies should examine whether urothelial cells can elicit

a prominent inflammatory response when stimulated with

lower, clinically relevant concentrations of TNFa, using more

sensitive methods for detection, such as single cell RNA seq, and

3D in vitromodels that better mimic the structure of the bladder

and account also for interactions between different cell types.

Urothelial cells in such models might be much more sensitive

also to lower concentrations of TNFa, such as the ones

measured in urine samples of IC/BPS patients. Second, RT4

cell line, isolated from non-invasive grade I transitional cell

carcinoma and NPU cells used were not terminally

d i ffe rent ia ted and thus may not fu l ly reflec t the

characteristics and functionality of normal bladder urothelial

cells (29, 52, 73). Although such cells are absent or present only

in limited numbers in the bladders of IC/BPS patients due to

urothelial denudation (74). Third, the in vitro model utilized

here consisted only of urothelial cells grown until reaching 80-

90% confluency and therefore still in monolayers which misses

the importance of multiple cell-cell interactions, found in vivo.

Further clinical studies, animal studies or studies using a 3D in

vitro model containing various bladder structural and immune

cell types are needed to validate our results. On the contrary,

using only one particular cell type allowed us to decipher in

depth their transcriptome by RNA seq technology which

cannot be determined using whole bladder tissue of animal

models or human patients. Namely, bladder tissue samples

consist of several cell populations and bulk RNA seq

technology used here enables only the analysis of average

global gene expression of all cell types included in the sample

(75). Our study therefore represents an important and

informative resource database for future studies exploring

specifically the phenotype and function of urothelial cells,

not only in IC/BPS, but also in other bladder diseases, such

as infectious cystitis and bladder cancer. Our observations have

important implications in enhancing our knowledge of the

bladder tissue-specific immunity and in identifying novel
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mechanisms in the urothelium as potential targets for future

pharmacologic intervention in IC/BPS.
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SUPPLEMENTARY FIGURE 1

Optimization of TNFa concentration and time of incubation in RT4
urothelial cells based on viability assay and protein levels of IL8. (A)
Viability of RT4 urothelial cells stimulated with increasing concentrations

of TNFa (0, 2, 10, 20, 50, 100 ng/ml) in serum-free basal media for 24 h.
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Shown are mean ± SD values measured in triplicates in three independent
experiment, expressed as percentage of luminescence signal intensity of

untreated controls (set to 100). (B) Protein levels of IL8 released in the
supernatants of RT4 cells treatedwith increasing concentrations of TNFa (0,

2, 10, 20, 50 ng/ml). (C) Protein levels of IL8 released in the supernatants of
RT4 cells treated with 20 ng/ml TNFa for 24, 48 or 72 h. Shown aremean ±

SD values measured in three independent experiments.

SUPPLEMENTARY FIGURE 2

Optimization of TNFa concentration and time of incubation in normal

porcine urothelial cells based on viability assay and protein levels of IL8.
(A) Viability of NPU cells stimulated with increasing concentrations of TNFa
(0, 2, 10, 20, 50, 100 ng/ml) in serum-free basal media for 48 h. Shown are
mean ± SD values measured in triplicates in three biological replicates,

expressed as percentage of luminescence signal intensity of untreated
controls (set to 100). (B) Protein levels of IL8 released in the supernatants

of NPU cells treated with increasing concentrations of TNFa (0, 2, 10, 20, 50

ng/ml). Shown are mean ± SD values measured in triplicates in two
biological replicates. (C) Protein levels of IL8 released in the supernatants

of NPU cells treated with 20 ng/ml TNFa for 24 or 48 h.
References
1. Homma Y, Ueda T, Tomoe H, Lin AT, Kuo HC, Lee MH, et al. Clinical
guidelines for interstitial cystitis and hypersensitive bladder updated in 2015. Int J
Urol (2016) 23(7):542–9. doi: 10.1111/iju.13118

2. Berry SH, Elliott MN, SuttorpM, Bogart LM, StotoMA, Eggers P, et al. Prevalence
of symptoms of bladder pain syndrome/interstitial cystitis among adult females in the
United States. J Urol (2011) 186(2):540–4. doi: 10.1016/j.juro.2011.03.132

3. Vasudevan V, Moldwin R. Addressing quality of life in the patient with
interstitial cystitis/bladder pain syndrome. Asian J Urol (2017) 4(1):50–4. doi:
10.1016/j.ajur.2016.08.014

4. van de Merwe JP, Nordling J, Bouchelouche P, Bouchelouche K, Cervigni M,
Daha LK, et al. Diagnostic criteria, classification, and nomenclature for painful
bladder syndrome/interstitial cystitis: An ESSIC proposal. Eur Urol (2008) 53
(1):60–7. doi: 10.1016/j.eururo.2007.09.019

5. Patnaik SS, Lagana AS, Vitale SG, Buttice S, Noventa M, Gizzo S, et al.
Etiology, pathophysiology and biomarkers of interstitial cystitis/painful bladder
syndrome. Arch Gynecol Obstet (2017) 295(6):1341–59. doi: 10.1007/s00404-017-
4364-2

6. Anger JT, Zabihi N, Clemens JQ, Payne CK, Saigal CS, Rodriguez LV.
Treatment choice, duration, and cost in patients with interstitial cystitis and
painful bladder syndrome. Int Urogynecol J (2011) 22(4):395–400. doi: 10.1007/
s00192-010-1252-8

7. Grundy L, Caldwell A, Brierley SM. Mechanisms underlying overactive
bladder and interstitial Cystitis/Painful bladder syndrome. Front Neurosci (2018)
12:931. doi: 10.3389/fnins.2018.00931

8. Kreft ME, Hudoklin S, Jezernik K, Romih R. Formation and maintenance of
blood-urine barrier in urothelium. Protoplasma (2010) 246(1-4):3–14. doi:
10.1007/s00709-010-0112-1

9. Lasic E, Visnjar T, Kreft ME. Properties of the urothelium that establish the
blood-urine barrier and their implications for drug delivery. Rev Physiol Biochem
Pharmacol (2015) 168:1–29. doi: 10.1007/112_2015_22

10. Liu HT, Shie JH, Chen SH, Wang YS, Kuo HC. Differences in mast cell
infiltration, e-cadherin, and zonula occludens-1 expression between patients with
overactive bladder and interstitial cystitis/bladder pain syndrome. Urology (2012)
80(1):225 e13–8. doi: 10.1016/j.urology.2012.01.047

11. Parsons CL. The role of a leaky epithelium and potassium in the generation
of bladder symptoms in interstitial cystitis/overactive bladder, urethral syndrome,
prostatitis and gynaecological chronic pelvic pain. BJU Int (2011) 107(3):370–5.
doi: 10.1111/j.1464-410X.2010.09843.x

12. Liu HT, Jiang YH, Kuo HC. Alteration of urothelial inflammation,
apoptosis, and junction protein in patients with various bladder conditions and
storage bladder symptoms suggest common pathway involved in underlying
pathophysiology. Low Urin Tract Symptoms (2015) 7(2):102–7. doi: 10.1111/
luts.12062

13. Batler RA, Sengupta S, Forrestal SG, Schaeffer AJ, Klumpp DJ. Mast cell
activation triggers a urothelial inflammatory response mediated by tumor necrosis
factor-alpha. J Urol (2002) 168(2):819–25. doi: 10.1016/S0022-5347(05)64750-7
14. Ogawa T, Homma T, Igawa Y, Seki S, Ishizuka O, Imamura T, et al. CXCR3
binding chemokine and TNFSF14 over expression in bladder urothelium of
patients with ulcerative interstitial cystitis. J Urol (2010) 183(3):1206–12. doi:
10.1016/j.juro.2009.11.007

15. Jin XW, Wang QZ, Zhao Y, Liu BK, Zhang X, Wang XJ, et al. An
experimental model of the epithelial to mesenchymal transition and pro-
fibrogenesis in urothelial cells related to bladder pain syndrome/interstitial
cystitis. Transl Androl Urol (2021) 10(11):4120–31. doi: 10.21037/tau-21-392

16. Jiang YH, Peng CH, Liu HT, Kuo HC. Increased pro-inflammatory
cytokines, c-reactive protein and nerve growth factor expressions in serum of
patients with interstitial cystitis/bladder pain syndrome. PLoS One (2013) 8(10):
e76779. doi: 10.1371/journal.pone.0076779

17. Akiyama Y, Maeda D, Katoh H, Morikawa T, Niimi A, Nomiya A, et al.
Molecular taxonomy of interstitial Cystitis/Bladder pain syndrome based on
whole transcriptome profiling by next-generation RNA sequencing of bladder
mucosa l b iops ie s . J Uro l (2019) 202(2) :290–300. do i : 10 .1097/
JU.0000000000000234

18. Rooney P, Srivastava A, Watson L, Quinlan LR, Pandit A. Hyaluronic acid
decreases IL-6 and IL-8 secretion and permeability in an inflammatory model of
interstitial cystit is. Acta Biomater (2015) 19:66–75. doi : 10.1016/
j.actbio.2015.02.030

19. Stellavato A, Pirozzi AVA, Diana P, Reale S, Vassallo V, Fusco A, et al.
Hyaluronic acid and chondroitin sulfate, alone or in combination, efficiently
counteract induced bladder cell damage and inflammation. PLoS One (2019) 14
(6):e0218475. doi: 10.1371/journal.pone.0218475

20. Rooney P, Ryan C, McDermott BJ, Dev K, Pandit A, Quinlan LR. Effect of
glycosaminoglycan replacement on markers of interstitial cystitis in vitro. Front
Pharmacol (2020) 11:575043. doi: 10.3389/fphar.2020.575043

21. Rooney PR, Kannala VK, Kotla NG, Benito A, Dupin D, Loinaz I, et al. A
high molecular weight hyaluronic acid biphasic dispersion as potential therapeutics
for interstitial cystitis. J BioMed Mater Res B Appl Biomater (2021) 109(6):864–76.
doi: 10.1002/jbm.b.34751

22. Xie J, Liu B, Chen J, Xu Y, Zhan H, Yang F, et al. Umbilical cord-derived
mesenchymal stem cells alleviated inflammation and inhibited apoptosis in
interstitial cystitis via AKT/mTOR signaling pathway. Biochem Biophys Res
Commun (2018) 495(1):546–52. doi: 10.1016/j.bbrc.2017.11.072

23. Horvath A, Pandur E, Sipos K, Micalizzi G, Mondello L, Boszormenyi A,
et al. Anti-inflammatory effects of lavender and eucalyptus essential oils on the in
vitro cell culture model of bladder pain syndrome using T24 cells. BMC
Complement Med Ther (2022) 22(1):119. doi: 10.1186/s12906-022-03604-2

24. Lobban ED, Smith BA, Hall GD, Harnden P, Roberts P, Selby PJ, et al.
Uroplakin gene expression by normal and neoplastic human urothelium. Am J
Pathol (1998) 153(6):1957–67. doi: 10.1016/S0002-9440(10)65709-4

25. Moll R, Wu XR, Lin JH, Sun TT. Uroplakins, specific membrane proteins of
urothelial umbrella cells, as histological markers of metastatic transitional cell
carcinomas. Am J Pathol (1995) 147(5):1383–97.
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2022.960667/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.960667/full#supplementary-material
https://doi.org/10.1111/iju.13118
https://doi.org/10.1016/j.juro.2011.03.132
https://doi.org/10.1016/j.ajur.2016.08.014
https://doi.org/10.1016/j.eururo.2007.09.019
https://doi.org/10.1007/s00404-017-4364-2
https://doi.org/10.1007/s00404-017-4364-2
https://doi.org/10.1007/s00192-010-1252-8
https://doi.org/10.1007/s00192-010-1252-8
https://doi.org/10.3389/fnins.2018.00931
https://doi.org/10.1007/s00709-010-0112-1
https://doi.org/10.1007/112_2015_22
https://doi.org/10.1016/j.urology.2012.01.047
https://doi.org/10.1111/j.1464-410X.2010.09843.x
https://doi.org/10.1111/luts.12062
https://doi.org/10.1111/luts.12062
https://doi.org/10.1016/S0022-5347(05)64750-7
https://doi.org/10.1016/j.juro.2009.11.007
https://doi.org/10.21037/tau-21-392
https://doi.org/10.1371/journal.pone.0076779
https://doi.org/10.1097/JU.0000000000000234
https://doi.org/10.1097/JU.0000000000000234
https://doi.org/10.1016/j.actbio.2015.02.030
https://doi.org/10.1016/j.actbio.2015.02.030
https://doi.org/10.1371/journal.pone.0218475
https://doi.org/10.3389/fphar.2020.575043
https://doi.org/10.1002/jbm.b.34751
https://doi.org/10.1016/j.bbrc.2017.11.072
https://doi.org/10.1186/s12906-022-03604-2
https://doi.org/10.1016/S0002-9440(10)65709-4
https://doi.org/10.3389/fimmu.2022.960667
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Kuret et al. 10.3389/fimmu.2022.960667
26. Kim J, Ji M, DiDonato JA, Rackley RR, Kuang M, Sadhukhan PC, et al. An
hTERT-immortalized human urothelial cell line that responds to anti-proliferative
factor. In Vitro Cell Dev Biol Anim (2011) 47(1):2–9. doi: 10.1007/s11626-010-9350-y

27. Zupancic D, Mrak Poljsak K, Kreft ME. Co-Culturing porcine normal
urothelial cells, urinary bladder fibroblasts and smooth muscle cells for tissue
engineering research. Cell Biol Int (2018) 42(4):411–24. doi: 10.1002/cbin.10910

28. Jerman UD, Kolenc M, Steyer A, Veranic P, Prijatelj MP, Kreft ME. A novel
strain of porcine adenovirus detected in urinary bladder urothelial cell culture.
Viruses (2014) 6(6):2505–18. doi: 10.3390/v6062505

29. Visnjar T, Kocbek P, Kreft ME. Hyperplasia as a mechanism for rapid
resealing urothelial injuries and maintaining high transepithelial resistance.
Histochem Cell Biol (2012) 137(2):177–86. doi: 10.1007/s00418-011-0893-0

30. Yang D, Xie P, Guo S, Li H. Induction of MAPK phosphatase-1 by
hypothermia inhibits TNF-alpha-induced endothelial barrier dysfunction and
apoptosis. Cardiovasc Res (2010) 85(3):520–9. doi: 10.1093/cvr/cvp323

31. Farwell SL, Kanyi D, Hamel M, Slee JB, Miller EA, Cipolle MD, et al.
Heparin decreases in tumor necrosis factor alpha (TNFalpha)-induced endothelial
stress responses require transmembrane protein 184A and induction of dual
specificity phosphatase 1. J Biol Chem (2016) 291(10):5342–54. doi: 10.1074/
jbc.M115.681288

32. Akiyama Y, Miyakawa J, O'Donnell MA, Kreder KJ, Luo Y, Maeda D, et al.
Overexpression of HIF1alpha in hunner lesions of interstitial cystitis:
Pathophysiological implications. J Urol (2022) 207(3):635–46. doi: 10.1097/
JU.0000000000002278

33. Platanias LC. Mechanisms of type-i- and type-II-interferon-mediated
signalling. Nat Rev Immunol (2005) 5(5):375–86. doi: 10.1038/nri1604

34. Booth C, Harnden P, Trejdosiewicz LK, Scriven S, Selby PJ, Southgate J.
Stromal and vascular invasion in an human in vitro bladder cancer model. Lab
Invest (1997) 76(6):843–57.

35. Shie JH, Kuo HC. Higher levels of cell apoptosis and abnormal e-cadherin
expression in the urothelium are associated with inflammation in patients with
interstitial cystitis/painful bladder syndrome. BJU Int (2011) 108(2 Pt 2):E136–41.
doi: 10.1111/j.1464-410X.2010.09911.x

36. Hauser PJ, Dozmorov MG, Bane BL, Slobodov G, Culkin DJ, Hurst RE.
Abnormal expression of differentiation related proteins and proteoglycan core
proteins in the urothelium of patients with interstitial cystitis. J Urol (2008) 179
(2):764–9. doi: 10.1016/j.juro.2007.09.022

37. Slobodov G, Feloney M, Gran C, Kyker KD, Hurst RE, Culkin DJ. Abnormal
expression of molecular markers for bladder impermeability and differentiation in
the urothelium of patients with interstitial cystitis. J Urol (2004) 171(4):1554–8. doi:
10.1097/01.ju.0000118938.09119.a5

38. Cho KJ, Lee KS, Choi JB, Koh JS, Kim JC. Changes in uroplakin
expression in the urothelium of patients with ulcerative interstitial cystitis/
bladder pain syndrome. Investig Clin Urol (2020) 61(3):304–9. doi: 10.4111/
icu.2020.61.3.304

39. Kuret T, Peskar D, Erman A, Veranic P. A systematic review of
therapeutic approaches used in experimental models of interstitial Cystitis/
Bladder pain syndrome. Biomedicines (2021) 9(8): 865. doi: 10.3390/
biomedicines9080865

40. Su F, ZhangW, Meng L, ZhangW, Liu X, Liu X, et al. Multimodal single-cell
analyses outline the immune microenvironment and therapeutic effectors of
interstitial Cystitis/Bladder pain syndrome. Adv Sci (Weinh) (2022) 9(18):
e2106063. doi: 10.1002/advs.202106063

41. Yang W, Searl TJ, Yaggie R, Schaeffer AJ, Klumpp DJ. A MAPP network
study: Overexpression of tumor necrosis factor-alpha in mouse urothelium mimics
interstitial cystitis. Am J Physiol Renal Physiol (2018) 315(1):F36–44. doi: 10.1152/
ajprenal.00075.2017

42. Abraham SN, Miao Y. The nature of immune responses to urinary tract
infections. Nat Rev Immunol (2015) 15(10):655–63. doi: 10.1038/nri3887

43. Liebert M, Wedemeyer G, Stein JA, Washington RJr., Faerber G, Flint A,
et al. Evidence for urothelial cell activation in interstitial cystitis. J Urol (1993) 149
(3):470–5. doi: 10.1016/S0022-5347(17)36121-9

44. Jiang YH, Jhang JF, Hsu YH, Ho HC, Wu YH, Kuo HC. Urine cytokines as
biomarkers for diagnosing interstitial cystitis/bladder pain syndrome and mapping
its clinical characteristics. Am J Physiol Renal Physiol (2020) 318(6):F1391–F9. doi:
10.1152/ajprenal.00051.2020

45. Jiang YH, Jhang JF, Hsu YH, Ho HC,Wu YH, Kuo HC. Urine biomarkers in
ESSIC type 2 interstitial cystitis/bladder pain syndrome and overactive bladder
with developing a novel diagnostic algorithm. Sci Rep (2021) 11(1):914. doi:
10.1038/s41598-020-80131-5

46. Erickson DR, Xie SX, Bhavanandan VP, Wheeler MA, Hurst RE, Demers
LM, et al. A comparison of multiple urine markers for interstitial cystitis. J Urol
(2002) 167(6):2461–9. doi: 10.1016/S0022-5347(05)65005-7
Frontiers in Immunology 15
47. Peters KM, Diokno AC, Steinert BW. Preliminary study on urinary cytokine
levels in interstitial cystitis: does intravesical bacille calmette-guerin treat interstitial
cystitis by altering the immune profile in the bladder? Urology (1999) 54(3):450–3.
doi: 10.1016/S0090-4295(99)00162-4

48. Gheinani AH, Akshay A, Besic M, Kuhn A, Keller I, Bruggmann R, et al.
Integrated mRNA-miRNA transcriptome analysis of bladder biopsies from patients
with bladder pain syndrome identifies signaling alterations contributing to the disease
pathogenesis. BMC Urol (2021) 21(1):172. doi: 10.1186/s12894-021-00934-0

49. Inal-Gultekin G, Gormez Z, Mangir N. Defining molecular treatment targets
for bladder pain Syndrome/Interstitial cystitis: Uncovering adhesion molecules.
Front Pharmacol (2022) 13:780855. doi: 10.3389/fphar.2022.780855

50. Follmann W, Guhe C, Weber S, Birkner S, Mahler S. Cultured porcine
urinary bladder epithelial cells as a screening model for genotoxic effects of
aromatic amines: Characterisation and application of the cell culture model.
Altern Lab Anim (2000) 28(6):833–54. doi: 10.1177/026119290002800606

51. Turner AM, Subramaniam R, Thomas DF, Southgate J. Generation of a
functional, differentiated porcine urothelial tissue in vitro. Eur Urol (2008) 54
(6):1423–32. doi: 10.1016/j.eururo.2008.03.068

52. Visnjar T, Kreft ME. The complete functional recovery of chitosan-treated
biomimetic hyperplastic and normoplastic urothelial models. Histochem Cell Biol
(2015) 143(1):95–107. doi: 10.1007/s00418-014-1265-3

53. Visnjar T, Jerman UD, Veranic P, Kreft ME. Chitosan hydrochloride has no
detrimental effect on bladder urothelial cancer cells. Toxicol In Vitro (2017)
44:403–13. doi: 10.1016/j.tiv.2017.08.008

54. Sack GHJr. Serum amyloid a - A review. Mol Med (2018) 24(1):46. doi:
10.1186/s10020-018-0047-0

55. Hansen MT, Forst B, Cremers N, Quagliata L, Ambartsumian N, Grum-
Schwensen B, et al. A link between inflammation and metastasis: Serum amyloid
A1 and A3 induce metastasis, and are targets of metastasis-inducing S100A4.
Oncogene (2015) 34(4):424–35. doi: 10.1038/onc.2013.568

56. Soler L, Luyten T, Stinckens A, Buys N, Ceron JJ, Niewold TA. Serum
amyloid A3 (SAA3), not SAA1 appears to be the major acute phase SAA isoform in
the pig. Vet Immunol Immunopathol (2011) 141(1-2):109–15. doi: 10.1016/
j.vetimm.2011.02.019

57. Wakai M, Hayashi R, Ueno Y, Onishi K, Takasago T, Uchida T, et al.
Promoting mechanism of serum amyloid a family expression in mouse intestinal
epithelial cells. PLoS One (2022) 17(3):e0264836. doi: 10.1371/journal.pone.0264836

58. Thorn CF, Lu ZY, Whitehead AS. Regulation of the human acute phase
serum amyloid a genes by tumour necrosis factor-alpha, interleukin-6 and
glucocorticoids in hepatic and epithelial cell lines. Scand J Immunol (2004) 59
(2):152–8. doi: 10.1111/j.0300-9475.2004.01369.x

59. Erman A, Lakota K, Mrak-Poljsak K, Blango MG, Krizan-Hergouth V,
Mulvey MA, et al. Uropathogenic escherichia coli induces serum amyloid a in mice
following urinary tract and systemic inoculation. PLoS One (2012) 7(3):e32933. doi:
10.1371/journal.pone.0032933

60. Lannergard A, Friman G, Larsson A. Serum amyloid a: A novel serum
marker for the detection of systemic inflammatory response in cystitis. J Urol
(2003) 170(3):804–6. doi: 10.1097/01.ju.0000082220.23903.1f

61. Alper CA, Johnson AM, Birtch AG, Moore FD. Human C'3: evidence for the
liver as the primary site of synthesis. Science (1969) 163(3864):286–8. doi: 10.1126/
science.163.3864.286

62. Jain U, Otley AR, Van Limbergen J, Stadnyk AW. The complement system
in inflammatory bowel disease. Inflammation Bowel Dis (2014) 20(9):1628–37. doi:
10.1097/MIB.0000000000000056

63. Ricklin D, Reis ES, Lambris JD. Complement in disease: A defence system
turning offensive. Nat Rev Nephrol (2016) 12(7):383–401. doi: 10.1038/
nrneph.2016.70

64. Sunderhauf A, Skibbe K, Preisker S, Ebbert K, Verschoor A, Karsten CM,
et al. Regulation of epithelial cell expressed C3 in the intestine - relevance for the
pathophysiology of inflammatory bowel disease? Mol Immunol (2017) 90:227–38.
doi: 10.1016/j.molimm.2017.08.003

65. Moon R, Parikh AA, Szabo C, Fischer JE, Salzman AL, Hasselgren PO.
Complement C3 production in human intestinal epithelial cells is regulated by
interleukin 1beta and tumor necrosis factor alpha. Arch Surg (1997) 132(12):1289–
93. doi: 10.1001/archsurg.1997.01430360035007

66. Cho MS, Rupaimoole R, Choi HJ, Noh K, Chen J, Hu Q, et al.
Complement component 3 is regulated by TWIST1 and mediates epithelial-
mesenchymal transition. J Immunol (2016) 196(3):1412–8. doi: 10.4049/
jimmunol.1501886

67. Furuta A, Suzuki Y, Igarashi T, Koike Y, Kimura T, Egawa S, et al.
Angiogenesis in bladder tissues is strongly correlated with urinary frequency and
bladder pain in patients with interstitial cystitis/bladder pain syndrome. Int J Urol
(2019) 26 Suppl 1:35–40. doi: 10.1111/iju.13972
frontiersin.org

https://doi.org/10.1007/s11626-010-9350-y
https://doi.org/10.1002/cbin.10910
https://doi.org/10.3390/v6062505
https://doi.org/10.1007/s00418-011-0893-0
https://doi.org/10.1093/cvr/cvp323
https://doi.org/10.1074/jbc.M115.681288
https://doi.org/10.1074/jbc.M115.681288
https://doi.org/10.1097/JU.0000000000002278
https://doi.org/10.1097/JU.0000000000002278
https://doi.org/10.1038/nri1604
https://doi.org/10.1111/j.1464-410X.2010.09911.x
https://doi.org/10.1016/j.juro.2007.09.022
https://doi.org/10.1097/01.ju.0000118938.09119.a5
https://doi.org/10.4111/icu.2020.61.3.304
https://doi.org/10.4111/icu.2020.61.3.304
https://doi.org/10.3390/biomedicines9080865
https://doi.org/10.3390/biomedicines9080865
https://doi.org/10.1002/advs.202106063
https://doi.org/10.1152/ajprenal.00075.2017
https://doi.org/10.1152/ajprenal.00075.2017
https://doi.org/10.1038/nri3887
https://doi.org/10.1016/S0022-5347(17)36121-9
https://doi.org/10.1152/ajprenal.00051.2020
https://doi.org/10.1038/s41598-020-80131-5
https://doi.org/10.1016/S0022-5347(05)65005-7
https://doi.org/10.1016/S0090-4295(99)00162-4
https://doi.org/10.1186/s12894-021-00934-0
https://doi.org/10.3389/fphar.2022.780855
https://doi.org/10.1177/026119290002800606
https://doi.org/10.1016/j.eururo.2008.03.068
https://doi.org/10.1007/s00418-014-1265-3
https://doi.org/10.1016/j.tiv.2017.08.008
https://doi.org/10.1186/s10020-018-0047-0
https://doi.org/10.1038/onc.2013.568
https://doi.org/10.1016/j.vetimm.2011.02.019
https://doi.org/10.1016/j.vetimm.2011.02.019
https://doi.org/10.1371/journal.pone.0264836
https://doi.org/10.1111/j.0300-9475.2004.01369.x
https://doi.org/10.1371/journal.pone.0032933
https://doi.org/10.1097/01.ju.0000082220.23903.1f
https://doi.org/10.1126/science.163.3864.286
https://doi.org/10.1126/science.163.3864.286
https://doi.org/10.1097/MIB.0000000000000056
https://doi.org/10.1038/nrneph.2016.70
https://doi.org/10.1038/nrneph.2016.70
https://doi.org/10.1016/j.molimm.2017.08.003
https://doi.org/10.1001/archsurg.1997.01430360035007
https://doi.org/10.4049/jimmunol.1501886
https://doi.org/10.4049/jimmunol.1501886
https://doi.org/10.1111/iju.13972
https://doi.org/10.3389/fimmu.2022.960667
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Kuret et al. 10.3389/fimmu.2022.960667
68. Lee CL, Jiang YH, Kuo HC. Increased apoptosis and suburothelial inflammation
in patients with ketamine-related cystitis: a comparison with non-ulcerative interstitial
cystitis and controls. BJU Int (2013) 112(8):1156–62. doi: 10.1111/bju.12256

69. Chasset F, Dayer JM, Chizzolini C. Type I interferons in systemic
autoimmune diseases: Distinguishing between afferent and efferent functions for
precision medicine and individualized treatment. Front Pharmacol (2021)
12:633821. doi: 10.3389/fphar.2021.633821

70. McElrath C, Espinosa V, Lin JD, Peng J, Sridhar R, Dutta O, et al. Critical
role of interferons in gastrointestinal injury repair. Nat Commun (2021) 12
(1):2624. doi: 10.1038/s41467-021-22928-0

71. Daza-Cajigal V, Albuquerque AS, Pearson J, Hinley J, Mason AS,
Stahlschmidt J, et al. Loss of janus associated kinase 1 alters urothelial cell
function and facilitates the development of bladder cancer. Front Immunol
(2019) 10:2065. doi: 10.3389/fimmu.2019.02065
Frontiers in Immunology 16
72. Moldwin RM, Nursey V, Yaskiv O, Dalvi S, Macdonald EJ, Funaro M, et al.
Immune cell profiles of patients with interstitial cystitis/bladder pain syndrome. J
Transl Med (2022) 20(1):97. doi: 10.1186/s12967-022-03236-7

73. Visnjar T, Kreft ME. Air-liquid and liquid-liquid interfaces influence the
formation of the urothelial permeability barrier in vitro. In Vitro Cell Dev Biol
Anim (2013) 49(3):196–204. doi: 10.1007/s11626-013-9585-5

74. Akiyama Y, Luo Y, Hanno PM, Maeda D, Homma Y. Interstitial cystitis/
bladder pain syndrome: The evolving landscape, animal models and future
perspectives. Int J Urol (2020) 27(6):491–503. doi: 10.1111/iju.14229

75. Li X, Wang CY. From bulk, single-cell to spatial RNA sequencing. Int J Oral
Sci (2021) 13(1):36. doi: 10.1038/s41368-021-00146-0

76. Edgar R, Domrachev M, Lash AE. Gene expression omnibus: NCBI gene
expression and hybridization array data repository. Nucleic Acids Res (2002) 30
(1):207–10. doi: 10.1093/nar/30.1.207
frontiersin.org

https://doi.org/10.1111/bju.12256
https://doi.org/10.3389/fphar.2021.633821
https://doi.org/10.1038/s41467-021-22928-0
https://doi.org/10.3389/fimmu.2019.02065
https://doi.org/10.1186/s12967-022-03236-7
https://doi.org/10.1007/s11626-013-9585-5
https://doi.org/10.1111/iju.14229
https://doi.org/10.1038/s41368-021-00146-0
https://doi.org/10.1093/nar/30.1.207
https://doi.org/10.3389/fimmu.2022.960667
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Comprehensive transcriptome profiling of urothelial cells following TNFα stimulation in an in vitro interstitial cystitis/bladder pain syndrome model
	1 Introduction
	2 Methods
	2.1 In vitro models of interstitial cystitis/bladder pain syndrome
	2.1.1 TNFα-treated RT4 cell line
	2.1.2 TNFα-treated normal porcine urothelial cells

	2.2 Viability assay
	2.3 RNA isolation
	2.4 RNA sequencing
	2.5 Gene enrichment and pathway analysis of differentially expressed genes
	2.6 Reverse transcription and qPCR
	2.7 Immunofluorescence
	2.8 Enzyme-linked immunoassays
	2.9 Western blots
	2.10 Statistical analysis

	3 Results
	3.1 Initial validation of the in vitro IC/BPS model of RT4 urothelial cells
	3.2 The transcriptome of TNFα-treated RT4 urothelial cells is enriched in innate immunity signaling pathways
	3.3 TNFα-treated RT4 urothelial cells upregulate acute inflammatory response genes and produce higher levels of complement component C3
	3.4 TNFα-treated RT4 urothelial cells are primed for increased production of proinflammatory cytokines and chemokines
	3.5 Interferon gamma receptor 1 may be involved in TNFα-mediated effects on RT4 urothelial cells
	3.6 Normal urothelial cells show similar phenotypic alterations as RT4 cancer urothelial cells in an inflammatory environment

	4 Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


