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quintessential NLRP3 activator ATP and assessed for cas-
pase-1 activation.
Results All PPRs examined were expressed in the blad-
der and localized to the urothelial layer with several also 
in the detrusor (none in the interstitia). MYP3 cells also 
expressed all PRRs with a variable intracellular location. 
ATP-stimulated caspase-1 activity in MYP3 cells in a dose-
dependent manner was reduced by knockdown of NLRP3 
expression.
Conclusion The results suggest that the bladder possesses 
the capacity to initiate an innate immune response to a 
wide array of uropathological agents and the MYP3 cells 
will provide an excellent investigational tool for this field.

Keywords Bladder · Nod-like · Inflammasome · 
Urothelia · Innate · Immunity

Introduction

Classically the bladder urothelium was thought to serve 
as a passive barrier, separating the underlying tissue from 
harmful chemicals present in the urine. However, numerous 
studies have left little doubt that the urothelium is a highly 
engaged and interacting tissue that senses the microenvi-
ronment and responds by communicating via autocrine and 
paracrine pathways [1]. While the urothelia may respond to 
many agents, there is particular importance in how it rec-
ognizes and responds to uropathogens that result in urinary 
tract infections (UTIs) such as Escherichia coli.

UTIs account for 6–7 million hospital visits per year 
[2, 3] and are second only to the common cold as the most 
prevalent form of human infection. This equates to a soci-
etal cost of over $3.5 billion US dollars per annum [4, 5] 
with females being disproportionately affected. Antibiotics 

Abstract 
Purpose The urothelium is a frontline sensor of the lower 
urinary tract, sampling the bladder lumen and stimulat-
ing an immune response to infectious and noxious agents. 
Pattern recognition receptors (PRRs) recognize such 
agents and coordinate the innate response, often by form-
ing inflammasomes that activate caspase-1 and the release 
of interleukin-1. We have shown the presence of one PRR 
(NLRP3) in the urothelia and its central role in the inflam-
matory response to cyclophosphamide. The purpose of this 
study was to (1) assess the likely range of the PPR response 
by assessing the repertoire present in the rat bladder and (2) 
determine the utility of the MYP3 rat urothelia cell line for 
in vitro studies by assessing its PPR repertoire and func-
tional responsiveness.
Methods Immunohistochemistry was performed for 
seven PPRs (NLRP1, NLRP3, NLRP6, NLRP7, NLRP12, 
NLRC4 and AIM2) on bladder sections and MYP3 cells. 
For functionality, MYP3 cells were challenged with the 
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have been the mainstay of UTI therapy for decades, but 
the emergence of antibiotic resistance in first- and second-
line therapies drives the need for novel treatments for these 
infections. The ability to use one’s own immune system to 
combat the invading uropathogens holds great promise as 
a therapeutic or even prophylactic strategy, but currently 
there is insufficient information regarding how these bac-
teria are recognized and the mechanism of the immune 
response mounted against them.

The mammalian immune system consists of two major 
arms, the innate and the adaptive systems, both of which 
are known to be present and active in the urinary tract [6]. 
Although the adaptive system possesses exquisite speci-
ficity, a considerable amount of time is required to mount 
a response and it is the innate system that first encoun-
ters invaders and initiates a defense. When encountering 
a pathogen the innate system does not recognize specific 
antigens but rather identifies patterns in the nonself mol-
ecules known as pathogen associated molecular patterns 
or PAMPs. The receptors that recognize these PAMPs are 
known as pattern recognition receptors or PRRs. Some of 
the PRRs also recognize patterns on molecules released 
from damaged or dying cells known as damage (or danger) 
associated molecular patterns or DAMPs. In the latter case 
the resulting inflammatory response is known as sterile 
inflammation when it occurs in the absence of pathogens.

Based on functional and genetic relatedness, five classes 
of PRRs have been identified; toll-like receptors (TLRs), 
nod-like receptors (NLRs), C-type lectin receptors (CLRs), 
retinoic acid-inducible gene (RIG)-I-like receptors (RLRs), 
and absent in melanoma 2 (AIM2)-like receptors (ALRs) 
[7, 8]. TLRs and CLRs are cell surface receptors that sam-
ple the extracellular milieu for PAMPs or DAMPs, whereas 
the other PRRs are cytoplasmic and work to survey that 
compartment as well as cooperate with the cell surface 
receptors when a PAMP or DAMP is encountered. TLRs 
have been reported and extensively studied in the bladder 
urothelia for nearly 15 years, and this work has shown that 
only three of the TLRs (TLR4, TLR5 and TLR11) contrib-
ute to the defense of the urinary tract [9]. Given this rather 
large body of work, it is surprising that until recently no 
studies had reported the existence or functionality of any of 
the other PRRs in this tissue.

Although there are numerous interrelated pathways 
and mediators in the innate response mediated by PRRs, 
unquestionably one of the most important is the production 
of IL-1β, a pro-inflammatory cytokine with a central role in 
the initiation and propagation of the inflammatory response. 
TLRs and NLRs have clear interdependent pathways 
that cooperate to produce this proinflammatory cytokine. 
When PAMPs are recognized by certain TLRs, they trig-
ger MAPK-dependent pathways that engage NF-κB and 
up-regulate production of pro-IL-1β. In a complementary 

manner, when certain NLRs are engaged by PAMPs (or 
in some cases DAMPs), they form a multimeric complex 
known as an inflammasome which results in the activa-
tion of caspase-1. Caspase-1 then cleaves pro-IL-1β to 
IL-1β which stimulates its release by a process known as 
pyroptosis. Caspase-1 can also cleave pro-IL-18 (which is 
usually constitutively expressed) and both proinflamma-
tory cytokines contribute to an inflammatory response to 
directly challenge the invading pathogen while recruiting 
the adaptive immune system into the full response. Conse-
quently, TLRs and NLRs often work together to mount the 
innate immune response to invading pathogens.

As stated above, numerous studies have documented 
TLRs in the urothelia. However, there have only been two 
reports on the presence of any other PRR in this tissue. In 
an early tissue survey, Kummer et al. [10] demonstrated 
that NLRP3, by far the best studied member of the NLR 
family, was expressed in the rat bladder. In a recent study, 
we confirmed the presence of NLRP3 in the rat bladder as 
well as documenting expression of NLRC4 and the associ-
ated molecules ASC and NAIP in the urothelia [11]. ASC is 
an adaptor that bridges NLRP3 to caspase-1, while NAIP 
provides ligand specificity to NLRC4. We also demon-
strated that these receptors formed active inflammasomes 
when the appropriate ligands were placed into the lumen 
of the bladder. Taking advantage of the FDA-approved 
NLRP3 inhibitor, glyburide, we were able to further show 
that the NLRP3 inflammasome played a critical role in 
the induction of inflammation and voiding pathology in a 
chemical-induced model of sterile inflammation. Thus, 
having established the importance of at least one NLR in 
the bladder, the next logical step was to ascertain what 
other NLR/PPRs are expressed in the urothelia.

We have restricted the current study to an analysis of the 
NLRs that form inflammasomes (often called “inflamma-
some sensors” [12]. We have also included AIM2 because 
(1) it is the only “inflammasome sensor” that does not 
belong to the NLR family (2) it functions in many ways 
like an NLR and (3) it has domains similar to an NLR. 
Moreover, it responds to double-stranded DNA in the 
cytosol and thus may be the sensor for invading viruses in 
addition to bacteria. Finally, we have repeated this analy-
sis in an immortalized nontumorigenic rat urothelial cell 
line (MYP3) and assessed the ability to activate the innate 
immune response in these cells in vitro.

Materials and methods

Antibodies

Table 1 lists the various primary antibodies used. All anti-
bodies cross-reacted with their respective rat antigen. 
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Isotype controls were obtained from Santa Cruz (Rabbit; 
SC-2027) and Invitrogen (Goat; 02-6202). All antibodies 
were used at a 1:200 dilution. Biotinylated secondary anti-
body was provided with the Vectastain ABC staining kits 
(Vector Labs, Burlingame, CA) and used as suggested.

Bladder methods

Animals

All animals were female Sprague–Dawley Rats of approxi-
mately 200 g and were purchased from Harlan (Frederick, 
MD, USA). Animals were acclimated (two per cage) for 
at least 7 days in an AAALAC-approved facility with a 
12:12 light–dark cycle and provided with food and water 
ad libitum. All experimental procedures were reviewed and 
approved by the Institutional Animal Care and Use Com-
mittee (IACUC) at the Medical University of South Caro-
lina and were performed in accordance with the guidelines 
set forth in the NIH Guide for the Care and Use of Labora-
tory Animals, published by the Public Health Service of the 
USA.

Immunocytochemistry

Bladders were dissected, cleaned of surrounding fat and 
placed in 10 % neutral buffered formalin overnight at 4 °C. 
Bladders were then transferred to 70 % ethanol and stored 
at 4 °C for 1–7 days until they were embedded in paraffin 
blocks using standard techniques. Cross-sections  (5 μm) 
from approximately the middle of the bladder were used 
for staining and were deparaffinized and hydrated through 
a graded alcohol series before being subjected to antigen 
retrieval (Vector labs citrate-based antigen unmasking solu-
tion for 30 min using the manufacturers recommended 
protocol; Vector Labs, Burlingame, CA). Slides were then 
placed into 3 % H2O2 for 10 min to quench endogenous 

peroxidase. Following washing in PBS, sections were 
blocked with normal goat serum for 30 min and incubated 
with primary antibodies or the appropriate isotype control 
for 1 h. Slides were washed and then biotinylated secondary 
antibody added (provided with the Vectastain ABC staining 
kits; Vector Labs, Burlingame, CA). Slides were incubated 
for 30 min, washed and incubated for an additional 30 min 
with the Vectastain ABC reagent. Following an additional 
wash, slides were incubated in DAB (3, 3′-diaminobenzi-
dine) peroxidase substrate solution until signal developed. 
Slides were then counterstained with hematoxylin, cover-
slipped and analyzed by light microscopy.

MYP3 cell methods

Culture

MYP3 cells (an immortalized non-tumorigenic rat urothe-
lial cell line) were originally developed by Dr. Ryoichi 
Oyasu (Northwestern University, Chicago, IL) [13] and 
generously provided to us by Samuel M. Cohen through the 
lab of Lora L. Arnold, both at the University of Nebraska 
Medical Center, Omaha NE [14, 15]. The cells were cul-
tured (5 % CO2, 95 % air) in Ham’s F-12 K medium sup-
plemented with 10 % fetal bovine serum, 10 μM non-
essential amino acids, 10 ng/ml EGF, 10 μg/ml insulin, 
5 μg/ml transferrin, 6.7 ng/ml selenium, 100 U/ml penicil-
lin, 100 μg/ml streptomycin, 2.7 mg/ml glucose and 1 μg/
ml hydrocortisone using standard cell culture procedures.

Immunohistochemistry

Cells were plated at 100,000 cells per well in 0.5 ml cell 
culture media in 8-well BD Falcon culture slides (Cat # 
354118; BD Biosciences, Franklin Lakes, NJ) and incu-
bated overnight. The media was then removed and the cells 
fixed with 10 % neutral buffered formalin for 10 min at 
room temperature. Wells were then rinsed in 70 % ethanol 
followed by PBS. Cells were then blocked, incubated with 
primary and secondary antibodies, the signal developed 
and the wells analyzed exactly as described above for tissue 
sections.

Caspase‑1 assay

Caspase-1 activity was measured by a method modified 
from our previously published protocol [11]. In these stud-
ies cells were plated in black-walled 96-well cell culture 
plates at 50,000 cells per well in 90 μl complete media 
containing 200 ng/ml LPS (E. coli 055:B5; Calbiochem-
EMD Millipore, Billerica). LPS was included to “prime” 
the cells according to well established protocols of NLRP3 
activation [16, 17]. Following an overnight incubation ATP 

Table 1  Antibodies used in the study

The target of each antibody is indicated along with its host, source 
(i.e., sequence used to originally produce the antibody), the company 
was obtained from and the catalog number. All antibodies cross-
reacted with the rat-derived antigen

Target Host Source Company Catalog nos.

NLRP1 Rabbit Mouse Santa Cruz SC-66993

NLRP3 Rabbit Human Santa Cruz SC-66846

NLRP6 Goat Mouse Santa Cruz SC-50634

NLRP7 Rabbit Human Sigma SAB2900883

NLRP12 Rabbit Human Santa Cruz SC-00175

NLRC4 Rabbit Human Aviva AVARP00019

AIM2 Rabbit Mouse Santa Cruz SC-137967
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concentration were prepared as 10X stocks in media and 
10 μl added to the appropriate wells. One hour later media 
was removed and 50 μl of 10 mM MgCl2, 0.25 % Igepal 
CA-630 added. The plates were incubated 5 min at room 
temperature before the addition of 50 μl 40 mM Hepes 
(pH 7.4), 20 mM NaCl, 2 mM EDTA, 20 % Glycerol. The 
cells were then frozen at −70 °C until analyzed. Cells were 
thawed and combined with 50 μl assay buffer (25 mm 
HEPES, 5 % sucrose, 0.05 % CHAPS (pH 7.5), 10 μl 
100 mM dithiothreitol (dissolved in assay buffer) and 20 μl 
1 mM substrate (N-Acetyl-Tyr-Val-Ala-Asp-7-amino-
4-trifluoromethylcoumarin; Ac-YVAD-AFC; prepared as a 
100 mM stock in DMSO, then diluted to 1 mM with assay 
buffer). Plates were sealed with film (Axygen inc., Union 
City, CA), wrapped in aluminum foil and incubated 24 h 
at 37 °C with gentle shaking. Fluorescence (excitation 
400 nm, emission 505 nm) was then measured.

Transfection

For transient knockdown of NLRP3, custom shRNA vec-
tor were prepared by Origene (Rockville, MD). The 
vector sequences were A: CTAAGAAGGACCAGC-
CAGAGTG-GAATGAT; B: TCCTAGCCAGGAAGAT-
TATGTTGGACTG-G; Scram: CCGACTGTAAGCT-
ACA-GATGCTGGAGTTA. The vectors were cloned 
in a pGFP-C-shLenti plasmid under a U6 promoter and 
sequenced for verification. E. coli were transformed and 
grown (and plasmids isolated) using standard techniques. 
MYP3 cells were transfected using Nanojuice transfection 
reagent (EMD, Gibbstown, NJ) according to the manu-
facturer’s recommendations. Cells were transfected with 
1 μg of the indicated construct or 0.5 μg of A and B for 
the A + B group. Cells were then incubated 24 h in growth 
medium, before being trypsinized and replated for the cas-
pase-1 assay. The remaining cells were used for real-time 
PCR and Western analysis.

Quantitative real‑time PCR

RNA was isolated and reverse-transcribed using standard 
methods. Real-time PCR was performed with 5 µl of a 1:20 
dilution of reverse-transcribed cDNA using Roche probe 
qPCR master mix in a LightCycler480 (Roche, Nutley, 
NJ). The cycling conditions for all genes were performed 
according to the manufacturer’s instructions: annealing 
temperature was 60 °C. Triplicate reactions were run for 
each cDNA sample. The relative expression of each gene 
was quantified on the basis of Ct value measured against 
an internal standard curve for each specific set of primers 
using the software provided by the instrument manufacturer 
(Roche). After testing to define the optimal housekeeping 
gene (results not shown), tissue data and cell line samples 

were normalized to beta-actin. Primer sequences and 
Roche probe number: NLRP3, probe 67, forward primer 
atgagggtgctgtgtgagg, reverse primer aacagcattgatgggtcagtc; 
Beta-actin, probe 69, forward primer tgccctagacttcgagcaag, 
reverse primer ggcagctcatagctcttctcc.

Western blot

Proteins were isolated, subjected Western blot analy-
sis using standard techniques. Membranes were probed 
with a 1:200 dilution of a NLRP3 antibody (Abcam cat # 
ab109314).

Statistical analysis

Caspase-1 activity was assessed by a one-way analysis of 
variance followed by a Tukey’s post hoc analysis using 
GraphPad InStat software (La Jolla, CA). Real-time PCR 
results were compared to the Scram group using unpaired 
t test.

Results

Figure 1 depicts NLRP1 staining in the normal rat blad-
der (top panels) as well as in the MYP3 cell line (bottom 
panels). In the bladder, staining was restricted to three main 
tissue types, the urothelial layer (indicated by brackets), 
the detrusor muscle (filled arrow) and in endothelial cells 
lining vascular structures (arrowhead). No staining was 
present in the interstitial cells. While staining appeared to 
be throughout the urothelia, in many areas it was particu-
larly concentrated in the outermost layer referred to as the 
umbrella layer (see area indicated by the box). MYP3 cells 
also displayed robust staining of NLRP1 (Fig. 1, lower pan-
els). In these cells the intracellular distribution varied from 
cell to cell. Indeed, within the same visual field cells could 
be found in which NLRP1 staining was concentrated in the 
nucleus, mostly excluded from the nucleus or found in both 
compartments; as indicated by the key.

When bladders were stained for NLRP3 (Fig. 2, upper 
panels), the staining appeared to be exclusively in the 
urothelial layer with little or no staining in the detrusor 
or endothelial cells. Some concentration of staining was 
apparent in the outermost layer of the urothelia, although 
this was not as pronounced as with NLRP1. MYP3 cells 
also stained for NLRP3 (Fig. 2, lower panels) and dis-
played the same variable distribution patterns seen with 
NLRP1.

Bladders stained vigorously for NLRP6 (Fig. 3, 
upper panels), NLRP7 (Fig. 4, upper panels) and 
NLRP12 (Fig. 5, upper panels) and displayed a pat-
tern virtually identical to that of NLRP1 (i.e., expressed 
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in the urothelial layer, the detrusor muscle and vas-
cular endothelial cells with little to no staining in the 
interstitial cells). Again, in the urothelial layer expres-
sion was often concentrated on the luminal edge. Like-
wise, expression of these three NLRs in the MYP3 cells 
(Figs. 3, 4, 5, lower panels) was concentrated in the 
nucleus, mostly excluded from the nucleus or found in 
both compartments. NLRC4 (Fig. 6, upper panels) was 

present in the bladder and concentrated in the urothelial 
layer with only light staining in the detrusor and vascu-
lar structures. Interestingly, distribution appeared fairly 
even across the urothelial layer and was not concentrated 
on the luminal surface. MYP3 cells also stained positive 
for this NLR (Fig. 6, lower panels) with the same var-
ied pattern of distribution. Aim2 (Fig. 7) displayed the 
same pattern as the majority of NLRs (NLRP1, NLRP6, 

Fig. 1  Staining of rat bladders 
and MYP3 cells for NLRP1. 
Upper panels micrographs of 
bladder sections stained with 
antibody to NLRP1 (or isotype 
control) and photographed at 
low magnification (low mag) or 
high magnification (high mag). 
Isotype controls are taken at the 
higher magnification. Lower 
panels micrographs of MYP3 
cells stained with NLRP1 (or 
isotype control) and photo-
graphed at low magnification 
(low mag) or high magnification 
(high mag). Isotype controls are 
taken at the higher magnifica-
tion. Areas of interest are indi-
cated by the key. Scale bar in 
the lower right corner of the top 
left Low Mag picture = 50 μm. 
Scale bar in the lower right 
corner of the top left High Mag 
picture = 25 μm

Fig. 2  Staining of rat bladders 
and MYP3 cells for NLRP3. 
Upper panels micrographs of 
bladder sections stained with 
antibody to NLRP3 (or isotype 
control) and photographed at 
low magnification (low mag) or 
high magnification (high mag). 
Isotype controls are taken at the 
higher magnification. Lower 
panels micrographs of MYP3 
cells stained with NLRP3 (or 
isotype control) and photo-
graphed at low magnification 
(low mag) or high magnification 
(high mag). Isotype controls are 
taken at the higher magnifica-
tion. Areas of interest are indi-
cated by the key. Scale bar in 
the lower right corner of the top 
left Low Mag picture = 50 μm. 
Scale bar in the lower right 
corner of the top left
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NLRP7 and NLRP12) in both the bladder (upper panels) 
and MYP3 cells (lower panels).

Our previous studies have demonstrated that NLRP3 
and NLRC4 are functional in primary urothelial cells [11]. 
To demonstrate that the innate response was functional in 
the MYP3 cells, these cells were treated with increasing 
doses of extracellular ATP, the quintessential activator of 

NLRP3 [17]. As shown in Fig. 8, ATP stimulated caspase-1 
in a dose-dependent manner, with significant effects seen 
at 1.25 and 2.5 mM. To demonstrate that this effect was 
due to NLRP3, expression of this receptor was knocked 
down using custom designed siRNA constructs. As shown 
in Fig. 9a, transient transfection with a single construct 
(A or B) knocked down mRNA by ≈70 % with a further 

Fig. 3  Staining of rat bladders 
and MYP3 cells for NLRP6. 
Upper panels micrographs of 
bladder sections stained with 
antibody to NLRP6 (or isotype 
control) and photographed at 
low magnification (low mag) or 
high magnification (high mag). 
Isotype controls are taken at the 
higher magnification. Lower 
panels micrographs of MYP3 
cells stained with NLRP6 (or 
isotype control) and photo-
graphed at low magnification 
(low mag) or high magnification 
(high mag). Isotype controls are 
taken at the higher magnifica-
tion. Areas of interest are indi-
cated by the key. Scale bar in 
the lower right corner of the top 
left Low Mag picture = 50 μm. 
Scale bar in the lower right 
corner of the top left High Mag 
picture = 25 μm

Fig. 4  Staining of rat bladders 
and MYP3 cells for NLRP7. 
Upper panels micrographs of 
bladder sections stained with 
antibody to NLRP7 (or isotype 
control) and photographed at 
low magnification (low mag) or 
high magnification (high mag). 
Isotype controls are taken at the 
higher magnification. Lower 
panels micrographs of MYP3 
cells stained with NLRP7 (or 
isotype control) and photo-
graphed at low magnification 
(low mag) or high magnification 
(high mag). Isotype controls are 
taken at the higher magnifica-
tion. Areas of interest are indi-
cated by the key. Scale bar in 
the lower right corner of the top 
left Low Mag picture = 50 μm. 
Scale bar in the lower right 
corner of the top left High Mag 
picture = 25 μm
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reduction apparent when the constructs were combined 
(A + B; ≈90 %). Similar effects were seen by Western 
blot (Fig. 9b) demonstrating that these constructs reduce 
the translated level of protein as well. The effect of the 
knockdown on caspase-1 activity, both basal and ATP-stim-
ulated, is shown in Fig. 10. Both single constructs (A and 
B) decreased basal expression which was further decreased 

by the combination (A + B), although this decrease never 
reached significance. ATP significantly increased activity in 
both the wild type and scrambled transfected cells to the 
same degree. Both A and B decreased activity to levels not 
significantly different from wild type and scrambled values 
(either 0 or 2.5 mM). The combination (A + B) signifi-
cantly reduced the 2.5 mM ATP activity from the activated 

Fig. 5  Staining of rat bladders 
and MYP3 cells for NLRP12. 
Upper panels micrographs of 
bladder sections stained with 
antibody to NLRP12 (or isotype 
control) and photographed at 
low magnification (low mag) or 
high magnification (high mag). 
Isotype controls are taken at the 
higher magnification. Lower 
panels micrographs of MYP3 
cells stained with NLRP12 (or 
isotype control) and photo-
graphed at low magnification 
(low mag) or high magnification 
(high mag). Isotype controls are 
taken at the higher magnifica-
tion. Areas of interest are indi-
cated by the key. Scale bar in 
the lower right corner of the top 
left Low Mag picture = 50 μm. 
Scale bar in the lower right 
corner of the top left High Mag 
picture = 25 μm

Fig. 6  Staining of rat bladders 
and MYP3 cells for NLRC4. 
Upper panels micrographs of 
bladder sections stained with 
antibody to NLRC4 (or isotype 
control) and photographed at 
low magnification (low mag) or 
high magnification (high mag). 
Isotype controls are taken at the 
higher magnification. Lower 
panels micrographs of MYP3 
cells stained with NLRC4 (or 
isotype control) and photo-
graphed at low magnification 
(low mag) or high magnification 
(high mag). Isotype controls are 
taken at the higher magnifica-
tion. Areas of interest are indi-
cated by the key. Scale bar in 
the lower right corner of the top 
left Low Mag picture = 50 μm. 
Scale bar in the lower right 
corner of the top left High Mag 
picture = 25 μm
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wild type and scrambled values to a level not significantly 
different from any of the unstimulated levels.

Discussion

Staining for the various inflammasome sensors in this study 
revealed that they all had a nearly identical tissue distribu-
tion. Staining was localized in the urothelial layer and often 
concentrated in the umbrella cells (and/or luminal surface 

of the urothelial cells). Some PRRs were also present in the 
detrusor smooth muscle and vascular endothelial cells. The 
expression of all seven of these PRRs in the bladder sug-
gests this organ possesses the capacity to respond to a large 

Fig. 7  Staining of rat bladders 
and MYP3 cells for AIM2. 
Upper panels micrographs of 
bladder sections stained with 
antibody to AIM2 (or isotype 
control) and photographed at 
low magnification (low mag) or 
high magnification (high mag). 
Isotype controls are taken at the 
higher magnification. Lower 
panels micrographs of MYP3 
cells stained with AIM2 (or iso-
type control) and photographed 
at low magnification (low mag) 
or high magnification (high 
mag). Isotype controls are taken 
at the higher magnification. 
Areas of interest are indicated 
by the key. Scale bar in the 
lower right corner of the top 
left Low Mag picture = 50 μm. 
Scale bar in the lower right 
corner of the top left High Mag 
picture = 25 μm
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repertoire of PAMPs expressed by uropathogens and put up 
a formidable defense to invasion.

NLRP1 was the original inflammasome described [18] 
and is well known to respond to lethal toxin from Bacillus 
anthracis (anthrax) [19]. While anthrax infection is not a 
common problem in the urinary tract, this NLRP1 has also 
been found to respond to muramyl dipeptide [20, 21] which 
is a common peptidoglycan constituent of both gram-
positive and gram-negative bacteria. Thus, this NLR may 
enable a response to a number of different uropathogens. 
Interestingly, Kummer et al. [10] did not find expression 
of NLRP1 in the bladder when he performed a survey of 
normal human tissues. There are many possible reasons for 
this discrepancy ranging from technical (difference in the 
antibodies used), to regulatory (it may have been upregu-
lated in our rats but downregulated in the human samples), 
to fundamental species differences (the human bladder sim-
ply does not express NLRP1 whereas the rat bladder does). 
Reanalysis of human bladder, particularly in diseased and 
inflamed states, may clarify this issue.

NLRP3 has also been shown to respond to muramyl 
dipeptide [22], but this is only one of many bacterial anti-
gens that it recognizes [23]. This NLR is by far the best 
studied PRR and has also been found to respond to numer-
ous DAMPs making it the likely mediator of sterile inflam-
mation in the bladder. Indeed, we have recently demon-
strated the importance of this molecule in a rat model of 
hemorrhagic cystitis [11]. In addition, one classic NLRP3 

DAMP, monosodium urate, is a major component of urine 
and bladder stones underscoring the importance of this 
NLR for multiple causes of sterile bladder inflammation. 
Our finding of NLRP3 expression in the rat bladder con-
firms our previous findings and those of Kummer et al. 
[10]. MYP3 cells also demonstrated the expression of 
NLRP3, making them suitable for studying this inflamma-
some in urothelial cell culture.

NLRP6 is also present in the urothelia, detrusor smooth 
muscle and vascular structures within the bladder. How-
ever, no specific PAMP has yet been shown to activate this 
NLR [12]. NLRP6 is best known for its role in guarding the 
integrity of the intestinal mucosa and regulating the colonic 
microbiota. [24–26]. The mechanism of this regulation is 
poorly understood but may involve the production and/or 
processing of IL-18 [25, 26]. While urine was traditionally 
considered sterile and therefore free of microbes, numerous 
recent studies have shown that urine from asymptomatic 
people does indeed have a “normal” biotic flora [27, 28]. 
This opens up the intriguing possibility that NLRP6 may 
help regulate the microbiota in the bladder as it does in 
the gut. In addition to maintaining the biota of the intes-
tinal tract, NLRP6 regulates production of the protective 
mucus layer (mucins and glycosaminoglycans) by facilitat-
ing autophagy in the goblet cells which allows the release 
of mucus containing granules [29]. In the bladder, surface 
mucus (mucins and glycosaminoglycans) acts as a barrier 
between urine and the underlying tissue and its dysfunction 
has been implicated in many bladder disorders including 
UTIs, calculus formation, radiation cystitis, carcinogenesis, 
and interstitial cystitis [30]. If NLRP6 were found to play a 
role in defects of mucus production in the bladder it could 
make an excellent therapeutic target for these conditions.

NLRP7, found in the urothelial and muscle layers of 
the bladder, assembles an inflammasome in response to 
microbial acylated lipopeptides which are common com-
ponents in a number of different bacteria. Thus, this NLR 
may participate in the innate response to a number of dif-
ferent invading pathogens. Interestingly, NLRP7-mediated 
production of IL-1β and IL-18 was required to block intra-
cellular replication of bacteria in human macrophages [31]. 
Therefore, there is the exciting possibility that this NLR 
mediates the response to intracellular bacterial communi-
ties (IBCs) that form in the urothelia cells after they have 
bypassed the initial mucus layer. Establishment of IBCs 
appears to be the critical step whereby acute UTI’s progress 
to chronic cystitis [32–34] and so understanding the action 
of this inflammasome could have high clinical relevance.

The importance of finding NLRP12 within the urothe-
lium, detrusor muscle, and vascular tissue of the rat bladder 
is not clear at this point. The exact activating ligand for this 
poorly understood inflammasome has not been identified 
but this NLR is important for the recognition of Yersinia 
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Fig. 10  ATP-stimulated caspase-1 activity in MYP3 cells is reduced 
by shRNA to NLRP3. MYP3 cells were transfected with one (A or B) 
or both (A + B) constructs encoding shRNA to NLRP3, as described 
in the “Materials and methods” section. Scram was transfected with a 
construct of equal length but a scrambled sequences. Wild type (wt) 
was not transfected. Cells were plated for 24 before treatment with 
0 or 2.5 mM ATP for 1 h. Caspase-1 activity was then. Bars repre-
sent the mean ± SEM. **p < 0.01, ***p < 0.001 compared to the wt, 
0 mM ATP group. † p < 0.01 compared to Scram treated with 2.5 mM 
ATP (0 mM ATP groups were not assessed for this statistic), N = 12 
for wild type, 3 for all other groups
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pestis, the causative microbe of the plague [35]. Moreover, 
this NLR has also been found to be a negative regulator of 
NF-kB [36] suggesting it may have complex regulatory 
effects on the innate immune system. Speculation regarding 
its significance in the bladder is premature at this point and 
awaits further investigation.

NLRC4 is an important and well-studied NLR that 
populates evenly throughout the urothelium with minimal 
expression in the detrusor layer. It is the only one of the 
inflammasome sensors that directly binds pro-caspase-1 
through its own endogenous caspase recruitment domain 
(CARD). NLRC4 responds to several bacterial compo-
nents, in particular the inner rod protein PrgJ (or PrgJ-
like proteins) of the Type III secretion system (T3SS) 
[37] and flagellin (Franchi 2006; Miao 2006) which is 
delivered into the cytoplasm using the T3SS [38]. Sen-
sitivity to a particular component appears to be deter-
mined by one of the NAIP proteins which actually bind 
to the respective ligand and facilitates the formation of 
an inflammasome with NLRC4 and caspase-1 [39–41]. 
Humans have only one NAIP protein but rodents appear 
to have at least seven [42]. Numerous studies have shown 
that rodent NAIP5 and 6 recognizes flagellin whereas 
NAIP1 and 2 mediate the response to needle and rod 
components of the T3SS [39–41]. Human NAIP does not 
bind flagellin or inner rod proteins but does bind needle 
subunits of the T3SS such as Cpr1 or its homologs [41]. 
Intriguingly, previous studies have shown that uropatho-
genic E.coli, by far the most common cause of UTI, 
expresses a T3SS [43] and thus would be likely to engage 
NLRC4 via NAIPs.

In addition to inflammasome formation, NLRC4, has 
been shown to elicit a rapid “eicosanoid storm” and eicos-
anoids have been implicated in several aspects of urinary 
tract infections [44–46]. Previously we have identified the 
presence of NRLC4 in rat urothelia and its activation by 
intravesical exposure to flagellin [11]. Data from this study 
confirm that finding and the demonstration of its presence 
in MYP3 show that this cell line is suitable for studying the 
properties of NLRC4 in the urothelium.

Aim2, found in the urothelium and detrusor muscle, is 
not an NLR but a member of the PYHIN family. It does, 
however, form an inflammasome and activate caspase-1 in 
much the same way as the more classical inflammasomes 
such as NLRP3. The ligand for AIM2 is double-stranded 
DNA [47, 48]. Exact DNA sequence is inconsequential as 
it may be recognized by this PRR so long as it is double 
stranded, of sufficient length (more than 80 bp) and present 
in the cytoplasm [49]. Indeed, DNA of viral, prokaryotic 
and mammalian origin has been shown to activate AIM2 
[48]. Thus, AIM2 in the urothelium may participate in 
response to bacterial pathogens that release their DNA into 
the cytoplasm (for example through cytosolic bacteriolysis 

[50, 51] while also acting as a critical sensor for viral 
pathogens.

Given the proximity of the bladder lumen to so many 
noxious agents, expression of such a vast array of PPRs by 
the urothelia makes them strategically positioned to maxi-
mize the innate response and minimize the time to that 
response. The mechanisms underlying the different infec-
tious and sterile attacks, as well as the interaction of the 
various PRRs with each other, will be the matter of study 
for years to come. One additional striking observation was 
the presence of so many inflammasome sensors in the det-
rusor smooth muscle (NLRP1, NLRP6, NLRP7, NLRP12 
and AIM2 with some light expression of NLRC4). Indeed, 
to the best of our knowledge this is the first study to demon-
strate their expression in muscle of any type. In the bladder, 
they could represent a second “wall” of innate immunity to 
defend against pathogens that have invaded deep into the 
tissue or perhaps they could be performing tasks related to 
normal bladder physiology. Interestingly, the only inflam-
masome we found to be absent in the detrusor, NLRP3, is 
the only one that has an established presence in other mus-
cle tissue types where its activation can produce significant 
consequences. For example, it is present in vascular smooth 
muscle where its recognition of cholesterol crystals [52] 
promotes vascular calcification and fibrosis [53]. It has also 
been found in normal primary skeletal muscles [54] and in 
cardiac muscles [55] where it appears to mediate diabetes-
induced myopathy. Understanding why it is excluded from 
detrusor muscle when all of the other PRRs were present is 
a matter for further inquiry.

This report is not an exhaustive study of the intracel-
lular localization of inflammasomes, but it does provide a 
snapshot of where they can be found under normal condi-
tions. The histological sections suggest that all are in the 
cytoplasm (the expected location for inflammasome forma-
tion), while some may be present in the nucleus. For exam-
ple, NLRC4 (Fig. 6) appears to be more concentrated in the 
nucleus than the cytoplasm, whereas NLRP6 (Fig. 3) shows 
concentration in some nuclei and exclusion from others. 
Individual MYP3 cells showed widely variable intracel-
lular locations for each of the PRRs. In each visual field, 
and for each PRR, cells could be found where localization 
was primarily nuclear, primarily cytoplasmic or distributed 
between both compartments. The reasons for this variabil-
ity are unknown at this point, but it is tempting to speculate 
that it may be related to their state of activation or they may 
be playing other roles that require nuclear localization, as 
proposed by Kummer et al. [10] for NALP1. Thus, future 
studies are needed to define how intracellular location of 
the various PRRs changes in response to activators and 
what the significance of those migrations might be. Acti-
vation studies on MYP3 cells in culture should provide an 
opportunity to initiate this line of inquiry.
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Finally, the expression of the full repertoire of urothelia 
NLRs in the MYP3 cells suggests they may prove to be an 
excellent tool to investigate the various pathways involved. 
Critical to establishing their experimental value was the 
demonstration that caspase-1 could be activated in these 
cells by the addition of extracellular ATP, the prototypical 
activator of NLRP3. Moreover, expression and subsequent 
activation of NLRP3 could be reduced by transient trans-
fection with shRNA targeting this NLR. Thus, the innate 
immune system ensemble represented by the immunocy-
tochemistry data is very likely to functional in these cells. 
Certainly NLRP3 is functional and further studies will be 
undertaken to determine whether the remaining NLRs are 
activatable.

This study demonstrates that the bladder possesses 
several different PRRs capable of recognizing pathogens 
or damaged host cells and provoking a response from the 
innate immune system. While the ability of these recep-
tors to respond to important uropathogens or sterile attacks 
must still be determined, this study suggests that it is fertile 
ground for future exploration. Fortunately, as shown here, 
the MYP3 cells provide a suitable model for investigating 
these phenomena as they clearly express all of the PRRs 
contained in the rat urothelium.
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