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Abstract: The NLRP3 inflammasome is a cytoplasmic complex that senses molecular patterns from
pathogens or damaged cells to trigger an innate immune defense response marked by the production
of proinflammatory cytokines IL-1f3 and IL-18 and an inflammatory death called pyroptosis. The
NLRP3 inflammasome is activated in the urinary tract by a variety of infectious and non-infectious
insults. In this study, we investigated the role of the NLRP3 inflammasome by comparing the
pathophysiology of methicillin-resistant Staphylococcus aureus (MRSA) ascending UTI in wild-type
(WT) and Nlrp3*/ ~ mice. The difference in the bacterial burden detected in the urinary tracts of
MRSA-infected WT and Nlrp3_/ ~ was not statistically significant at 6, 24, and 72 h post-infection (hpi).
The levels of pro-inflammatory cytokines and chemokines as well as the numbers of granulocytes
recruited to bladder and kidney tissues at 24 hpi were also similar between Nirp3~/~ and WT mice.
The histopathological analysis of MRSA-infected bladder and kidney sections from Nlrp3~/~ and
WT mice showed similar inflammation. Overall, these results suggest that MRSA-induced urinary
NLRP3 activity does not play a role in the pathophysiology of the ascending UTI.
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1. Introduction

Staphylococcus aureus is an atypical cause of asymptomatic bacteriuria and complicated
urinary tract infections (UTIs) primarily affecting individuals with indwelling urinary
catheters, the elderly, and the hospitalized [1-7]. S. aureus colonization of the urinary
tract (UT) is a major clinical concern because of the increased detection of methicillin-
resistant Staphylococcus aureus (MRSA) in urine specimens in the last two decades [6,8,9]
and because it can exacerbate into bloodstream infections (BSIs) secondary to UTI (called
uBSI, where u refers to UTI) and their potentially life-threatening sequelae such as sepsis
and shock [6,9-11]. Previous reports have described specific host-pathogen effectors crucial
for the survival and persistence of MRSA in the UT. For example, in the mouse model
of catheter-associated UTI (CAUTI), MRSA infection was reported to augment catheter
implant-mediated localized pro-inflammatory cytokine response and fibrinogen release in
the urinary bladder [12]. We have reported that 2-hour-long, in vitro exposure to human
urine increases MRSA virulence and induces expression of metabolic genes necessary for
survival in the nutrient-limiting environment of the UT [13] and that in a mouse model
of CAUTI, the MRSA mutants in the tricarboxylic acid (TCA) cycle gene sucD and the
pyruvate oxidation gene IpdA are defective in bladder infection and uBSI [14]. In this report,
we explored the role of NLRP3 (NOD (nucleotide oligomerization domain) LRR (leucin-rich
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repeat)-containing receptor, pyrin domain-containing protein 3) inflammasome in MRSA
uropathogenesis.

In response to a variety of bacterial molecular patterns, NLRP3 forms a cytoplasmic
inflammasome complex with ASC (Apoptosis-associated Speck-like protein containing
Caspase activation and recruitment domain) adaptor, and caspase-1, which cleaves pro-IL-
1 and pro-IL-18 into active IL-13 and IL-18 and activates pro-inflammatory programmed
cell death called pyroptosis via gasdermin cleavage [15]. Previous reports have revealed
that uropathogenic Escherichia coli (UPEC) virulence factors «-hemolysin [16,17], type 1
fimbriae [18], and Toll/IL-1 receptor-containing (TIR-containing) protein C (TcpC, produced
by UPEC strain CFT073) [19] play a crucial role in modulating NLRP3-mediated IL-1f3
production and pyroptosis in macrophages [16,19,20], neutrophils [21], renal fibroblasts [22],
and bladder epithelial cells [18] in a UPEC-strain dependent manner. NLRP3-pyroptosis is
an effective defense against acute cystitis as it mediates the exfoliation of bladder epithelium
and the subsequent elimination of adherent and intracellular UPEC [17,23]. Indeed, 24 h
after experimental induction of ascending UTI with UPEC CFT073, Nlrp3~/~ mice exhibited
significantly higher UT bacterial burden and severe cystitis compared with their wild-type
(WT) counterparts, although in UPEC-infected Nlrp3~/~ mice, while IL-13 was processed
via a non-canonical, metalloproteinase-7-mediated mechanism [23]. CFT073 factor TcpC
has also been reported to interact with NLRP3 and reduce IL-13 production in murine
macrophages [19]. Moreover, exfoliation of infected bladder epithelium also exposes
underlying cells to uropathogens, suggesting a role for UPEC-a-hemolysin-mediated
activation of NLRP3 in priming the UT for chronic infection [24].

Since the role of NLRP3 in the pathogenesis of non-UPEC uropathogens has not been
deciphered, we sought to bridge this knowledge gap by comparing MRSA uropathogenesis
in WT and NIrp3~/~ mice. We hypothesized that NLRP3 inflammasome activity plays a
protective role in MRSA acute cystitis. Various S. aureus toxins including Panton-Valentine
leukocidin (PVL), leukocidin AB (LukAB), and «-hemolysin (Hla) have been reported to
trigger the NLRP3 inflammasome in myeloid cells [25-28]. NLRP3 activity can be protective,
detrimental, or dispensable for the host depending on the site of S. aureus infection. For
example, in the mouse model of S. aureus skin and soft tissue infection, NLRP3 activity
regulates IL-17 production by y0T cells and is protective for the host [29]; in the mouse
model of MRSA pneumonia, NLRP3 suppresses bactericidal activities of macrophages
and is detrimental for the host [25]; while in the mouse model of acute central nervous
system MRSA infection, NLRP3 is dispensable as it can be replaced with AIM2 (absent in
melanoma 2) in the IL-1§3 processing inflammasome complex [30]. We compared bacterial
organ burden, cytokine response, and immune cell recruitment between WT and Nlrp3~/~
mice infected with MRSA 1369 via the transurethral route.

2. Materials and Methods
2.1. Bacteria, Mice, and the Reagents

All reagents were purchased from Fisher Scientific unless otherwise specified.
Uropathogenic MRSA 1369 [31] was incubated at 37 °C to a mid-log phase (ODggg = 0.6).
To prepare inoculum for mouse infections, bacteria were washed once in sterile D-PBS (Dul-
becco’s phosphate-buffered saline) and adjusted to 10° CFU (colony-forming units) /mL.
NLRP3 inhibitor MCC950 was purchased from InvivoGen and resuspended in DMSO
vehicle before administration at the desired concentration.

2.2. Mouse Models of Ascending UTI and Catheter-Associated UTI (CAUTI)

The mouse experiments were approved by the Institutional Animal Care and Use Com-
mittee (IACUC) at the University of Louisiana at Lafayette (2018-8717-011). The Nlrp3~/~
(Stock #021302, The Jackson Laboratory [32]) mouse breeding trio was housed at the biology
department mouse facility located at UL Lafayette. To standardize gut microbiota between
WT and Nlrp3~/~ mice, we used bedding transfer, where the soiled bedding from the
cages housing WT (C57BI6) and Nlrp3~/~ mice was mixed and distributed equally over
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a period of three weeks, from 5 to 8 weeks of age [33]. For inducing ascending UTI, we
administered via transurethral catheterization 5 x 10” CFU of MRSA 1369 resuspended in
50 ul sterile PBS into the urinary bladders of 8-weeks-old female WT and Nlrp3~/~ mice
anesthetized using isoflurane (RXISO-100, Med-Vet International, USA) inhalation [34]. In
separate experiments, we induced CAUTI by administering MRSA 1369 via transurethral
catheterization immediately after implanting a 5 mm piece of silicone tubing (SIL 025,
RenSIL) [12]. Mice were euthanized (CO; inhalation followed by cervical dislocation) at
indicated time points. The bladder, kidney, and spleen were dilution plated to determine
organ-specific bacterial burden or processed for ELISA, flow cytometry, or histopathology,
as described elsewhere.

2.3. MCC950 Treatment of the Mouse Model of Ascending UTI

In separate experiments, 4 h after induction of ascending UTI, one group of MRSA
1369-infected WT mice was intraperitoneally injected with 10 mg/kg MCC950 while the
control group was injected with DMSO vehicle. Mice were euthanized 24 h post-infection
(hpi), and MRSA burden in the bladder, the kidneys, and the spleen was determined by
dilution-plating tissue homogenates.

2.4. Cytokine Profiling by ELISA

The bladder and kidney homogenates in sterile D-PBS were filtered through a 0.65 pm
Ultrafree®-MC Centrifugal Filter (UFC30DVO0S, Millipore sigma, Burlington, MA, USA),
and the total protein concentration was estimated using a Pierce BCA protein assay kit
(Thermo Fisher Scientific, Waltham, MA, USA). The levels of cytokines IL-1f3, IL-6, IL-10, IL-
17A, TNF-a, CXCL1 (KC), CCL2 (MCP-1), CCL3 (MIP1«x), CCL5 (RANTES), and IFN-y in
the tissue homogenates were estimated using MILLIPLEX® Mouse Cytokine/Chemokine
Magnetic Bead Panel (MCYTOMAG-70K-10C).

2.5. Immune Cell Infiltration in the Bladder and the Kidney Tissues

Specific immune cells infiltrating the bladder and the kidneys of WT and Nlrp3~/~
mice were identified using a panel of fluorescent-labeled antibodies for flow cytometry
(Table 1 and [35]). Prior to the antibody treatment, the diced organs were enzymatically
digested in RPMI medium containing collagenase IV (8 mg/mL for the bladder and
2 mg/mL for the kidney) and DNase I (1 pL) at room temperature (RT) for 90 min and
250 rpm shaking with frequent pipetting to mix. The cell suspension was passed through a
35 um filter strainer (Falcon®, USA) to remove leftover tissue pieces and washed once in
D-PBS (650 g, 5 min, RT).

Table 1. List of antibodies used for flow cytometry.

Antibodies Conjugate Clone
CDe64 BV 786 X54-5/7.1
SiglecF BV711 M290
CD3 BV650 145-2C11
CD45 BV605 30-F11
Live/Dead Alexa fluor 430
Fc epsilon RI Pac Blue MARI1
Ly6C PE-Cy7 HK1.4
CDl11c PerCp-Cy5.5 N418
CD103 PE-CF594 M290
c-kit (CD117) PE 2B8
CD11b FITC M1/70
MHC-II (I-A/I-E) APC-Fire750 M5/114.15.2
F4/80 Alexa Fluor 700 CIL:A3-1
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After treatment with RBC lysis buffer (RT, 10 min), the cells were centrifuged. Next,
the cell pellets were stained (in tubes protected from light) with 1 pL live/dead marker
(Alexa Fluor 430 NHS Ester (Succinimidyl Ester, ThermoFisher) RT, 25 min), 2 uL of Fc
block (surface staining, 4 °C, 10 min), and then with an antibody cocktail (2 pL/antibody,
RT, 15 min). Between the two staining steps, the cell pellets were washed once in FACS
buffer (D-PBS + 2%FBS). After the final staining step, the cells were resuspended in 250 pL
fixation buffer (4 °C, 20 min), washed once in FACS buffer, and resuspended in FACS buffer
for use in flow cytometry. The data were analyzed with Flow]JO™ version 10 (BD Life
Sciences, Franklin Lakes, NJ, USA). After gating on CD45* cells, we detected monocytes
(MHCII™ CD11b* Ly6G™), neutrophils (MHCII~ CD11b* Ly6G*), eosinophils (MHCII~
CD11b* SiglecF* Ly6G™), and mast cells (CD117") using the gating strategy described in
Figure S1.

2.6. Histopathological Examination of the Bladder and Kidney

WT and NIrp3~/~ mouse bladders and kidneys (from MRSA-infected and control
mice) were preserved in 10% formalin, embedded in paraffin, sectioned, and stained with
hematoxylin and eosin. The severity and extent of inflammation in each section were
scored in a blinded manner by a veterinary pathologist using a published semiquantitative
scoring scheme [36]. For bladder sections, widespread inflammation, thrombosed vessels,
and marked submucosal edema were assigned a score of 3; mixed inflammation in mucosa
and submucosa and around vessels, a score of 2; scattered neutrophils in the submucosa
and migrating through the mucosa, a score of 1; while normal sections were assigned a
score of 0. For kidney sections, many neutrophils in the pelvic lumen and within the tissue
were assigned a score of 3; clustered neutrophils in the pelvic lumen and inflammation
within the epithelium and surrounding stroma, a score of 2; scattered neutrophils migrating
through the pelvic epithelium, a score of 1; while normal sections were assigned a score
of 0.

2.7. Statistical Analysis

The data were analyzed using GraphPad Prism 10. Data from multiple biological
replicates with two or more technical replicates for each experiment were pooled together.
Error bars in the figures represent standard deviation. Organ burden, cytokine amount,
number of infiltrating immune cells, and histological scores between the WT and the
NlIrp3~/~ mice were compared using the Mann-Whitney U statistic. The numbers of
WT and Nlrp3~/~ spleen homogenates with MRSA CFUs and the numbers of WT and
NIrp3~/~ bladders from which we could recover catheter implants were compared using
Fisher’s exact test. Data were considered statistically significant if p < 0.05.

3. Results
3.1. The Pathophysiology of MRSA UTI in WT and Nlrp3~/~ Mice

To examine the effects of the NLRP3 inflammasome on the pathophysiology of acute
UTI, we inoculated MRSA 1369 in C57BL6 WT and Nlrp3~/~ mice via transurethral catheter-
ization and enumerated CFU burden. At 24 hpi, compared to their WT counterparts,
MRSA-infected Nlrp3~/~ mice showed a statistically insignificant reduction in the median
bladder (WT = 2250 CFU/mL, Nlrp3~/~ = 130 CFU/mL; p = 0.22) and median kidney CFUs
(WT =10,250 CFU/mL, Nlrp3_/_ = 1251 CFU/mL; p = 0.12); we detected MRSA CFUs in
the spleens of 3/14 WT and 0/18 NlrpS’/ ~ mice (Figure 1A). MRSA CFUs in the bladder,
kidney, and spleen homogenates from WT and NIrp3~/~ mice were also not significantly
different at either 6 hpi (Figure S2A) or 72 hpi (Figure S2B).

Interestingly, when NLRP3 was ablated by treating MRSA 1369-infected WT mice at
4 hpi with NLRP3 inhibitor MCC950, the median bladder bacterial burden in MCC950-
treated mice was significantly reduced compared with that in vehicle (DMSO)-treated
control mice at 24 hpi (MCC950 = 690 CFU/mL, DMSO = 225 CFU/mL; p = 0.049, Figure 1B).
However, MCC950 treatment did not significantly affect either the median kidney CFUs
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(MCC950 < LOD, DMSO = 225 CFU/mL, p = 0.2) or the number of mice with kidney
bacterial burden (MCC950 = 3/8, DMSO = 5/8, p = 0.6 by Fisher’s exact test) (Figure 1B).
We confirmed that MCC950 does not directly affect MRSA 1369 survival based on the
similar CFUs observed in MRSA 1369 cultivated in vitro for 24 h in the presence of either
MCC950 or DMSO vehicle (Figure S3).
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Figure 1. The effects of NLRP3 ablation on MRSA CFUs in the murine urinary tracts. Female WT
(control) and Nirp3~/~ mice were inoculated transurethrally with 5 x 107 CFU of uropathogenic
MRSA strain, MRSA 1369. Mice were euthanized, and the bacterial burden in the bladder, the kidneys,
and the spleen were determined at 24 hpi (A). In separate experiments, WT C57BL6 mice infected
with MRSA1369 were injected 4hpi intraperitoneally with either 10 mg/kg MCC950 or DMSO vehicle.
MRSA CFUs in the bladder, the kidneys, and the spleen were determined at 24 hpi (B). At 24 hpi,
MRSA 1369 organ burden in the UT and catheter insert was also determined in the WT and Nlrp3~/~
mouse model of CAUTI (C). Scatter plots show CFU counts from individual mice (1 = 6 to 18/group)
with the median as the measure of central tendency; the dotted lines show the limit of detection.
The data from 3 (A) or 2 (B,C) independent experiments are shown. Statistical significance was
determined with a Mann—-Whitney U test. For all figures, p < 0.05 was considered significant and
indicated by *.

Since MRSA UTI is predominantly associated with indwelling urinary catheter use [6],
we modeled CAUTI by placing, via the urethra, a small piece of silicone tubing into the
bladder of WT and N lrp3’/ ~ at the time of infection [14]. At 24 hpi, the median MRSA
CFUs in the bladder (WT = 192,000 CFU/mL, Nlrp3_/ ~ =385,000 CFU/mL; p = 0.72),
catheter implant (WT = 46,000 CFU/mL, NlrpS’/ ~ =31,500 CFU/mL; p = 0.52), and kidney
(WT = 8501 CFU/mL, Nlrp3’/ ~ =22,950 CFU/mL; p = 0.48) tissues were not significantly
different between WT and NIrp3~/~ mice; the median CFU in the spleen was below the
limit of detection in both WT and Nlrp3~/~ (Figure 1C). We observed similar median
MRSA CFUs in the bladder, catheter, kidney, and spleen of WT and Nlrp3~/~ CAUTI mice
at 72 hpi (Figure S4A) and 7 days pi (Figure S4B). We recovered catheter implants from
5/8 WT and 8/8 Nlrp3~/~ mice at 24 hpi and 6/8 WT and 4/8 Nlrp3~/~ mice at 72 hpi.

Overall, these results indicated that NLRP3 is dispensable for MRSA ascending UTI
and MRSA CAUTL

3.2. Acute MRSA 1369 UTI Induces Similar Cytokine Production and Immune Cell Recruitment
to the UT of WT and Nlrp3~/~ Mice

Next, we determined the levels of cytokines (multiplex ELISA) in and immune cell
recruitment (flow cytometry) to the bladders and kidneys from the WT and Nlrp3~/~ mice
at 24 hpi, when MRSA 1369 is reported to induce significant localized inflammation in
murine bladders [12].

Figure 2 shows that the IL-6, IL-10, CXCL1, CCL2, and CCL3 levels in WT and
NlrpS’/ ~ mouse bladders (Figure 2A) and the IFNY, IL-10, CXCL1, and CCL3 levels in
WT and Nlrp3~/~ mouse kidneys (Figure 2B) were above the limit of detection but not
significantly different. The remaining cytokine levels were below the level of detection.

Using the fluorescent antibodies to stain specific cell surface markers (Table 1) and the
gating strategy (Figure S1), we differentiated between different immune cells. Among the
CD45* cells, MHCII~ /CD11b* /Ly6G*-neutrophils, MHCII~ /CD11b* /Ly6G ™~ -monocytes,
MHCII~ /CD11b" /SiglecF* /Ly6G~-monocytes and CD117*-mast cells were dominant.
However, compared to their WT counterparts, neither Nlrp3~/~ bladders nor Nlrp3~/~
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kidneys showed significantly different recruitment of neutrophils, monocytes, eosinophils,
or mast cells (Figure 3A,B).
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Figure 2. Cytokine profiling of MRSA-infected WT and Nlrp3~/~ mouse urinary tracts. MRSA
1369-infected female WT (control) and NlrpS*/ ~ mice were euthanized at 24 hpi. The levels of
specific cytokines in MRSA-infected bladder (A) and kidney (B) homogenates from WT or Nlrp3~—/~
mice were quantified with Multiplex-ELISA. The combined data from two or more independent
experiments are shown.
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Figure 3. Immune cell infiltration to MRSA-infected WT and NIrp3~/~ mouse urinary tracts. The
bladder (A) and kidney (B) homogenates from WT (n=9) and Nlrp3*/ ~ (n =7) mice infected with
MRSA 1369 for 24 h were analyzed with flow cytometry. Specific lymphocyte types are shown as the
percentage of CD45* lymphocytes. The combined data from two or more independent experiments
are presented as mean =+ standard deviation.

3.3. Histopathological Examination of WT and Nlrp3~/~ Bladder and Kidney Sections

In comparison with the PBS-inoculated controls, MRSA-infected WT as well as
NIrp3~/~ mice showed a significantly higher presence of inflammatory cells in bladders
(Figure 4A) and kidneys (Figure 4C). We observed that MRSA infection significantly in-
creased the median inflammation scores in the bladder (Figure 4B) and kidney (Figure 4D)
of both WT and Nlrp3~/~ mice compared with PBS-inoculated controls. However, the
severity of inflammation in either MRSA-infected bladder or MRSA-infected kidney tissues
between WT and Nlrp3~/~ mice was not significantly different.
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o

Cystitis score

PBS MRSA PBS MRSA
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Figure 4. Cont.
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Figure 4. Histopathological examination of MRSA-infected WT and Nlrp3~/~ bladder and kidney
sections. Bladder (A) and kidney (C) sections from control (PBS) and MRSA-infected WT and
Nirp3~/~ mice were stained with hematoxylin—eosin to visualize inflammatory cells (shown with an
arrow). The tissue sections were scored in a blinded manner using the specific criteria listed in the
material and methods. The inflammation scores for individual bladder (B) and kidney (D) samples
are presented as a scatter plot with the median as the measure of central tendency. The inflammation
score (B,D) data are from tissue sections from two independent experiments. Statistical significance
was determined with the Mann-Whitney U test.

4. Discussion

Various reports have established a crucial role for the NLRP3 inflammasome in acute
and chronic cystitis caused by uropathogenic E. coli (UPEC) [16-24]. Whether the NLRP3
inflammasome is important in MRSA-UTI, however, has not been deciphered. In this report,
we sought to bridge this knowledge gap by comparing MRSA UTI between C57BL6 WT and
NIrp3~—/~ mice carrying a targeted mutation in the Nlrp3 gene [32]. Our central hypothesis
was that NLRP3 inflammasome activity plays a protective role in MRSA acute cystitis. The
in vitro exposure to human urine induces the expression of MRSA-1369 «-hemolysin [13],
which is a known activator of NLRP3 in myeloid cells [26]. As a model organism, we used
uropathogenic MRSA 1369, which has been previously used in UTI research [12-14]. We
examined MRSA organ burden in the WT and Nirp3~/~ mice either in the absence or the
presence of the catheter implant. Examining MRSA infection in the mouse model of CAUTI
is clinically relevant because the use of an indwelling urinary catheter is a known risk
factor for MRSA-UTI [7]. The choice of time points (6, 24, and 72 hpi for ascending UTI
without catheter insert and 72 hpi and 7 days pi for CAUTI) for organ burden comparison
was driven by previous reports that WT mice cleared MRSA infection around 96 hpi in the
absence of a catheter implant [37], while MRSA CFUs were detected until 14 days pi in a
mouse model of CAUTI [12].

We observed a consistent but statistically insignificant reduction in the CFUs recovered
from the bladder and kidneys of NIrp3~/~ mice compared to the WT at 24 and 72 h after
the induction of ascending UTI without catheter implants. MRSA burden was detected
in fewer Nlrp3~/~ mouse kidneys compared to the WT, although this difference was also
not statistically significant. In contrast to these results, in the mouse model of CAUTI, the
median MRSA CFUs recovered from the bladder and the kidneys, the overall spread of
the data around the median, and the number of mice with detectable CFU burden were
similar between the WT and Nlrp3~/~ backgrounds at 24 and 72 hpi. Even at 7 days pi, the
CFU difference between WT and NIrp3~/~ MRSA burden was not statistically different.
The administration of NLRP3 inhibitor MCC950, 4 h after the induction of ascending
UTI without a catheter, resulted in a 3-fold, statistically significant reduction in bladder
CFUs at 24 hpi and a corresponding reduction in kidney CFUs that was statistically non-
significant. MCC950 is a small molecular inhibitor that selectively inhibits the formation of
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NLRP3 inflammasome complex by binding the NLRP3 NACHT domain and blocking ATP
hydrolysis [38,39].

In addition, the immune profiling of mice revealed that NLRP3 activity does not
affect either cytokine production or immune cell infiltration in the MRSA-infected UT.
The histopathological examination of bladder and kidney sections showed that MRSA
1369-induced inflammation was not significantly different between WT and Nlrp3~/~
mice. It has been previously reported that MRSA 1369 infection exacerbates catheterization-
induced localized inflammation at 24 hpi [12]; the bladder and the kidneys from the WT
mice infected without a catheter implant with MRSA strain SA116 also showed higher
levels of pro-inflammatory cytokines, IL-1f3, IL-6, and TNFo at 24 hpi [37]. In contrast, we
observed that MRSA 1369 mediates only a modest increase in the levels of various pro-
inflammatory cytokines and chemokines in the non-catheterized murine UT at 24 hpi. This
discrepancy may be attributed either to the catheter implant or to the potential differences
between SA116 and MRSA 1369.

5. Conclusions

In summary, the activation of the NLRP3 inflammasome appears to be dispensable
during MRSA acute UTI. Since we examined infection parameters in WT and Nlrp3~/~
mice up to 72 h after the induction of ascending UTI without a catheter, future experiments
focused on determining (i) whether MRSA-induced NLRP3 activity induces exfoliation
of the uroepithelium, in turn promoting chronic MRSA-UTI, similar to what is reported
in UPEC-UT]I, and (ii) whether urinary NLRP3 activity shapes the pathophysiology of
life-threatening exacerbations such as uBSI following MRSA CAUTI are warranted.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pathogens13020106/s1, Figure S1: The gating strategy for flow
cytometry; Figure S2: MRSA 1369 organ burden in the WT and NIrp3~/~ mouse model of ascending
UTI (without a catheter insert) at 6 and 72 hpi; Figure S3: MCC950 does not affect the in vitro growth
of MRSA 1369 in brain heart infusion (BHI) broth; Figure S4: MRSA 1369 organ burden in the WT
and Nlrp3~/~ mouse model of CAUTI at 72 hpi (A) and 7 days pi (B).

Author Contributions: Conceptualization, S.P. (Santosh Paudel) and R.K. (Ritwij Kulkarni); method-
ology, S.P. (Santosh Paudel), K.A.R. and R.K. (Rahul Kumar); validation, S.P. (Santosh Paudel), R.K.
(Ritwij Kulkarni), formal analysis, S.P. (Santosh Paudel), K.A.R., S.P. (Sonika Patial) and R.K. (Ritwij
Kulkarni); writing—original draft preparation, S.P. (Santosh Paudel) and R.K. (Ritwij Kulkarni);
writing—review and editing, S.P. (Santosh Paudel) and R.K. (Ritwij Kulkarni); visualization, S.P.
(Santosh Paudel) and R.K. (Ritwij Kulkarni); supervision, S.P. (Sonika Patial), Y.S. and R.K. (Ritwij
Kulkarni); project administration, R.K. (Ritwij Kulkarni); funding acquisition, R.K. (Ritwij Kulkarni).
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the University of Louisiana at Lafayette, College of Sciences,
Dean’s startup funds (to Ritwij Kulkarni), and the grant R21 AI165939 (to Ritwij Kulkarni) from the
NIH National Institute of Allergy and Infectious Diseases.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Animal Care and Use Committee (IACUC) at UL Lafayette (2018-8717-011).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the body of this article
or the online Supplementary Materials.

Acknowledgments: The authors thank S. Hultgren and J. Walker, Washington University at St. Louis,
US for the gift of the MRSA 1369 strain. The authors also thank the Kulkarni lab members for their
helpful discussions.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the
design of this study; in the collection, analyses, or interpretation of data; in the writing of this
manuscript; or in the decision to publish the results [7].


https://www.mdpi.com/article/10.3390/pathogens13020106/s1
https://www.mdpi.com/article/10.3390/pathogens13020106/s1

Pathogens 2024, 13, 106 90of 10

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Wagenlehner, FM.; Cek, M.; Naber, K.G.; Kiyota, H.; Bjerklund-Johansen, T.E. Epidemiology, treatment and prevention of
healthcare-associated urinary tract infections. World J. Urol. 2012, 30, 59-67. [CrossRef]

Gaston, ].R.; Johnson, A.O.; Bair, K.L.; White, A.N.; Armbruster, C.E. Polymicrobial interactions in the urinary tract: Is the enemy
of my enemy my friend? Infect. Immun. 2021, 89, e00652-20. [CrossRef]

Gajdacs, M.; Abrok, M.; Lazar, A.; Burian, K. Increasing relevance of Gram-positive cocci in urinary tract infections: A 10-year
analysis of their prevalence and resistance trends. Sci. Rep. 2020, 10, 17658. [CrossRef]

Ackermann, R.J.; Monroe, PW. Bacteremic urinary tract infection in older people. J. Am. Geriatr. Soc. 1996, 44, 927-933. [CrossRef]
Shrestha, L.B.; Baral, R.; Khanal, B. Comparative study of antimicrobial resistance and biofilm formation among Gram-positive
uropathogens isolated from community-acquired urinary tract infections and catheter-associated urinary tract infections. Infect.
Drug Resist. 2019, 12, 957-963. [CrossRef]

Routh, J.C.; Alt, A.L.; Ashley, R.A.; Kramer, S.A.; Boyce, T.G. Increasing prevalence and associated risk factors for methicillin
resistant Staphylococcus aureus bacteriuria. J. Urol. 2009, 181, 1694-1698. [CrossRef] [PubMed]

Looney, A.T.; Redmond, E.J.; Davey, N.M.; Daly, PJ.; Troy, C.; Carey, B.E; Cullen, . M. Methicillin-resistant Staphylococcus aureus as
a uropathogen in an Irish setting. Medicine (Baltimore) 2017, 96, e4635. [CrossRef] [PubMed]

Shigemura, K.; Tanaka, K.; Osawa, K.; Arakawa, S.; Miyake, H.; Fujisawa, M. Clinical factors associated with shock in bacteremic
UTL. Int. Urol. Nephrol. 2013, 45, 653—657. [CrossRef] [PubMed]

Muder, R.R.; Brennen, C.; Rihs, ].D.; Wagener, M.M.; Obman, A.; Stout, ].E.; Yu, V.L. Isolation of Staphylococcus aureus from the
urinary tract: Association of isolation with symptomatic urinary tract infection and subsequent staphylococcal bacteremia. Clin.
Infect. Dis. 2006, 42, 46-50. [CrossRef] [PubMed]

Grillo, S.; Cuervo, G.; Carratala, J.; Grau, I; Llaberia, M.; Aguado, ].M.; Lopez-Cortes, L.E.; Lalueza, A.; Sanjuan, R.; Sanchez-
Batanero, A.; et al. Characteristics and Outcomes of Staphylococcus aureus Bloodstream Infection Originating from the Urinary
Tract: A Multicenter Cohort Study. Open Forum Infect. Dis. 2020, 7, ofaa216. [CrossRef] [PubMed]

Lafon, T.; Hernandez Padilla, A.C.; Baisse, A.; Lavaud, L.; Goudelin, M.; Barraud, O.; Daix, T.; Francois, B.; Vignon, P. Community-
acquired Staphylococcus aureus bacteriuria: A warning microbiological marker for infective endocarditis? BMC Infect. Dis. 2019,
19, 504. [CrossRef] [PubMed]

Walker, J.N.; Flores-Mireles, A.L.; Pinkner, C.L.; Schreiber, H.L.; Joens, M.S.; Park, A.M.; Potretzke, A.M.; Bauman, T.M.; Pinkner,
J.S.; Fitzpatrick, J.A]; et al. Catheterization alters bladder ecology to potentiate Staphylococcus aureus infection of the urinary tract.
Proc. Natl. Acad. Sci. USA 2017, 114, E8721-E8730. [CrossRef] [PubMed]

Paudel, S.; Bagale, K.; Patel, S.; Kooyers, N.J.; Kulkarni, R. Human Urine Alters Methicillin-Resistant Staphylococcus aureus
Virulence and Transcriptome. Appl. Environ. Microbiol. 2021, 87, €0074421. [CrossRef] [PubMed]

Paudel, S.; Guedry, S.; Obernuefemann, C.L.P.; Hultgren, S.J.; Walker, ].N.; Kulkarni, R. Defining the Roles of Pyruvate Oxidation,
TCA Cycle, and Mannitol Metabolism in Methicillin-Resistant Staphylococcus aureus Catheter-Associated Urinary Tract Infection.
Microbiol. Spectr. 2023, 11, e0536522. [CrossRef] [PubMed]

Bortolotti, P.; Faure, E.; Kipnis, E. Inflammasomes in tissue damages and immune disorders after trauma. Front. Immunol. 2018, 9,
1-17. [CrossRef] [PubMed]

Schaale, K.; Peters, K.M.; Murthy, A.M.; Fritzsche, A K.; Phan, M.D.; Totsika, M.; Robertson, A.A.; Nichols, K.B.; Cooper, M.A;
Stacey, K.J.; et al. Strain- and host species-specific inflammasome activation, IL-1beta release, and cell death in macrophages
infected with uropathogenic Escherichia coli. Mucosal Immunol. 2016, 9, 124-136. [CrossRef]

Nagamatsu, K.; Hannan, T.J.; Guest, R.L.; Kostakioti, M.; Hadjifrangiskou, M.; Binkley, J.; Dodson, K.; Raivio, T.L.; Hultgren, S.J.
Dysregulation of Escherichia coli alpha-hemolysin expression alters the course of acute and persistent urinary tract infection. Proc.
Natl. Acad. Sci. USA 2015, 112, E871-E880. [CrossRef]

Demirel, I; Persson, A.; Brauner, A.; Sarndahl, E.; Kruse, R.; Persson, K. Activation of the NLRP3 Inflammasome Pathway by
Uropathogenic Escherichia coli Is Virulence Factor-Dependent and Influences Colonization of Bladder Epithelial Cells. Front. Cell
Infect. Microbiol. 2018, 8, 81. [CrossRef]

Waldhuber, A.; Puthia, M.; Wieser, A.; Cirl, C.; Durr, S.; Neumann-Pfeifer, S.; Albrecht, S.; Rommler, F; Muller, T.; Zheng, Y.; et al.
Uropathogenic Escherichia coli strain CFT073 disrupts NLRP3 inflammasome activation. J. Clin. Investig. 2016, 126, 2425-2436.
[CrossRef]

Symington, ].W.; Wang, C.; Twentyman, J.; Owusu-Boaitey, N.; Schwendener, R.; Nunez, G.; Schilling, J.D.; Mysorekar, 1.U.
ATG16L1 deficiency in macrophages drives clearance of uropathogenic E. coli in an IL-1beta-dependent manner. Mucosal Immunol.
2015, 8, 1388-1399. [CrossRef]

Demirel, I.; Persson, A.; Brauner, A.; Sarndahl, E.; Kruse, R.; Persson, K. Activation of NLRP3 by uropathogenic Escherichia coli
is associated with IL-1beta release and regulation of antimicrobial properties in human neutrophils. Sci. Rep. 2020, 10, 21837.
[CrossRef] [PubMed]

Kumawat, A.K; Paramel, G.V.; Demirel, K.].; Demirel, I. Human Renal Fibroblasts, but Not Renal Epithelial Cells, Induce IL-1beta
Release during a Uropathogenic Escherichia coli Infection In Vitro. Cells 2021, 10, 3522. [CrossRef] [PubMed]

Ambite, I.; Puthia, M.; Nagy, K.; Cafaro, C.; Nadeem, A.; Butler, D.S.; Rydstrom, G.; Filenko, N.A.; Wullt, B.; Miethke, T.; et al.
Molecular Basis of Acute Cystitis Reveals Susceptibility Genes and Immunotherapeutic Targets. PLoS Pathog. 2016, 12, e1005848.
[CrossRef] [PubMed]


https://doi.org/10.1007/s00345-011-0757-1
https://doi.org/10.1128/IAI.00652-20
https://doi.org/10.1038/s41598-020-74834-y
https://doi.org/10.1111/j.1532-5415.1996.tb01862.x
https://doi.org/10.2147/IDR.S200988
https://doi.org/10.1016/j.juro.2008.11.108
https://www.ncbi.nlm.nih.gov/pubmed/19233426
https://doi.org/10.1097/MD.0000000000004635
https://www.ncbi.nlm.nih.gov/pubmed/28383394
https://doi.org/10.1007/s11255-013-0449-4
https://www.ncbi.nlm.nih.gov/pubmed/23616061
https://doi.org/10.1086/498518
https://www.ncbi.nlm.nih.gov/pubmed/16323090
https://doi.org/10.1093/ofid/ofaa216
https://www.ncbi.nlm.nih.gov/pubmed/32665958
https://doi.org/10.1186/s12879-019-4106-0
https://www.ncbi.nlm.nih.gov/pubmed/31174479
https://doi.org/10.1073/pnas.1707572114
https://www.ncbi.nlm.nih.gov/pubmed/28973850
https://doi.org/10.1128/AEM.00744-21
https://www.ncbi.nlm.nih.gov/pubmed/34105987
https://doi.org/10.1128/spectrum.05365-22
https://www.ncbi.nlm.nih.gov/pubmed/37378538
https://doi.org/10.3389/fimmu.2018.01900
https://www.ncbi.nlm.nih.gov/pubmed/30166988
https://doi.org/10.1038/mi.2015.44
https://doi.org/10.1073/pnas.1500374112
https://doi.org/10.3389/fcimb.2018.00081
https://doi.org/10.1172/JCI81916
https://doi.org/10.1038/mi.2015.7
https://doi.org/10.1038/s41598-020-78651-1
https://www.ncbi.nlm.nih.gov/pubmed/33318544
https://doi.org/10.3390/cells10123522
https://www.ncbi.nlm.nih.gov/pubmed/34944029
https://doi.org/10.1371/journal.ppat.1005848
https://www.ncbi.nlm.nih.gov/pubmed/27732661

Pathogens 2024, 13, 106 10 of 10

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Schwartz, D.J.; Conover, M.S.; Hannan, T.J.; Hultgren, S.J. Uropathogenic Escherichia coli superinfection enhances the severity of
mouse bladder infection. PLoS Pathog. 2015, 11, €1004599. [CrossRef] [PubMed]

Cohen, T.S.; Boland, M.L.; Boland, B.B.; Takahashi, V.; Tovchigrechko, A.; Lee, Y.; Wilde, A.D.; Mazaitis, M.J.; Jones-Nelson, O.;
Tkaczyk, C.; et al. S. aureus Evades Macrophage Killing through NLRP3-Dependent Effects on Mitochondrial Trafficking. Cell Rep.
2018, 22, 2431-2441. [CrossRef] [PubMed]

Craven, R.R,; Gao, X,; Allen, I.C.; Gris, D.; Wardenburg, J.B.; McElvania-TeKippe, E.; Ting, ].P.; Duncan, J.A. Staphylococcus aureus
a-Hemolysin Activates the NLRP3-Inflammasome in Human and Mouse Monocytic Cells. PLoS ONE 2009, 4, e7446. [CrossRef]
[PubMed]

Holzinger, D.; Gieldon, L.; Mysore, V.; Nippe, N.; Taxman, D.J.; Duncan, ].A.; Broglie, PM.; Marketon, K.; Austermann, J.; Vogl, T.;
et al. Staphylococcus aureus Panton-Valentine leukocidin induces an inflammatory response in human phagocytes via the NLRP3
inflammasome. J. Leukoc. Biol. 2012, 92, 1069-1081. [CrossRef] [PubMed]

Melehani, ].H.; James, D.B.A.; DuMont, A.L.; Torres, V.J.; Duncan, J.A. Staphylococcus aureus Leukocidin A /B (LukAB) Kills Human
Monocytes via Host NLRP3 and ASC when Extracellular, but Not Intracellular. PLoS Pathog. 2015, 11, e1004970. [CrossRef]
Mabher, B.M.; Mulcahy, M.E.; Murphy, A.G.; Wilk, M.; O’Keeffe, KM.; Geoghegan, J.A.; Lavelle, E.C.; McLoughlin, R.M. Nlrp-3-
Driven Interleukin 17 Production by y8T Cells Controls Infection Outcomes during Staphylococcus aureus Surgical Site Infection.
Infect. Immun. 2013, 81, 4478. [CrossRef]

Hanamsagar, R.; Aldrich, A.; Kielian, T. Critical role for the AIM2 inflammasome during acute CNS bacterial infection. ].
Neurochem. 2014, 129, 704-711. [CrossRef]

Tukenmez, H.; Nye, TM.; Bonde, M.; Caparon, M.G.; Almqvist, F; Hultgren, S.J.; Johansson, J. Complete Genome Sequence of the
Uropathogenic Methicillin-Resistant Staphylococcus aureus Strain MRSA-1369. Microbiol. Resour. Announc. 2022, 11, €0098122.
[CrossRef]

Kovarova, M.; Hesker, P.R.; Jania, L.; Nguyen, M.; Snouwaert, J.N.; Xiang, Z.; Lommatzsch, S.E.; Huang, M.T.; Ting, J.P.; Koller,
B.H. NLRP1-dependent pyroptosis leads to acute lung injury and morbidity in mice. J. Immunol. 2012, 189, 2006-2016. [CrossRef]
Miyoshi, J.; Leone, V.; Nobutani, K.; Musch, M.W.; Martinez-Guryn, K.; Wang, Y.; Miyoshi, S.; Bobe, A.M.; Eren, A.M.; Chang, E.B.
Minimizing confounders and increasing data quality in murine models for studies of the gut microbiome. Peer] 2018, 6, e5166.
[CrossRef]

Hung, C.S.; Dodson, K.W.; Hultgren, S.J. A murine model of urinary tract infection. Nat. Protoc. 2009, 4, 1230-1243. [CrossRef]
[PubMed]

Ingersoll, M.A; Kline, K.A.; Nielsen, H.V.; Hultgren, S.J. G-CSF induction early in uropathogenic Escherichia coli infection of the
urinary tract modulates host immunity. Cell. Microbiol. 2008, 10, 2568-2578. [CrossRef] [PubMed]

Armbruster, C.E.; Smith, S.N.; Johnson, A.O.; DeOrnellas, V.; Eaton, K.A.; Yep, A.; Mody, L.; Wu, W.; Mobley, H.L.T. The
pathogenic potential of Proteus mirabilis is enhanced by other uropathogens during polymicrobial urinary tract infection. Infect.
Immun. 2017, 85, e00808-16. [CrossRef] [PubMed]

Saenkham-Huntsinger, P.; Hyre, A.N.; Hanson, B.S.; Donati, G.L.; Adams, L.G.; Ryan, C.; Londono, A.; Moustafa, A.M.; Planet,
PJ.; Subashchandrabose, S. Copper Resistance Promotes Fitness of Methicillin-Resistant Staphylococcus aureus during Urinary
Tract Infection. mBio 2021, 12, e0203821. [CrossRef] [PubMed]

Coll, R.C; Hill, ].R,; Day, C.J.; Zamoshnikova, A.; Boucher, D.; Massey, N.L.; Chitty, J.L.; Fraser, ].A.; Jennings, M.P.; Robertson,
A.AB.; et al. MCC950 directly targets the NLRP3 ATP-hydrolysis motif for inflammasome inhibition. Nat. Chem. Biol. 2019, 15,
556-559. [CrossRef]

Coll, R.C.; Robertson, A.A.B.; Chae, ].J.; Higgins, S.C.; Mufioz-Planillo, R.; Inserra, M.C.; Vetter, I.; Dungan, L.S.; Monks, B.G.;
Stutz, A.; et al. A small molecule inhibitior of the NLRP3 inflammasome is a potential therapeutic for inflammatory diseases. Nat.
Med. 2015, 21, 248. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1371/journal.ppat.1004599
https://www.ncbi.nlm.nih.gov/pubmed/25569799
https://doi.org/10.1016/j.celrep.2018.02.027
https://www.ncbi.nlm.nih.gov/pubmed/29490278
https://doi.org/10.1371/journal.pone.0007446
https://www.ncbi.nlm.nih.gov/pubmed/19826485
https://doi.org/10.1189/jlb.0112014
https://www.ncbi.nlm.nih.gov/pubmed/22892107
https://doi.org/10.1371/journal.ppat.1004970
https://doi.org/10.1128/IAI.01026-13
https://doi.org/10.1111/jnc.12669
https://doi.org/10.1128/mra.00981-22
https://doi.org/10.4049/jimmunol.1201065
https://doi.org/10.7717/peerj.5166
https://doi.org/10.1038/nprot.2009.116
https://www.ncbi.nlm.nih.gov/pubmed/19644462
https://doi.org/10.1111/j.1462-5822.2008.01230.x
https://www.ncbi.nlm.nih.gov/pubmed/18754853
https://doi.org/10.1128/IAI.00808-16
https://www.ncbi.nlm.nih.gov/pubmed/27895127
https://doi.org/10.1128/mBio.02038-21
https://www.ncbi.nlm.nih.gov/pubmed/34488457
https://doi.org/10.1038/s41589-019-0277-7
https://doi.org/10.1038/nm.3806

	Introduction 
	Materials and Methods 
	Bacteria, Mice, and the Reagents 
	Mouse Models of Ascending UTI and Catheter-Associated UTI (CAUTI) 
	MCC950 Treatment of the Mouse Model of Ascending UTI 
	Cytokine Profiling by ELISA 
	Immune Cell Infiltration in the Bladder and the Kidney Tissues 
	Histopathological Examination of the Bladder and Kidney 
	Statistical Analysis 

	Results 
	The Pathophysiology of MRSA UTI in WT and Nlrp3-/- Mice 
	Acute MRSA 1369 UTI Induces Similar Cytokine Production and Immune Cell Recruitment to the UT of WT and Nlrp3-/- Mice 
	Histopathological Examination of WT and Nlrp3-/- Bladder and Kidney Sections 

	Discussion 
	Conclusions 
	References

