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ABSTRACT ARTICLE HISTORY
Uropathogenic E. coli (UPEC) accounts for over 80% of urinary tract infections (UTls) due Received 29 July 2025
to its distinct capacity to invade and persist within bladder epithelial cells (BECs). The Revised 19 September 2025
ability of UPEC to survive for extended periods within BECs can also contribute to the Accepted 10 October 2025
recurrence of UTls. Since natural killer (NK) cells are part of the innate immune

. : - s : . . KEYWORDS
defense with a unique capacity to kill intracellular bacteria, we aimed to examine the NK cell; MHC-l lysosomal
potential role of these cells in bacterial clearance during UTls. Here, we report that degradation; urinary tract
infecting mouse bladders with UPEC promoted a significant recruitment of NK cells to infection; CD48; host
UPEC-infected BECs. Depletion of NK cells using neutralizing antibodies increased the pathogen interaction
bacterial load in the infected bladder, indicating a protective role for NK cells against
the host. Co-culturing BECs harboring intracellular UPECs with NK cells in vitro
significantly reduced the intracellular bacterial burden in BECs. The targeting of
infected BECs by NK cells required reduced major histocompatibility complex (MHC)
class | (MHC-I) expression, an inhibitory signal on NK cells, a process facilitated by
autophagy, and concurrent increased CD48 expression on BECs, a ligand that
activates NK cells. The recruitment of NK cells to UPEC-infected BECs was mediated by
chemokines CXCL10 and CXCL12. Administering the IL-15/IL-15Ra supercomplex, a
potent activator of NK cells, to UPEC-infected mice significantly reduced the bacterial
load in the bladder. These observations highlight NK cells as an overlooked
component in the innate immune defense against UTIs and a potential therapeutic
target.

Introduction

Uropathogenic E. coli (UPEC) accounts for approximately 85% of uncomplicated urinary tract infections (UTIs)
(Foxman and Brown 2003). Upon entering the bladder via the urethra and multiplying in urine, UPEC adheres
avidly to uroplakin plaques on the apical surface of superficial bladder epithelial cells (BECs). UPEC adherence
is mediated by hair-like structures called fimbriae, which contain a mannose-binding protein, FimH, at their
tips, facilitating strong binding to uroplakin components (Abraham et al. 1985), while also allowing the BECs
to resist expulsion during voiding. A significant number of these adherent UPEC subsequently enter the nor-
mally impermeable superficial bladder epithelium and become encapsulated within intracellular Rab27*
fusiform vesicles (Chen et al. 2003). Consequently, UPEC evades removal during voiding and escapes elim-
ination by phagocytic cells, which are typically recruited to clear infections (Justice et al. 2006). This ability to
persist within BECs, beyond the reach of immune cells and antibiotics, is a major factor contributing to UPEC
survival and recurrent infections.

However, several innate bladder immune responses exist to counter this invasion of the bladder epithelial
barrier by UPEC. Indeed, one response involves the spontaneous expulsion of Rab27b* vesicles containing
intracellular bacteria from the apical surfaces of BECs, which occurs through various exocytic and intracellular
trafficking mechanisms present in BECs, including a TRPML3-dependent pathway (Miao et al. 2015). When
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the bacterial burden in BECs becomes particularly high, mast cells in the lamina propria are recruited to the
superficial epithelium, which then degranulate and induce widespread exfoliation of infected BECs. This sub-
stantial loss of infected BECs can promote more than 90% reduction in bacterial load within the bladder
(Choi et al. 2016; Naskar and Choi 2024).

Despite the presence of multiple bacteria-clearing mechanisms in the bladder, initial and recurrent UTls
remain prevalent, even among healthy individuals. This persistence is largely attributable to the ability of a
small population of UPEC to evade immune clearance by establishing intracellular reservoirs within BECs
(Anderson et al. 2003). Thus, instead of being completely eradicated, UPEC exploits host intracellular traffick-
ing pathways to shuttle between compartments within BECs (Mysorekar and Hultgren 2006; Naskar et al.
2023). Initially, UPEC appears to be sequestered within Rab27B* vesicles, a compartment associated with
exocytic pathways; however, when not promptly expelled, UPEC persists within intracellular compartments
that exhibit autolysosome-like characteristics (Naskar et al. 2023). These autolysosome-like structures
provide UPEC with a protective niche, facilitating survival despite the host defense mechanisms. This intra-
cellular persistence also likely contributes to the high rate of UTI recurrence and complicates complete bac-
terial clearance, even with antibiotic treatment.

Natural killer (NK) cells are immune cells that have been largely overlooked in relation to UTIs, yet are
associated with chronic and recurrent infections, and play a crucial role in immune defense by targeting
and eliminating infected host cells. Upon arriving at infected sites, NK cells are programmed to recognize
major histocompatibility complex (MHC) class | (MHC-I) molecules on host cells, thereby distinguishing
and sparing healthy cells (Karre et al. 1986; Koch et al. 2013). However, when MHC-| expression is downre-
gulated — a common response to viral infection — NK cells promptly release cytotoxic granules containing
perforin and granzymes to eliminate these affected cells. In addition to downregulating MHC-I, many
infected host cells upregulate ligands that activate NK cells, such as MICA, MICB, ULBPs, B7-H6, CD48, and
nectin-2 (Karre et al. 1986). These ligands enhance NK cell cytotoxic activity by engaging complementary
receptors on NK cell surfaces, including NKG2D, NKp30, NKp44, NKp46, and 2B4 (Koch et al. 2013).

The current understanding regarding whether NK cells play a role in clearing UPEC-infected BECs during
UTIs remains limited. Here, to our knowledge, we reveal for the first time that NK cells are recruited to UTI
sites through the local release of cytokines and contribute significantly to the clearance of bacteria-infected
BECs. We demonstrate that NK cells have the capacity to distinguish between infected and uninfected BECs,
and that the elimination of NK cells greatly enhances the bacterial burden in the bladder.

Materials and methods
Bacterial strain

In vitro and in vivo infections were conducted using the UPEC CI5 strain. UPEC were cultivated in Luria—
Bertani broth at 37 °C under static conditions for 14-18 h. Bacterial colonies were quantified by plating
on MacConkey agar plates and then incubating at 37 °C overnight.

In vitro bladder cell line and in vivo mouse study

The human BEC line 5637 (ATCC HTB-9) was cultured in RPMI media (Gibco) supplemented with 10% fetal
bovine serum (FBS), 10 mM HEPES, 1 mM sodium pyruvate, and 0.225% glucose. Cells were maintained in a
5% CO, incubator at 37 °C. In vivo experiments were conducted on 7-8-week-old C57BL/6J female mice
(Raon Bio). Anesthetized mice were infected transurethrally with 1x 10% UPEC colony-forming units
(CFUs). At 6 h post-infection, ciprofloxacin (200 mg/kg) was administered intraperitoneally (i.p.) in phos-
phate-buffered saline (PBS). Infected mice were then sacrificed at the desired time point post-infection. Blad-
ders were dissected and suspended in 0.1% Triton X-100, followed by homogenization using a bead-beating
homogenizer. The homogenized suspension was then plated on MacConkey agar plates and incubated at
37 °C overnight. If necessary, the suspension was diluted before plating. All animal-related experimental
procedures were conducted with the approval of the Korea University Institutional Animal Care and Use
Committee (IACUQ).
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NK cell depletion and IL-15:IL-15R complex treatment in vivo

Female 7-8-week-old C57BL/6J mice were i.p. administered 200 pg of depletion antibody (InVivoMAb anti-
mouse NK1.1, Cat. #BE0036). Control mice were administered the isotype control antibody (InVivoMAb
mouse lgG2a isotype control, Cat. #BE0085). For IL-15:IL-15R complex treatment in vivo, recombinant
mouse IL-15R aFc chimera protein, CF (R&D Systems, Cat. #551-MR) and mouse IL-15 recombinant protein
(PeproTech, 210-15-50UG) were mixed in an appropriate ratio and incubated at 37 °C for 30 min. Mice
were i.p. administered the complex on days 1 and 3, with day 0 being the day of transurethral UPEC infection.

Flow cytometry

Flow cytometry was employed to analyze the number of NK cells in mouse bladders. Mice were sacrificed at
appropriate time points post-infection, and their bladders were harvested in Hanks' balanced salt solution
(HBSS) buffer. The tissues were transferred to a lysis buffer containing 1 mg/mL collagenase, 10 mM
HEPES, and 1.5% FBS. Single-cell suspensions were prepared from bladders by passing the digested
tissues through a 70 um cell straining filter (BD Biosciences). The cells were then washed with 1% bovine
serum albumin (BSA) in PBS supplemented with 3% FBS and 10 mM EDTA. Blocking was performed by incu-
bating the cells in buffer supplemented with 5% normal mouse serum, 5% normal rat serum (Jackson Immu-
noResearch), and 1% Fc block (eBiosciences) for 15 min. Next, the cells were stained with the necessary
antibodies at 4 °C for 30 min. Flow cytometry was performed using FACSVerse (BD) or FACSymphony A1
(BD), and the data were analyzed using FlowJo software (BD). The list of used antibodies is provided: PE-
cyanine5.5 CD19 monoclonal antibody (eBioscience), FITC anti-mouse Ly6G antibody (Biolegend), PerCP-
cyanine5.5 anti-mouse/human CD11b antibody (Biolegend), PE anti-mouse CD3e (Biolegend), PE-
cyanine7 anti-mouse |-A/I-E antibody (Biolegend), PE-cyanine7 anti-mouse NK-1.1 antibody (Biolegend),
APC anti-mouse CD11c antibody (Biolegend), APC anti-mouse CD335 (NKp46) antibody (Biolegend), APC-
cyanine?7 anti-mouse CD45 antibody (Biolegend).

Intracellular CFU count assay

To assess the intracellular bacterial burden, BECs were seeded at a density of 1 x 10° cells per well in a 24-well
plate and incubated for 16-20 h. After incubating, the cells were infected with UPEC at the intended multi-
plicity of infection (MOI). The plate was then centrifuged at 1200 rpm for 5 min. After incubating for 1 h, the
medium was replaced with a gentamicin-containing medium (200 pg/mL) to remove any extracellular bac-
teria. After 30 min, the medium was further replaced with a reduced gentamicin concentration (50 pug/mL),
which was thereafter maintained. This eliminated any expelled bacteria, allowing for an intracellular bacterial
count. At relevant time points, the wells were washed thrice with PBS. After washing, 0.1% Triton X-100 in
PBS was added to lyse the cells. The lysate was plated onto MacConkey agar plates, and the bacterial colonies
were counted to determine the number of intracellular bacteria within epithelial cells.

Immunofluorescence staining and imaging

Mouse bladders were dissected at the appropriate times post-infection. The bladder tissue was fixed in 4%
paraformaldehyde and frozen in optimal cutting temperature (OCT) compound. For sectioning, a Leica Bio-
systems CM1850 cryostat (Leica Biosystems Inc.) was used. The sliced tissues were blocked and permeabi-
lized in a buffer containing 0.3% Triton and 2.5% normal goat serum (Gibco) in 1% BSA-PBS. Primary
antibodies against E. coli (BioRad), granzyme B (Cell Signaling Technology), HLA-A/B/C (Santa Cruz), LC3A/
B (Cell Signaling Technology), or LAMP1 (Novus Biologicals) were added and incubated overnight. The
next day, the samples were incubated with the appropriate fluorochrome-conjugated secondary antibodies
(Jackson ImmunoResearch). Bladder sections were mounted using ProLong Diamond Antifade Mountant
with DAPI (Invitrogen). The samples were visualized using an LSM800 microscope (Zeiss).

For in vitro imaging analyses, the BECs were seeded on round glass coverslips inserted into a 24-well plate at
a density of 1 x 10° cells/well and incubated overnight. The next day, the cells were infected with UPEC at the
intended MOI. A gentamicin assay was conducted along with mannose (0.5%) to ensure the removal of dead
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extracellular bacteria. After incubating for 1 h, the medium was replaced with fresh medium containing gen-
tamicin (200 pg/mL) and mannose (0.5%). After 30 min, the medium was further supplemented with gentami-
cin (50 pg/mL) and methyl D-mannose (0.5%), and the plates were incubated for the required time. Mannose
was added to the medium to prevent UPEC from reattaching and re-entering the BECs. After appropriate time
points, the cells were washed three times with 1x PBS. The cells were fixed with 4% paraformaldehyde at RT for
20 min. The fixed cells were permeabilized and blocked with 0.1% saponin (20 min) in 1% BSA for 1 h. The cells
were then incubated at 4 °C with primary antibodies overnight. The following day, the cells were washed three
times with a 0.5% saponin solution and treated with the appropriate fluorophore-conjugated secondary anti-
bodies. The examination of slides was performed on a Zeiss LSM800 confocal microscope. Image processing
and quantification were performed using ImageJ software.

Magnetic labeling of live bacteria

UPEC were labeled with BioMag carboxyl magnetite particles (Bangs Laboratories, BM570). The required
amount of magnetic particle suspension was centrifuged at 1000 g for 1 min. The BioMag particles were
washed once with distilled water (DW) and twice with 0.1 M MES buffer (2-(N-morpholino) ethanesulfonic
acid, pH 5.2) using a magnetic rack (BD IMagnet, BD Biosciences, 552311). To chemically activate the par-
ticles, EDAC (1-ethyl-3 - (3-dimethylaminopropyl) carbodiimide) was added to the suspension, which was
incubated on a rotator at 12 rpm and RT for 15 min. After incubation, the suspension was washed twice
with 1x PBS using the magnetic rack. The BioMag particles were mixed with UPEC (0.5 x 10° CFU) in 1 mL
PBS and rotated at 37 °C for 30 min. The suspension was placed on the magnetic rack, and the supernatant
was replaced with 1% BSA in PBS, followed by an additional incubation at 37 °C on a rotator for 30 min. To
remove any larger particles, the suspension was centrifuged at 200 g for 1 min, and the resulting suspension
was used to infect the cells.

Cytotoxicity assay

Cytotoxicity following UPEC infection of BECs was measured using a CytoTox96 Non-Radioactive Cytotoxicity
Assay kit (Promega). BECs were seeded in a 96-well plate at a density of 2 x 10% cells/well. The next day, BECs
were infected with the intended MOI, and the plates were centrifuged at 1200 rpm for 5 min and allowed to
incubate for an hour, following which a gentamicin assay was conducted. The next day, NK cells were added
to the wells, centrifuged at 100 g, and incubated for 16 h. The supernatant was mixed with the colorimetric
substrate in a 1:1 ratio, and then the color development was measured at 492 nm using a microplate reader.
Thus, cell death was an indirect measure of the lactate dehydrogenase (LDH) concentration in the
supernatant.

Transient knockdown of genes in 5637 cells

BECs were seeded at a density of 1 x 10° cells per well in a 6-well plate. After incubating overnight, the cells
were transfected with various concentrations of siRNA targeting a specific gene or non-specific siRNA
duplexes using Xfect Transfection Reagent (Takara Bio Company). The siRNA oligonucleotides were devel-
oped using Bionics. Transfected cells were used for assays of interest after 24-36 h. The knockdown was
confirmed via western blot analysis. The used siRNA sequences are as follows:

siNBR1: forward: CCTGAGAGCTTGCTCCAGTCTA; reverse: CTTGGTTCCTGGCTGAAGGTGA; sibeclini:
forward: CTGGACACTCAGCTCAACGTCA; reverse: CTCTAGTGCCAGCTCCTTTAGG; siATGS: forward: GCAGATG-
GACAGTTGCACACAG; reverse: GAGGTGTTTCCAACATTGGCTCA.

The pEGFP-LC3 plasmid (Addgene, Plasmid #24920) was used to overexpress LC3B using ScreenFect
transfection reagent (Fujifilm Wako Chemicals).

Transwell migration assay

BECs were seeded on round glass coverslips placed in a 24-well plate at a density of 1 x 10° cells/well. The
next day, cells were infected with UPEC at the intended MOIs. The plates were centrifuged at 1200 rpm for
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5 min and then incubated for 1 h. After 1 h of incubation, gentamicin was added to the media as described
above. After 24 h, the NK cells were counted and added to a Transwell insert (pore size: 5 um; Corning) and
incubated overnight. The next day, the Transwell was removed, and the coverslips were washed with 1x PBS
and fixed with 4% PFA in PBS. The fixed cells were permeabilized and blocked with 0.1% saponin in 1% BSA
for 20 min. Cells were then incubated at 4 °C with primary antibodies targeting the specific proteins over-
night. The following day, the cells were washed, incubated with the appropriate fluorophore-conjugated
secondary antibodies, and mounted using ProLong Diamond Antifade Mountant with DAPI (Invitrogen).
The slides were then examined via confocal microscopy, and the number of NK cells was manually counted.

CRISPR-Cas9 was used to generate knockouts for the cytokines CXCL9, CXCL10, and CXCL12 in BECs. Here,
gRNAs (guide RNAs) targeting the gene of interest were designed using online tools to ensure specificity and
minimal off-target effects. The sgRNAs were cloned into the PX459 plasmid, which contains the Cas9 nucle-
ase, a puromycin resistance marker for selection, and promoters to drive sgRNA and Cas9 expression. Human
5637 BECs were transfected with the plasmid using the Xfect transfection kit (TakaraBio). Following transfec-
tion, cells were selected and expanded using puromycin for 3 days, followed by selection and expansion of
edited cells. The used gRNAs are as follows: Hu CXCL9: forward: CAC CGT TCC AAG TCA CTC CTG TAT; reverse:
AAA CAT ACA GGA GTG ACT TGG AAC; Hu CXCL10: forward: CAC CGA TTG TAG GTG GAT AGT CCCT; reverse:
AAA CAG GGA CTA TCC ACC TAC AAT C; Hu CXCL12: forward: CAC CGG TCA CAA AGC GAG GCC CAA; reverse:
AAA CTT GGG CCT CGC TTT GTG ACC.

Quantitative polymerase chain reaction

The cells were washed with PBS, and RNA was extracted using the TaKaRa MiniBEST Universal RNA Extraction
kit, following the manufacturer’s instructions. Complementary DNA (cDNA) was synthesized using the
Toyobo ReverTra Ace-a kit. Thunderbird next SYBR qPCR mix and CFX384 Touch Real-Time PCR Detection
System (Bristol Myers Squibb) were used to conduct gRT-PCR. Target gene RNA expressions were normalized
to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression. The data were analyzed using the 24CT
method. The used primers are described in Supplementary Table 1.

Statistical analysis

Data were analyzed and graphs generated using GraphPad Prism Software (v.10). In mouse experiments,
each dot represents one bladder. In in vitro experiments, dots correspond to samples from two or three inde-
pendent experiments. Statistical significance was assessed using either an unpaired Student’s t-test or a one-
way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test. Results are presented as
the mean £ SEM. Post-test significance values were defined as follows: *p < 0.05, **p < 0.01, ***p <0.001,
**¥%p < 0.0001, and ns (not significant).

Results
Recruitment of NK cells during UPEC infection in the bladder as a host defense response

To investigate the host protective function of NK cells against intracellular bacteria in BECs, we utilized a
widely used UTI mouse model (Bishop et al. 2007; Miao et al. 2015). To exclusively investigate the fate of
intracellular bacteria, we followed bacterial bladder infections in female C57BL/6J mice treated with
ciprofloxacin to eradicate all extracellular bacteria. In this mouse model, we observed a significant reduction
in bacterial burden in the mouse bladder; however, residual UPEC remained present (Figure 1A). Immu-
nofluorescence staining of bladder tissue at 24 h post-infection revealed a notable increase in NK cell
numbers in the lamina propria following UPEC infection (Figure 1B). Notably, some of the newly recruited
NK cells appeared to be migrating toward the superficial epithelium of the infected bladder (white arrow-
heads). Flow cytometry was performed to quantify NK cell recruitment at various time points post-infection,
using NK1.1*, NKp46™, CD45*, CD3¢™~, and CD19™~ as markers for NK cells (Supplementary Figure 1 and Figure
1CQ). NK cell infiltration of the bladder was observed as early as 4 h post-infection, peaking at 12 h before
gradually declining (Figure 1C). To determine whether recruited NK cells contributed to host defense
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Figure 1. Recruitment of NK cells during UPEC infection in the bladder. (A, B) Residual bacterial burden after ciprofloxacin
treatment and recruitment of NK cells into the infected urothelial layer. Wild-type (WT) C57BL/6J female mice were intra-
vesically infected with the UPEC CI5 strain and administered ciprofloxacin (200 ug, Abx) 6 h post-infection, or with ciproflox-
acin alone as a control. (A) At 24 h post-infection, bladder bacterial burden was examined. (B) At 24 h post-infection,
sectioned bladders were stained for UPEC (red), NK cells (green), and superficial urothelium (blue). The number of NK
cells per randomly chosen optical field was counted in 100 pm x 100 um images. (C) Dynamics of NK cell recruitment in
mouse bladders following UPEC infection. Female C57BL/6J mice were intravesically infected with UPEC, and bladder
samples were collected at 4, 8, 12, and 24 h post-infection. NK cell presence was analyzed via flow cytometry. Each dot
represents an individual mouse, with data pooled from two or three independent experiments. (D) Confirmation of NK
cell depletion by flow cytometry. Mice received 200 pg of depletion antibody (anti-NK1.1 antibody) via intraperitoneal injec-
tion one day before bladder harvest for flow cytometry analysis. An isotype antibody was used for the mouse control group.
(E) Increased bacterial load after NK cell depletion. Mice were administered the depletion antibody (anti-NK1.1 antibody)
one day before infection. Ciprofloxacin was administered 6 h post-infection, and bladders were plated 24 h later to assess
bacterial loads. (F) Detection of granzyme B in urine from UTI patients. Urine samples from UTI patients and controls were
centrifuged at 13,000 rpm and 4 °C for 30 min. The supernatant was collected and analyzed for granzyme B and GAPDH
expression through Western blotting.

Data are shown as the mean * SEM. Quantitative data from two to three independent experiments were analyzed by an unpaired two-tailed Stu-
dent’s t-test. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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against UPEC infection, we conducted an in vivo study comparing bacterial numbers in the bladder before
and after NK cell depletion using an NK1.1-targeting neutralizing antibody (Figure 1D). Two groups of mice
were treated with either the anti-NK1.1 antibody or the isotype control antibody, followed by bladder infec-
tion with the UPEC CI5 strain and subsequent ciprofloxacin treatment. When bacterial burdens in the blad-
ders of the two groups were compared at 24 h post-infection, the mice treated with the NK cell-depleting
antibody exhibited a significantly higher bacterial burden than the control mice (Figure 1E). Thus, NK cells
play a crucial role in host defense against intracellular UPEC in the bladder.

To provide clinical support for our murine studies, we examined the urine of a limited number of sympto-
matic, uncomplicated UTI patients for the presence of NK activation markers and compared the marker levels
with those obtained from healthy subjects. The detection of NK cell activation markers, such as granzymes, in
human urine has been previously reported (Yannaraki et al. 2006). Western blotting identified that urine
samples from all UTI patients contained varying levels of granzyme B, whereas none of the urine samples
from healthy subjects appeared to contain this NK cell product (Figure 1F). These findings suggest a potential
role for NK cells in combating UTls in humans.

NK cells directly interact with UPEC-infected BECs to reduce bacterial burden

The recruitment of NK cells toward BECs during bladder infections suggests that NK cells can recognize
infected BECs. To validate this notion, we employed the human NK-92 cell line and the human 5637 BEC
line to investigate potential molecular interactions between these two cell types. To mimic in vivo infection
conditions, we first infected human BECs with the UPEC CI5 strain, followed by antibiotic treatment to elim-
inate all viable extracellular bacteria (Figure 2A). A significant reduction in bacterial load was observed when
NK cells were added to the infected cells, compared to infected cells in the absence of NK cells (Figure 2B).
Then, we examined whether this decrease in bacterial numbers in UPEC-infected BECs was dependent on NK
cell-mediated cytotoxicity by assessing cell death using the LDH release assay (Broussas et al. 2013). A sig-
nificant level of cellular cytotoxicity was observed when UPEC-infected BECs were co-incubated with NK cells
(Figure 2C); however, these observations were absent without NK cells or when uninfected BECs were co-
incubated with NK cells.

Since NK cells require cell-to-cell contact to induce target cell death, we employed microscopy to observe
whether such cell-to-cell contact occurs. Indeed, direct contact between infected BECs and NK cells was
evident when UPEC Cl5-infected human 5637 BECs were exposed to NK-92 cells (Figure 2D). Interestingly,
we observed that in many NK cells in contact with infected BECs, granzyme B appeared to have aggregated
(Figure 2D, white arrowheads). This enzyme is typically produced in the cytosol of NK cells and only aggre-
gates before being released to kill target cells. Meanwhile, the number of intercellular contacts between NK
cells and infected BECs in the co-inhibition studies was significantly more frequent than those between NK
cells and uninfected BECs (Figure 2D). Thus, NK cells appear to have the capacity to directly kill UPEC-infected
BECs through physical contact, involving the discharge of granzyme-enriched granules.

UPEC infection of BECs induces a reduction in MHC-I inhibitory receptors

For UPEC-infected BECs to be recognized and killed by NK cells, certain inhibitory receptors on NK cells need
to be inactivated, and correspondingly, certain activation receptors need to be engaged. Killer immunoglo-
bulin-like receptors (KIRs) and NKG2A are inhibitory receptors on NK cells that recognize MHC-I molecules;
when engaged, these receptors can prevent NK cell-mediated cytotoxicity (Anfossi et al. 2006). The down-
regulation of MHC-Il expression on infected BECs represents one mechanism through which inhibitory recep-
tors on NK cells can be inactivated. Thus, we examined MHC-I surface expression in UPEC-infected BECs using
immunofluorescence microscopy. We observed that MHC-I surface expression was significantly reduced in
UPEC-infected BECs compared to uninfected BECs (Figure 3A, white arrowheads). This infection-induced
MHC-I downregulation on BECs was further confirmed by Western blot analysis of BECs exposed to
different bacterial MOlIs (Figure 3B). Additionally, after quantitatively examining mRNA levels of the MHC-|
components HLA-A, HLA-B, and HLA-C, we observed that all three were downregulated in UPEC-infected
BECs (Figure 3C). Therefore, UPEC infection downregulates MHC-I at both the protein and mRNA levels in
BECs, potentially enabling NK cells to identify infected BECs as non-self-targets.
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Figure 2. NK cells directly interacted with UPEC-infected BECs to reduce bacterial burden. (A) Schematic illustration of NK
cell co-culture with UPEC-infected BECs. (B) NK cells reduced intracellular bacterial load in BECs. Human bladder 5637 cell
line was infected with UPEC CI5 strain at an MOI of 200 for 24 h. NK cells were then incubated with the infected BECs in
gentamicin-containing media for 16 h. Following incubation, intracellular bacterial loads were quantified. (C) Cytotoxicity
assessment of NK cells against infected BECs. BECs were infected with UPEC for 24 h, followed by the addition of NK cells at
a 1:1 ratio. After a 16-hour incubation, cytotoxicity was quantified by measuring LDH release from dying cells. (D) Direct
physical contact formation between NK cells and infected BECs. Cells were stained for granzyme B (green), UPEC (red),
tubulin (blue), and nucleus (gray). Synapse formation was captured using Z-stack imaging with confocal microscopy
and quantified by counting the number of NK cells interacting with infected BECs within an optical field of 100 um x
100 pm.

Data are shown as the mean + SEM. Quantitative data from two to three independent experiments were analyzed by unpaired two-tailed Student’s
t-test or ordinary one-way ANOVA. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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Figure 3. Infection of bladder epithelial cells by UPEC induces a reduction in MHC-I. (A) Reduction in MHC-I expression in
BECs following UPEC infection. Cells were stained for MHC-I (green), UPEC (red), and DAPI (gray). The left panel shows
saline-treated cells, while the right panel shows infected cells. MHC-I expression was assessed by mean fluorescence inten-
sity. (B) To quantify MHC-I reduction, BECs were infected with UPEC at different MOIs (100, 200, 500, or 1000) and harvested
at 6 and 24 h post-infection for Western blot analysis. GAPDH was used as a loading control. Densitometry analysis of MHC-I
was performed using three independently conducted Western blot images. (C) Quantification of transcription levels post-
infection. BECs were infected with UPEC at an MOI of 500. After 4 h of post-infection, qPCR was performed for HLA-A, HLA-B,
or HLA-C. (D) Vesicle association of MHC-I after UPEC infection. BECs were infected with magnetic bead-labeled UPEC and
harvested at 6 or 24 h post-infection. Samples were probed for various proteins (FimH, LAMP1, SLC7A11, RAB27b, or MHC-I)
at different time points. The cell lysate fraction was also analyzed as the loading control.

Data are shown as the mean + SEM. Quantitative data from two to three independent experiments were analyzed by unpaired two-tailed Student’s
t-test or ordinary one-way ANOVA. * p < 0.05; *** p < 0.001; **** p < 0.0001; n.s, not significant.
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Internalization of MHC-1 and degradation in autolysosomes

Next, we investigated the underlying mechanism responsible for the sudden loss of cell surface MHC|
expression in UPEC-infected BECs. One potential explanation is that MHC-I is internalized along with recep-
tors of UPEC adhesins when adherent UPEC is internalised by BECs, leading to its rapid reduction from the
cell surface. Accordingly, the UPEC CI5 strain was labeled with magnetic beads as described previously
(Naskar et al. 2023) and then exposed to monolayers of BECs. After 6 or 24 h of incubation, the plasma mem-
brane of the BECs was disrupted, and the intracellular vesicles harboring internalized UPEC were isolated
using a magnet and subjected to Western blot analysis (Figure 3D). At 6 h post-infection, labeled UPEC
was detected, as expected, in vesicles highly enriched with RAB27b. Interestingly, these vesicles were also
enriched with MHC-I (Figure 3D). When examining the intracellular compartments harboring labeled
UPEC at 24 h post-infection, we again found that these compartments were highly enriched with LAMP1,
an autolysosome marker known to harbor UPEC (Naskar et al. 2023). However, the levels of RAB27b and
MHC-I were dramatically decreased within these autolysosomes (Figure 3D). Next, we examined the pres-
ence of SLC7A11, a plasma membrane-expressed transporter, in UPEC-containing vesicles via Western blot-
ting to assess the specificity of the association between MHC-I and UPEC-harboring vesicles. Despite the
abundance of SLC7A11 in whole-cell lysates, we found no indication of SLC7A11 within these vesicles
(Figure 3D). These results suggest that MHC-I, expressed on the epithelial cell surface, is internalized by
BECs in RAB27b™ fusiform vesicles along with UPEC and is subsequently degraded within autolysosomal ves-
icles, thereby reducing surface expression.

MHC-I trafficking to autolysosomes involves the autophagy pathway

Since the movement of internalized UPEC from Rab27b-enriched vesicles to autolysosomes involves
the autophagy pathway (Miao et al. 2015; Naskar et al. 2023), we investigated the role of this
pathway in MHC-I degradation. Consequently, we used an inhibitor of V-ATPase, a proton pump
located on the membranes of autophagosomes, which is essential for the autophagy-related break-
down of cargo. Our results showed that inhibiting V-ATPase successfully prevented MHC-I degra-
dation (Figure 4A). A control experiment, in which UPEC-infected BECs were exposed to MG132, a
proteasome inhibitor, revealed that MHC-I degradation still occurred, even at higher doses of the
inhibitor (Figure 4A).

If the autophagy pathway is involved in MHC-I degradation, we would expect interactions between
MHC-I and proteins associated with autophagosomes. Therefore, we used antibodies against LC3A/B to
probe for these interactions in BECs at 8 h post-infection. We observed colocalization of intracellular
MHC-I, LC3B, and UPEC (Figure 4B, yellow arrowhead), as well as multiple instances of colocalization
between MHC-I and LC3B in the absence of bacteria (Figure 4B, white arrowhead). At 20 h post-infection,
both MHC-I and intracellular UPEC appeared to colocalize with LAMP1, indicating that both cargos had
been trafficked into autolysosomes (Figure 4B, yellow arrowhead). Interestingly, the colocalization of
MHC-I with LAMP-1 appeared to occur independently of UPEC, as observed previously in the association
of MHC-I with LC3B when MHC-I and LAMP-1 colocalization was detected in the absence of bacteria (Figure
4B, white arrowhead). Quantification of the colocalization between MHC-I and LC3B, as well as between
MHC-I and LAMP1, using Pearson’s coefficient scores, identified that both interactions were significant
(Figure 4B). These findings suggest that MHC-I is internalized independently of UPEC into autophago-
somes during UPEC infection of BECs, and is subsequently trafficked to LAMP1* lysosomal vesicles for
autolysosomal degradation.

To further investigate whether the autophagy pathway contributes directly to MHC-I degradation,
siRNA knockdown was applied to selectively reduce the expression of several autophagy-related com-
ponents, including NBR1, BECLIN1, and ATG5, which are key proteins involved in phagophore for-
mation and autophagosome maturation (Melia et al. 2020). Subsequently, we assessed how
depleting these components altered MHC-I degradation in infected BECs. Compared to samples
treated with scrambled (scr) siRNA, MHC-I degradation was prevented following NBR1, BECLIN1, or
ATG5 knockdown (Figure 4C-E). These findings confirm that autophagy components play a crucial
role in MHC-I degradation.
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Figure 4. Autophagy-mediated degradation of MHC-I in UPEC-infected BECs. (A) Human BECs were treated with bafilomy-
cin A1 (50 nM) or MG132 (0.1 uM or 1 uM) overnight. The following day, the cells were infected with UPEC at MOI 500 and
subsequently probed for MHC-| expression via Western blot. The cells were harvested 24 h later and then probed for MHC-I
via Western blot. GAPDH antibody was used as a control. Densitometry analysis of MHC-I was performed using three inde-
pendently conducted Western blot images. (B) Confocal microscopy was performed to visualize the colocalization of MHC-I
along with the intracellular vesicle components. The infected BECs with UPEC (MOI 200) were stained for LC3B (blue), UPEC
(red), MHC-I (green), or the nucleus (gray). To visualize the colocalization of MHC-I with lysosomal vesicles, UPEC-infected
cells were stained for LAMP1 (blue), UPEC (red), MHC-I (green), and nucleus (gray) after 20 h of infection. The regions out-
lined with white dashed lines in the panels of the first column are enlarged and shown in the remaining panels. Optical
fields (100 um x 100 pm) were randomly chosen from two to three independent experiments. Colocalization between
the channels was measured in terms of Pearson’s coefficient. (C, D, E) First, the siRNA knockdown efficacy of NBR7,
BECLIN1, or ATG5 was examined using gPCR. Then, BECs were again transfected with NBR1, BECLINT, or ATG5 siRNAs, fol-
lowed by UPEC infection (MOI, 500). MHC-I levels were analyzed 24 h post-infection via Western blot. Densitometry analysis
of MHC-I was performed using three independently conducted Western blot images.

Data are shown as the mean + SEM. Quantitative data from two to three independent experiments were analyzed by unpaired two-tailed Student’s
t-test or ordinary one-way ANOVA. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; n.s, not significant.
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CD48 upregulation in UPEC-infected BECs promotes NK cell-mediated attack

Notably, a reduction in MHC-I alone is insufficient for NK cells to effectively kill target cells; the engagement
of NK cell-activating receptors by ligands on the target cell is also required (Long et al. 2013). Therefore, we
investigated whether certain NK cell-activating receptor ligands are upregulated in UPEC-infected BECs. We
compared the mRNA expression levels of several known NK cell-activating ligands in BECs, including MIC-A/-
B, ULBP1-6, BAG, B7-H6, CD112, CD155, and CD48, before and after UPEC infection. While the expression of
most tested ligands remained unchanged or decreased compared to uninfected BECs, CD48 exhibited close
to a threefold increase following UPEC infection (Figure 5A). A corresponding increase in CD48 protein
expression in UPEC-infected BECs was confirmed by Western blotting (Figure 5B). CD48 is a well-recognized
ligand for the NK cell-activating receptor 2B4 (Garni-Wagner et al. 1993; Latchman et al. 1998; Zarama et al.
2014), particularly in the context of Epstein—Barr virus infections (Thorley-Lawson et al. 1982). To determine
whether CD48 in UPEC-infected BECs facilitated NK cell targeting and subsequent bacterial clearance, CD48
knockdown was conducted in human 5637 BECs, while control BECs were treated with scrambled siRNA
(Figure 5C). After confirming CD48 knockdown, two different concentrations of CD48 siRNA or scr siRNA
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Figure 5. CD48 upregulation in UPEC-infected bladder epithelial cells promotes NK cell activation and the elimination of
target cells. (A) Activation ligand expression in infected BECs. The harvested cells were analyzed for elevated expression
levels of known activation ligands (CD48, B7-H6, MICA, BAG6, CD112, CD155, ULBP1, ULBP2, ULBP3, ULBP4, ULBPS5, or
ULBP6) using qPCR. (B) The CD48 protein level was measured 24 h after UPEC infection using Western blot analysis. Densi-
tometry analysis of CD48 was performed using three independently conducted Western blot images. (C) First, the CD48
siRNA (0.5 pg) knockdown efficacy was examined using qPCR. Then, before UPEC infection, BECs were transfected with
siCD48, followed by infection with UPEC (MOI 500). After 24 h, NK cells were added and co-incubated overnight. The
next day, the bacterial burden was assessed.

Data are shown as the mean + SEM. Quantitative data from two to three independent experiments were analyzed by unpaired two-tailed Student’s
t-test or ordinary one-way ANOVA. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; n.s, not significant.
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were applied to BECs, which were then infected with UPEC and exposed to NK cells. Bacterial burden within
BECs was then measured. The capacity of NK cells to reduce the bacterial burden in infected BECs was mark-
edly diminished in BECs with reduced CD48 expression (Figure 5C). Therefore, CD48 expression on UPEC-
infected BECs is essential to trigger NK cell-mediated bacterial clearance.

CXCL10 and CXCL12 promote NK cell recruitment to UPEC-infected BECs

To understand how NK cells are recruited to BECs to promote bacterial killing, we investigated whether BECs
secrete specific chemotactic factors in response to infection. To examine this in vitro, we utilized a Transwell
co-culture system with a 5.0 um pore size, which is sufficient to allow NK cell migration but prevents BEC
movement. NK cells were introduced into the upper chamber of the Transwell system, and their migration
toward plated UPEC-infected BECs in the lower chamber was assessed by examining cells in the lower
chamber after overnight incubation (Figure 6A). To distinguish NK cells from BECs in the lower chamber,
we stained for granzyme B-positive cells. We found that many NK cells had successfully transmigrated
and joined UPEC-infected BECs (Figure 6A). To identify the specific chemokine signals responsible for NK
cell recruitment to infected BECs, we performed qPCR analysis for CCL5, CCL19, CX3CL1, CXCL10, and
CXCL11, chemokines previously implicated in NK cell attraction by various cell types. While the expression
levels of most chemokines were either slightly increased or remained unchanged following infection, the
expression of CXCL10 and CXCL12 was significantly increased (Figure 6B).

Next, we investigated the functional role of these upregulated chemokines by examining whether CXCL10
and CXCL12 knockdown could affect NK cell migration toward UPEC-infected BECs in Transwell assays. Using
CRISPR-Cas9 technology, we created CXCL107", CXCL12”", and control CXCL9” ~ BECs, and conducted co-culture
experiments. Compared to infected wild-type and CXCL9” ~ BECs, UPEC-infected CXCL10” ~and CXCL12” ~ BECs
did not recruit NK cells (Figure 6C). These results indicate that CXCL10 and CXCL12 are crucial for facilitating NK
cell recruitment to UPEC-infected BECs by promoting transmigration across the endothelial barrier.

Therapeutic targeting of NK cells to combat UPEC infections in the bladder

The persistence of intracellular UPEC in the bladder is considered a significant factor in the recurrence of
UTls. Given the recent success of NK cell-directed therapies in treating viral infections (Strauss-Albee et al.
2015), we investigated the potential of NK cells in eliminating intracellular bacteria.

Interleukin-15 (IL-15) is a critical cytokine for the development and function of NK cells; meanwhile, IL-15
exposure has been shown to significantly enhance NK cell proliferation, cytotoxic activity, and interferon-y
production (Lodolce et al. 1998; Kennedy et al. 2000). This study aimed to investigate the therapeutic
benefits of administering exogenous IL-15 in our UTI infection model. Notably, IL-15 exhibits greater biologi-
cal activity when presented in complex with the IL-15 receptor a (IL-15Ra) subunit, as this configuration
extends the cytokine half-life and improves biodistribution (Rubinstein et al. 2006). Therefore, we utilized
the IL-15:IL-15Ra complex instead of standard recombinant IL-15.

We first assessed the effects of i.p. administration of the IL-15:IL-15Ra complex (0.5 ug of IL-15 and 3 g of IL-
15Ra) on NK cell levels in WT C57BL/6J mice. Even in the absence of an infection, the number of NK1.1* NKp46*
CD45" CD3e™ CD19™ NK cells significantly increased in various tissues following IL-15:IL-15Ra complex admin-
istration (Figure 7A). This increase was observed in the bloodstream, the bladder, and spleen (Figure 7A). There-
fore, we infected the bladders of mice with UPEC, followed by antibiotic treatment to eliminate extracellular
bacteria. After 24 h, we administered the IL-15:IL-15Ra complex via i.p. injection, and 3 days post-infection,
we measured the bacterial load in the bladder. Mice treated with the IL-15:IL-15Ra complex exhibited a signifi-
cantly reduced bacterial load compared to the control group (Figure 7B). Thus, NK cell activation through the
IL-15:IL-15Ra complex enhances bacterial clearance in the bladder during UTls, highlighting the antibacterial
role of NK cells and the potential of NK cell-targeted therapy as an adjunct to current treatments.

Discussion

Growing evidence suggests that recurrent UTls are, at least in part, attributable to the persistence of UPEC in
a quiescent phase within BECs, even after the initial infection has subsided (Anderson et al. 2003; Mysorekar
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Figure 6. CXCL10 and CXCL12 mediate NK cell recruitment to UPEC-infected bladder epithelial cells. (A) NK cell migration
through a Transwell plate. Cells were fixed and stained for granzyme B (red), nucleus (gray), and tubulin (blue). The number
of transmigrated NK cells was counted and compared. Optical fields (100 um x 100 pm) were randomly chosen from two to
three independent experiments. (B) Enhanced expression of chemokine transcription for NK cell recruitment. Transcription
levels of CXCL10, CXCL12, CXCL5, CXCL11, CXCL1, CCL5, or CCL19 were measured via qPCR after BECs were infected with UPEC
for 24 h. (C) CXCL10 and CXCL12 are required to recruit NK cells in the Transwell. CXCL9”", CXCL107", or CXCL12”" BECs were
generated by CRISPR-Cas9. These knockout cells or mock control BECs were infected with UPEC (MOI 200) and plated on
the basal well of the Transwell insert. Transmigrated NK cells were compared by counting cells in the basolateral side of the
Transwell system.

Data are shown as the mean + SEM. Quantitative data from two to three independent experiments were analyzed by unpaired two-tailed Student’s
t-test or ordinary one-way ANOVA. * p < 0.05; ** p < 0.01; **** p < 0.0001.

and Hultgren 2006; Miao et al. 2015; Naskar et al. 2023). Since BECs are long-lived, these cells can act as reser-
voirs for bladder reinfection over extended periods, particularly after antibiotic treatments. Within their intra-
cellular niche, UPEC are protected from both antibiotics and host immune responses, including the
antimicrobial actions of soluble factors such as complement and antimicrobial peptides, as well as phago-
cytic cells that typically clear extracellular bacteria (Naskar and Choi 2024). Given this situation, identifying
immune mechanisms within the bladder that have the potential to target and eliminate this intracellular
niche of UPEC is crucial. Thus, this study proposes that NK cells eliminate intracellular UPEC through the
downregulation of MHC-I, a concept illustrated in Figure 7C.

This study demonstrated the crucial role of NK cells in targeting bacteria-harboring BECs and reducing
bacterial load in the bladder following UTls. We found that significant numbers of NK cells were recruited



Blood

IL-15:1L-15R

Vehicle
complex

Spleen

Vehicle

IL-15:IL-15R

complex

ANIMAL CELLS AND SYSTEMS (&) 15

Bladder

IL-15:1L-15R

Vehicle
complex

© o |1 # ©
< < | <
o} Q| a
X NE 8
z z E Z T
NK1.1 NK1.1
" L 3x10%4 o 5 3107
'é 3 o 3 N
2 gx10%] 2 il oo @
% I 2 2x10%4 3 2x10%4 °
8 8
¥ 4x1034
z Z z l
o S 1x104 B 1x10°+
] ° o )
8 2x103- ] 3
| £ 2 2
z z > E
0-—“%7-5—|— ot = 0__=J_'_
&F & & &
& \V\ Q\0+ & \\;\ Q\®+ & \\;\ Q\é‘_
N> c,oé\ N cJo"(\ \;\‘" ooé\
N
s ’\OJQQ,'\' QJ%\
& NS rbé Intracellular UPEC infection
42 N O MHC-1{, cpag4
S NS >
& & N\ RS MM 5 a d d
\(‘\@ C)\Q ©\lb . ‘l !-
f—/%
”‘ = MHC-1in
A I = } { I autophagolysosome
ﬁ' NBR1
0d 6h 1d 3d 4d “ “ °..'. g “ BECLINT
. ATG5
Granzyme LC3A/B
2x102 0
e e
CXCL10 }
5 1.5%102+ CXCL12
S
o
<
o 1x1024 :
2
-y “™\ Enhancing bacterial
. clearance
0- \
UPEC + +
IL-15/L-15R ) weel (@) IL-15:IL-T5R
complex complex

Figure 7. Therapeutic potential of the IL-15:IL-15Ra complex in NK cell activation to combat persistent UPEC infections in
the bladder. (A) Stimulation of NK cells was conducted twice via i.p. injection of the IL-15:IL-15Ra complex. The complex
consisted of 0.50 pg IL-15 and 3 g of IL-15Ra. Mice bladders, blood, and spleens were harvested 24 h after the second dose
and analyzed via flow cytometry to assess the increase in NK cell number. (B) The difference in bacterial burden in mice
following the above-mentioned model was assessed by measuring the bacterial load in the bladder. The mice were first
administered two doses of the IL-15:IL-15Ra complex, followed by 1 x 10® CFU of UPEC CI5 strain and ciprofloxacin treat-
ment. Bacterial burden was measured. Each dot represents an individual mouse, and the panel shows the combined results
from two or three independent experiments.

Data are shown as the mean + SEM. Quantitative data from two to three independent experiments were analyzed by unpaired two-tailed Student’s
t-test. * p <0.05; ** p <0.01; *** p <0.001.

into the lamina propria and superficial epithelium as early as 4 h after the initiation of a UTI, with their
numbers peaking at 8 h and diminishing by 24 h, possibly coinciding with the clearance of most of the
infecting bacteria. The crucial role of NK cells in bacterial clearance, particularly of intracellular bacteria,
was demonstrated by the limited bacterial clearance observed in UTI mice, which had been depleted of
NK cells using an antibody, compared to mice administered the control antibody. Our in vitro studies
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suggest that NK cells mediate bacterial clearance by migrating toward bacteria-harboring BECs, directly
binding to infected cells, and subsequently releasing a focal discharge of granules enriched in granzyme
B, a serine protease that promotes programmed cell death in target cells (Bjorkstrom et al. 2022). The recruit-
ment of NK cells was found to be driven by BEC-secreted chemotactic factors. Only CXCL10 and CXCL12 were
selectively produced among the known NK chemokines. The crucial role of CXCL10 and CXCL12 was demon-
strated by knocking out the expression of either chemokine, which resulted in the abrogation of NK cell
migration toward UPEC-infected BECs.

The downregulation of cell-surface MHC-I molecules represents a critical factor known to promote the
targeting of infected host cells by NK cells (Halenius et al. 2015). We found that the association of NK
cells with infected BECs was also linked to the widespread downregulation of MHC-I expression on the
infected BECs. Furthermore, we observed that MHC-I downregulation was dose-dependent, with higher bac-
terial doses inducing greater reduction in MHC-I expression. Interestingly, the reduction in cell-surface MHC-I
expression in infected BECs involved the internalization of MHC-I molecules, followed by their degradation
within autolysosomes. This process was mediated by the encapsulation of MHC-I within Rab27B™" vesicles,
which were subsequently transferred into autophagosomes and then into autolysosomes. This trafficking
pathway required the active participation of autophagy components NBR1, BECLIN1, and ATG5. A similar
autophagy-dependent degradation of MHC-I has also been reported in cancer, where MHC-I molecules
are selectively recognized by cargo receptors, such as NBR1, and subsequently degraded, thereby enabling
tumor cells to evade cytotoxic T cell-mediated responses (Yamamoto et al. 2020). Although MHC-I degra-
dation yields distinct physiological outcomes in infection and cancer, degradation through the autophagy
pathway underscores a shared principle in which the process serves as a pivotal regulator of cellular fate
and immune interactions.

Notably, this meandering internalization route of MHC-l in BECs closely resembles that described for
UPEC, wherein bacteria are first shuttled into Rab27B* fusiform vesicles before being enclosed in autopha-
gosomes and ultimately degraded within autolysosomes (Flores-Mireles et al. 2015). The similarity in the
internalization pathways of UPEC and MHC-I suggests that MHC-l uptake may be triggered by UPEC
uptake. Support for this notion was noted in the microscopic findings, whereby UPEC colocalized with
MHC-I within autophagosomes of BECs. However, the frequent presence of MHC-I within autophagosomes,
even in the absence of UPEC, would suggest that MHC-| trafficking into autophagosomes is not necessarily
dependent on bacterial infection. In addition to the active removal of MHC-I from the cell surface, we found
the general reduction in MHC-I levels in infected BECs is attributable to decreased transcription and
expression of new MHC-I proteins, through as yet unknown mechanisms. These multifaceted activities
aimed at reducing MHC-I expression parallel those observed in virus-infected cells, where the synthesis,
translation, and/or trafficking of MHC-I to the cell surface is hindered through various mechanisms.

Concomitant with the downregulation of MHC-I on infected BECs, we observed the selective upregulation
of CD48 expression among other known NK cell activators on BECs. CD48 knockdown in BECs was also
shown to reduce NK cell-mediated killing of intracellular UPEC. CD48 is a glycosylphosphatidylinositol
(GPI)-anchored glycoprotein, and its presence on the cell surface of BECs can promote NK cell attachment
and activation through specific coupling with its commentary ligand, CD244 (Latchman et al. 1998). Thus,
while the presence of MHC-l on host cells signals NK cells not to target them, CD48 expression on the
same cells serves to ‘activate’ NK cells, prompting them to target the infected cells via the release of cytotoxic
granules containing granzyme B. This NK cell-mediated targeting of UPEC-infected BECs aligns with tra-
ditional NK cell mechanisms for eliminating various virus-infected host cells (Bjorkstrom et al. 2022). Interest-
ingly, CD48 has previously been identified as a putative receptor for the attachment of FimH-expressing E.
coli to immune cells, including macrophages and mast cells (Malaviya et al. 1999). Presumably, when CD48 is
upregulated in UPEC-infected BECs, it may not only enhance NK cell binding but also facilitate the adhesion
of additional UPEC to the epithelial surface.

Although we have observed a significant contribution of NK cells to bacterial clearance, the magnitude of
this effect was moderate, as indicated by the differences in bacterial counts between mice administered the
control antibody and those treated with the NK cell-depleting antibody. Nonetheless, our findings contradict
earlier studies that reported no change in bacterial burden in the bladders of UTI mice following NK cell
depletion with antibodies (Gur et al. 2013). We believe the discrepancy between our findings and those
of previous studies arises from our exclusive focus on intracellular bacterial counts, which were assessed
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following antibiotic treatment of the bladders. Our rationale for emphasizing intracellular bacteria during
infection is based on the understanding that NK cells primarily target these intracellular pathogens. Pre-
viously, the presence of large numbers of extracellular bacteria, which often adhere to the surfaces of
infected BECs, may have obscured any potential NK cell-mediated reduction in intracellular bacterial
numbers.

While a significant number of women experience UTls, only a minority develop recurrent infections. This
observation highlights the robustness of the multifaceted immune system in hosts and suggests that recur-
rent UTIs may result from defects in one or more of the immune components (Naskar and Choi 2024). Since
NK cell levels can fluctuate based on the immune status of an individual, a potential determinant of whether
UPEC persists in BECs after a UTI may be the number of recruited NK cells and their level of activity. Older
patients, a population well known to possess reduced NK cell levels and activity (Brauning et al. 2022),
exhibit a higher rate of recurrent UTIs, which supports this hypothesis (Foxman and Brown 2003; Eriksson
et al. 2010).

Whenever possible, we have complemented our in vivo mouse studies with in vitro studies using human
cells or specimens to enhance the relevance of our research. Our findings with human BECs and NK cells align
with our observations in mice. Additionally, we demonstrated NK cell activity in patients by detecting NK cell-
derived granzymes in the urine of UTI patients, whereas these granzymes were absent in control samples.
Given the promise of NK cell-targeting therapies in combating viral infections in patients (Schmidt et al.
2018), we tested the efficacy of treating mice that had recently been infected with UPEC by administering
an i.p. injection of the IL-15:IL-15Ra complex, which is known to activate and promote NK cell expansion.
Our results revealed that this treatment significantly improved bacterial clearance from the bladder,
suggesting that targeted enhancement of NK cell activity could facilitate the elimination of UPEC. This
finding is especially relevant because a major limitation in NK cell effectiveness against UPEC is their recruit-
ment into the bladder only during active infection, with their numbers rapidly diminishing once the primary
infection has resolved. Consequently, NK cells are not present to eliminate residual pockets of UPEC-infected
BECs after each UTI. If NK cell recruitment into the bladder could be actively induced after UTls have resolved
- potentially through the use of formulations such as IL-15:IL-15Ra — these residual bacterial pockets could
be more effectively eliminated, thereby reducing the risk of recurrent UTls.
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