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predisposition to bladder cancer

Inmaculada Ruiz-Lorente!, Lourdes Gimeno*?,

Alicia Lopez-Abad?®, Pedro Lopez Cubillana®, Tomas Fernandez
Aparicio®, Lucas Jesus Asensio Egea®, Juan Moreno Avilés®,
Gloria Dofate Ifiiguez’, Pablo Luis Guzman Martinez-Valls?,
Gerardo Server?, Belén Ferri®, José Antonio Campillo?,
Francisco Galindo®, Francisco Boix™,

Maria Victoria Martinez-Sanchez?,

Maria Dolores Martinez-Hernandez! and Alfredo Minguela'*

‘Immunology Service, Virgen de la Arrixaca University Clinical Hospital (HCUVA), Biomedical Research
Institute of Murcia (IMIB), Murcia, Spain, ?lHuman Anatomy Department, Universidad de Murcia and
Campus Mare Nostrum, Murcia, Spain, *Urology Service, Virgen de la Arrixaca University Clinical
Hospital (HCUVA), Biomedical Research Institute of Murcia (IMIB), Murcia, Spain, “Urology Service,
Morales Meseguer Hospital, Murcia, Spain, Urology Service, De la Vega Lorenzo Guirao Hospital,
Murcia, Spain, ®Urology Service, Santa Lucia Hospital, Murcia, Spain, ’Urology Service, Los Arcos
Hospital, Murcia, Spain, ®Urology Service, Reina Sofia Hospital, Murcia, Spain, °Pathology Service,
Virgen de la Arrixaca University Clinical Hospital (HCUVA), Biomedical Research Institute of Murcia
(IMIB), Murcia, Spain, **Departament of Inorganic and organic Chemistry, Universitat Jaume |,
Castellon, Spain, *Centro de Transfusion de la Comunidad Valenciana, Valencia, Spain

Introduction: Tobacco smoking is the most significant risk factor for bladder
cancer (BC), followed by other environmental and dietary exposures. However,
major genetic determinants remain unidentified. The objective of this work
was to investigate the potential association of killer-cell immunoglobulin-like
receptor 2DL5 (KIR2DL5) with BC risk, its interaction with tobacco smoking, and
the underlying immune mechanisms.

Methods: This case-control study analyzed KIR genotype in patients with BC
(n = 325), as well as in healthy controls (HC, n = 925) and patients with other
cancers (n = 862) as control groups. Immune assays assessed proliferation,
cytotoxicity, cytokine, and intracellular nitric oxide (icNO) production by NK and
T cells after anti-CD3/CD28 or Bacillus Calmette-Guérin (BCG) stimulation in 24
donors stratified by KIR2DL5 genotype. Multivariate logistic regression was used
to evaluate BC predisposition.

Results: The frequency of KIR2DL5 was higher in BC patients than in HC (64.6%
vs. 53.6%, p = 0.004). Linear regression analysis revealed that, independent
of other aKIRs within the B haplotype, KIR2DL5 was associated with BC
susceptibility (HR = =1.167, p = 0.050), alongside other significant factors such
as sex (HR = -1.465, p < 0.001), age (HR = -0.181, p < 0.001), and tobacco
smoking (HR = —2.454, p < 0.001). The frequency of KIR2DL5 was higher among
non-smokers compared to smokers in both healthy controls (61.4% vs. 44.6%,
p < 0.05) and BC patients (72.9% vs. 60.8%, p < 0.05). Among non-smoking
BC patients, KIR2DL5 was more frequently observed in small-sized (<3 cm),
solid-pattern, non-muscle-invasive BC cases. Immune profiling revealed that
KIR2DL5 was associated with increased icNO production by NK and T cells but
showed no association with proliferation, cytokine secretion, or cytotoxicity.
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Discussion: KIR2DL5 is independently associated with BC, regardless of age,
sex, or tobacco smoking status. While the immunological mechanisms remain
unclear, enhanced nitric oxide production by immune effector cells may play a
role in this association.

KEYWORDS

bladder cancer predisposition, KIR2DL5, immune response, nitric oxide, tobacco

smoking

1 Introduction

KIR2DL5 (CD158f) is the most recently identified functional
inhibitory member of the killer-cell immunoglobulin-like
receptor (KIR) family. Unlike its homolog KIR2DL4, which
is ubiquitously expressed in all individuals, KIR2DL5 exhibits
copy number variation and is present in only a subset of the
population (Vilches et al., 2000). The human genome contains
two paralogous genes encoding this receptor: KIR2DL5A
and KIR2DL5B, which display allelic polymorphism and
population-specific distributions (Gomez-Lozano et al., 2002).
KIR2DLS5 is clonally expressed on subsets of natural killer (NK)
cells (particularly CD56%™ populations) and T lymphocytes
(Cisneros et al, 2012). Its inhibitory function is mediated
by a long cytoplasmic tail containing two immunoreceptor

inhibitory motifs (ITIMs).
phosphorylated ITIMs
region 2 (SH2)-containing phosphatases SHP-1 and SHP-2,
with a predominant role for SHP-2 in suppressing NK cell

tyrosine-based Upon receptor

engagement, recruit Src homology

activation. This signaling mechanism distinguishes KIR2DL5
from classical inhibitory KIRs (iKIR) that primarily utilize
SHP-1-dependent pathways (Yusa et al, 2002; Yusa and
Campbell, 2003; Ren et al., 2022).

Both the centromeric and telomeric KIR2DLS5 loci are followed
by paralogs of a duplicated KIR2DS3S5 genes, each encoding
different alleles of the activating KIRs (aKIRs) KIR2DS3 and
KIR2DS5 (Ordonez et al, 2008). Additionally, KIR2DL5 is
strongly associated, within the B haplotype, with the aKIR genes
KIR2DS1 and KIR3DS1. The complex polymorphism and strong
linkage disequilibrium with neighboring KIR genes complicate
the evaluation of the individual role of KIR2DL5 as either a risk
or protective factor in various pathologies. Nonetheless, a higher
frequency of aKIRs or B haplotypes has been associated with
susceptibility to gastric cancer (Hernandez et al, 2018), non-
Hodgkin lymphoma (Pamuk et al., 2015), head and neck squamous
cell carcinoma (Barani et al., 2018), childhood acute lymphoblastic
leukemia (Misra et al., 2016), poorer prognosis in non-Hodgkin
lymphoma (Pamuk et al, 2015), higher frequency of minimal
residual disease after treatment in childhood acute lymphoblastic
leukemia (Sullivan et al., 2014), and significantly worse survival
in patients with hematological malignancies after hematopoietic
stem cell transplantation from unrelated donors (Nowak et al.,
2015). In bladder cancer (BC), KIR2DL5 is associated with a
higher risk and poorer prognosis. High-risk patients identified
with the KIR2DL5*/HLA-C"16" genotype showed significantly
shorter progression-free and overall survival compared to other
genotypes (Guillamon et al., 2021).
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The identification of the poliovirus receptor (PVR, CD155) as a
ligand for KIR2DL5 in 2019 has opened new avenues of research
in cancer immunotherapy (Husain et al., 2019), particularly in
the context of BC. PVR is significantly upregulated in muscle-
invasive BC (MIBC) compared to matched normal urothelium
(Zhang et al., 2020). KIR2DL5 functions as an inhibitory receptor
by binding to PVR on tumor cells, promoting the formation of
inhibitory synapses and suppressing NK cell cytotoxicity (Ren et al.,
2022). Increased PVR expression has been associated with a
higher risk of recurrence in patients with non-muscle invasive
BC (NMIBC), indicating that PVR could serve as an important
biomarker for assessing recurrence risk in this population (Al-
Zubi et al,, 2022). In fact, blocking the KIR2DL5/PVR interaction
with monoclonal antibodies has been shown to enhance NK cell-
mediated cytotoxicity against PVR* tumors and reduce tumor
growth, thereby improving overall survival in humanized tumor
models (Ren et al, 2022). This suggests that such a strategy
could be effective in improving NK cell function in cancer
immunotherapy. Nonetheless, PVR is also a noncompetitive ligand
for the (co)stimulatory receptor DNAM-1 (CD226) as well as
the inhibitory receptors TIGIT and CD96. Although TIGIT binds
to PVR with higher affinity than CD226, the integrated signals
generated by these complex interactions ultimately determine the
outcome of antitumor responses (Yeo et al., 2021). Thus, co-targeting
the interactions of both KIR2DL5 and TIGIT with PVR holds great
potential as a therapeutic approach to enhance NK cell-mediated
antitumor immunity in BC (Kucan Brli¢ et al., 2019).

Smoking tobacco is the single most important known risk
factor for BC, contributing to up to 50% of bladder tumors
(Freedman, 2011; Halaseh et al., 2022). More than 5,000 chemicals,
including 62 carcinogens, have been detected in tobacco, which may
contribute to tumorigenesis through the activation of oncogenes,
inhibition of tumor suppressor genes, induction of genetic and
epigenetic changes, and alteration of growth pathways, angiogenesis,
and metastasis (Nooshinfar et al., 2017). However, chronic
smoking can also impair endothelial function by decreasing the
formation of nitric oxide (NO) and increasing its degradation
(Toda and Toda, 2010). NO signaling can inhibit hypoxia-induced
tumor cell invasiveness, metastatic capacity, and resistance to
chemotherapeutic agents (Siemens et al., 2008), therefore, NO
inhibition could represent an additional tumorigenic mechanism
of tobacco. Nonetheless, the role of NO in T and NK cell immune
functions remains controversial (Bogdan, 2001).

In this study, we investigated the relationship between KIR2DLS,
as a potential new immunotherapeutic target in BC, and the
antitumor functionality of NK and T lymphocytes, smoking habits,
and patient survival. Our data reveal a clear association of KIR2DL5
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with BC susceptibility, in which both NO and tobacco smoking may
be involved.

2 Materials and methods
2.1 Samples and study groups

This prospective, observational, case-control study included 925
healthy Caucasian (HC) volunteers as the control group and 1,190
consecutive cancer patients as the experimental group. The cancer
cohort comprised patients with BC (n = 328), melanoma (n =
310), plasma cell neoplasms (n = 335), pediatric acute leukemia

(n = 128), and ovarian cancer (n = 89). The BC population
consisted of two distinct cohorts, each recruited during separate
time frames as part of different research projects (https://orcid.org/
0000-0003-2472-5893): Series 1 (2014-2016, n = 136) and Series 2
(2019-2022, n = 192). BC tumors were classified according to the
WHO Classification of Tumours of the Urinary System and Male
Genital Organs (Moch et al., 2016) into: 1) noninvasive urothelial
neoplasms (NIUN), including urothelial carcinoma in situ (CIS) and
low- and high-grade papillary carcinomas (Ta); and 2) infiltrating
urothelial carcinoma (IUC), including NMIBC T1-stage and MIBC
T2, T3, and T4 stages. Progression in NIUN was defined as local
recurrence with a higher grade or stage, and in IUC as local
recurrence with a higher stage and/or development of metastatic
disease. Treatment and management were at the discretion of the
urologists, based on patient condition and tumor histology. The
study was approved by the Research Ethics Committee (Institutional
Review Board IRB-00005712). Written informed consent was
obtained from all patients and controls in accordance with the
Declaration of Helsinki.

Peripheral blood samples anticoagulated with EDTA (for
HLA genotyping and NK cell receptor expression analysis
by flow cytometry) were obtained at diagnosis prior to any
treatment. Fresh sodium heparin blood samples were collected
from selected healthy donors for proliferation and cytotoxicity
assays, as well as for intracellular nitric oxide (icNO) and cytokine
production assays.

2.2 KIR genotyping

KIR genotyping was conducted on DNA extracted from
peripheral blood using the QIAamp DNA Blood Mini Kit (QIAGEN,
Hilden, Germany) and Lifecodes KIR-SSO typing kits (Immucor
Transplant Diagnostic, Stamford, CT, United States), following
established protocols (Guillamoén et al, 2018; Gimeno et al,
2021). The analysis identified inhibitory KIRs (2DL1-2DL3, 2DLS5,
3DL1-3DL3), activating KIRs (2DS1-2DS5, 3DS1), and KIR2DL4,
which has both inhibitory and activating functions (Moretta and
Moretta, 2004). The method used could not distinguish between
the telomeric (KIR2DL5A) and centromeric (KIR2DL5B) forms.
Genotypes were classified as AA if they contained only the
canonical A-haplotype genes (KIR3DL3, KIR2DL3, KIR2DLI,
KIR2DL4, KIR3DL1, KIR2DS4, and KIR3DL2) (Hsu et al,
2002). Any genotype containing additional KIR genes was
designated as Bx.
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2.3 Expression of NK cell receptors in
peripheral blood lymphocytes

The expression of CD226 (DNAM-1), NKG2A, TIGIT,
and KIR receptors (KIR2DL1, 2DS1, 2DL2/S2, 2DL3, and
3DL1) was simultaneously assessed on both CD56"*#" and
CD56%™ NK cells, as well as on CD3*CD4"* and CD3*CD8" T
cells, using LSR-II or Lyric flow cytometers and DIVA
software (BD), according to previously published protocols
(Guillamén et al.,, 2018; Guillamon et al., 2021). Peripheral blood
samples were stained with the following monoclonal antibodies:
CD158a-FITC (143211, R&D Systems Inc., recognizing KIR2DL1),
CD158a/h-PC7 (EB6B, Beckman Coulter, recognizing both
KIR2DL1 and 2DS1), CD158b2 (180701, R&D Systems Inc.,
KIR2DL3), CD226-PE (11A8, Biolegend), CD158el (DX9, R&D
Systems, KIR3DL1), CD16-AlexaFluor700 (3G8, BD), CD8-APC-
Cy7 (SK1, BD), TIGIT-BV421 (741182, BD), CD3-BV510 (UCHT],
BD), CD4-BV605 (RPA-T4, BD), CD56-BV711 (NCAM16.2, BD),
and CD159a-BV786 (131411, BD). Cells were incubated with
antibodies for 10 min at room temperature in the dark, followed
by red blood cell lysis and washing before acquisition.

2.4 In vitro functional assays

To assess the impact of KIR2DL5 on T and NK cell function,
we evaluated the proliferation, cytotoxicity against tumor cell
lines (K562, J82, and T24), and the production of icNO and
cytokines by peripheral blood mononuclear cells (PBMCs). PBMCs
were isolated using Ficoll density gradients from sodium heparin-
anticoagulated blood samples obtained from 24 healthy donors (12
KIR2DL5-negative and 12 KIR2DL5-positive). PBMCs were stained
with 0.05 uM carboxyfluorescein succinimidyl ester (CFSE; Thermo
Fisher Scientific, Waltham, MA) and stimulated in vitro either
with ImmunoCult™ Human CD3/CD28 T cell activator (Stemcell
Technologies, Vancouver, Canada), according to the manufacturer’s
instructions, or with BCG (Danish 1331, AJVaccines, Copenhagen)
at a 1:1 colony-forming unit (CFU) to PBMC ratio, as previously
described (Ruiz-Lorente et al., 2025). CFSE-labeled cells (1 x 10”6
per well) were cultured in 24-well flat-bottom plates (five replicates
per condition) at 37 °C in a 5% CO, incubator. At 72 h, supernatants
from one well per sample were collected and stored at —80 °C
for subsequent cytokine analysis by Luminex. At 120h, cells
from one well per sample were harvested for icNO detection by
FACS-Lyric flow cytometry. After 144 h, the remaining cells were
used for cytotoxicity assays or stained for proliferation analysis
using a Northern Light (NL) flow cytometer (Cytek, Amsterdam,
Netherlands).

2.5 Cytokine production

Culture supernatants were analyzed using a ProcartaPlex
Human Immune Monitoring 12-Plex Panel (IL-1p, IL-2, IL-4, IL-
5, IL-6, IL-8, IL-10, IL-17A, IL-22, IL-23, IFN-y, TNF-a, and
TGEF-B1; Thermo Fisher Scientific, Vienna, Austria) following the
manufacturer’s instructions. The analysis was performed on a
Luminex 300 system (R&D Systems, Minneapolis, MN, United
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States) and processed using the ProcartaPlex Analysis App software
(Thermo Fisher).

2.6 Intracellular NO (icNQO)

The analysis was performed as previously described
(Mufioz Resta et al., 2021). Briefly, harvested cells were labeled
with monoclonal antibodies CD3-BV786 (SK7, Becton-Dickinson,
BD), CD4-APC (SK3,BD), CD8-BV605 (SK1, BD), CD45-APC-Cy7
(2D1, BD), CD16-V450 (3G8, BD), and CD56-PE-Cy7 (NCAM16.2,
BD) for 10 min at room temperature. The labeled cells were then
transferred to flow cytometry tubes containing 1.5 mL of pre-
warmed RPMI medium with 10 uM of a pyrylium probe (mtNOpy)
and immediately acquired for 30 minat a low flow rate (time
recorded). During acquisition, the tubes were incubated in a 37 °C
water bath protected from light. The icNO levels were assessed
as the mean fluorescence intensity (MFI) of mtNOpy in the PE
channel (586/42 nm) excited by the blue laser (488 nm) using a
FACSLyric cytometer and DIVA 9.0 software (BD). Photomultiplier
voltages were adjusted beforehand using CS&T beads (BD). The
gating strategy used to differentiate NK cells, CD4" T cells, and
CD8* T cells is illustrated in Figure 1A.

2.7 Cell proliferation

Cell proliferation was evaluated in CFSE labeled cells after
6 days of in vitro expansion by labeling with TIGIT-BV421 (RUO,
BD), CD16-V450 (3G8, BD), CD4-cFV505 (DK3, Palex), CD226-
BV605 (11A8, Biolegend), CD8-BV570 (RPA-TS8, Biolegend),
TIM-3-BV711 (7D3, BD), TCRgd-BV750 (11F2, BD), NKG2A-
BV786 (131411, BD), HLA-DR-cFB548 (L2D3, Cytek), NKG2C-
PE (REA205, Miltenyi Biotec), CD25-cFBYG610 (BC96, Cytek),
CD158bj-PE-Cy5 (GL183, Beckman Culter), KIR3DL1-APC (DXO9,
R&D Systems Inc.), CD57-cFR668 (HNK1, Cytek), CD38-cFR685
(HIT2, Cytek), CD3-AF700 (UCHT1, BD), NKG2D-APC-H7
(1D11, Biolegend) and CD45-cFR840 (HI30, Cytek) monoclonal
antibodies during 15 min at room temperature. Cells were washed
with FACSFlow (BD) and acquired using an NL-Flow cytometer
(Cytek), then analyzed with Diva software (BD). Proliferation was
calculated as the percentage of CFSE-low cells within each cell
subset (CD4* and CD8*' T cells, CD56%™ and CD568h NK
cells), as illustrated in Figure 1B and described previously (Ruiz-
Lorente et al., 2025).

2.8 Cytotoxic activity

The cytotoxicity of harvested effector cells was assessed against
target cell lines stained with CellTrace™ Violet (Thermo Fisher
Scientific, Waltham, MA) at effector-to-target ratios of 5:1 and 15:1,
performed in triplicate as previously described (Ruiz-Lorente et al.,
2025). In parallel, target cells were incubated alone to measure
basal cell death. The cells were co-incubated in V-bottom 96-well
microplates with a total volume of 150 pL of complete medium for
4h in a 5% CO2 atmosphere at 37 °C. After incubation, the cell
mixtures were washed with PBS containing 1% BSA and stained
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in the same buffer with 20 pg/mL 7-aminoactinomycin D (7-AAD,
Sigma, France) and 0.5 pg/mL DRAQS5 (BD, Canada) for 10 min at
4 °C in the dark. The cells were then washed again and immediately
analyzed using a FACSLyric flow cytometer. The mean value from
triplicates was used to calculate the percentage of lysis as follows:
experimental lysis—spontaneous apoptotic target cells. The gating
strategy is illustrated in Figure 1C.

2.9 Statistical analysis

Data were collected using Excel 2010 (Microsoft Corporation,
Seattle, WA, United States) and analyzed with SPSS version 21.0
(SPSS, Chicago, IL, United States). Categorical variables were
analyzed using chi-square tests, while continuous variables were
evaluated using analysis of variance (ANOVA) with post hoc tests.
Kaplan-Meier survival curves and log-rank tests were employed to
assess patient survival outcomes, including progression-free survival
(PES) and overall survival (OS). Time-to-event data (progression or
death) were calculated in months from the date of diagnosis.

Linear regression analysis was conducted to investigate the
impact of multiple parameters on BC susceptibility. Hazard ratios
(HRs) and their corresponding 95% confidence intervals (Cls) were
estimated. Statistical significance was defined as p < 0.05.

3 Results

3.1 Clinical, biological and therapeutic
characteristics of the study groups

The study included 328 patients with BC, 335 with plasma cell
neoplasms, 310 with melanoma, 128 with pediatric acute leukemia,
and 89 with ovarian cancer. Among BC patients, 58 cases were
classified as NIUN (CIS or Ta), while the remaining cases were
IUC, including 150 T1, 99 T2, and 21 T3 or T4 tumors. Bacillus
Calmette-Guérin therapy was administered to 32 CIS or Ta cases
(56.1%), 117 T1 cases (78.5%), and 2 T2 cases (2.0%) (Table 1). The
healthy control group consisted of 925 individuals with a mean age
of 52 + 0.7 years, of whom 44.5% were male.

3.2 KIR2DLS is associated with increased
susceptibility to bladder cancer but not
with patient outcome

To investigate the relationship between BC and KIR genotypes
or genes, we first analyzed their association. KIR2DL5 emerged as
the only KIR receptor significantly associated with BC susceptibility,
with frequencies of 63.6% and 66.4% in non-muscle-invasive
(NMIBC) and muscle-invasive bladder cancer (MIBC), respectively
(p = 0.003), compared to healthy controls (53.6%) and patients
with other tumors (53.5%). These findings were validated in
two independent prospective BC cohorts: 1) 2014-2016 cohort:
KIR2DL5 frequency was 66.4% (n = 136, p = 0.003), and 2)
2019-2022 cohort: KIR2DL5 frequency was 63.9% (n = 192,
p =0.006) (Figure 2A).
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FIGURE 1
Functional assays of NK and T cells. Peripheral blood mononuclear cells (PBMCs) were cultured in vitro either unstimulated or stimulated with
anti-CD3/CD28 or BCG for up to 144 h to assess: (A) Intracellular nitric oxide (icNO): Measured at 120 h using mtNOpy in the PE channel (488 nm) in
CD4*" (dark green), CD8* (light green), NK CD569™ (blue), and NK CD56""9" (red) cells. (B) Cell proliferation: Assessed at 144 h as the percentage of
CFSE-low cells within CD3*CD4* (dark green) and CD3"CD8" (light green) T lymphocytes, as well as CD56dim (blue) and CD56bright (red) NK cells.
(C) Cytotoxicity: evaluated against K562, T24, and J82 target cell lines at multiple effector-to-target ratios. Effector PBMCs are shown in green, while
target cells are depicted as pale blue for live cells and dark blue for dead cells. In all assays, a hierarchical and logical gating strategy was applied to
exclude doublets, debris, and non-viable events, ensuring precise identification of cell subsets and their functional responses.

The reported frequency of KIR2DLS5 in healthy populations from
regions near our study area aligns closely with our observations
(http://www.allelefrequencies.net/kir6002a.asp): Granada (52.0%, n
= 100), Sevilla (54.7%, n = 278), and Valencia (53.7%, n = 1334).
Similarly, a series of 458 COVID-19 patients from Valencia reported
a frequency of 55.5% (Nifno-Ramirez et al., 2024).

KIR2DL5 have a strong association with other aKIRs within
the B haplotype. To assess its independent contribution, a linear
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multivariate regression analysis was performed, revealing that,
independent of other aKIRs within the B haplotype, KIR2DL5 was
associated with BC susceptibility (HR = —1.167, p = 0.050), alongside
other significant factors such as sex (HR = 1.465, p < 0.001), age
(HR = -0.181, p < 0.001), and tobacco smoking (HR = -2.454, p
<0.001) (Figure 2B).

However, KIR2DL5 alone was not linked to significant
differences in PFS or OS among BC patients (Figure 2C).
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TABLE 1 Clinical, biological, and therapeutic characteristics of the study groups.

Follow-up, months (mean +

Sex (% male) Age, years (mean + SEM)

SEM)
Type of tumor
328 85.8 71.1+0.6 423+1.8
Bladder cancer (BC)
335 50,6 59.2+2,7 549+29
Plasma cell neoplasm
310 53.8 60.2+1.8 60.3 +2.5
Melanoma
128 61.8 6.98 £ 0.4 50.8 +3.1
Pediatric leukemia
89 0 587+ 1.1 189+23
Ovarian cancer
BC stage
58 86.1 729+1.2 60.3 £5.1
CISor Ta
150 85.2 70.1+0.8 454+23
T1
99 86.9 719+ 1.1 293+£25
T2
21 85.7 653 2.1 294+638
T3 or T4
BC treatment
151 86.2 70.4+0.8 484+25
BCG therapy”
174 85.4 71.7 £ 0.8 37.1+24
Other therapies

"BCG, therapy was given to 32 cases CIS, or Ta (56.1%), 117 cases T1 (78.5%), and 2 cases T2 (2.0%).

3.3 KIR2DLS is associated with an
increased frequency of circulating NK cells
expressing other B haplotype-associated
KIRs

To explore the potential impact of the KIR2DL5 genotype on
antitumor effector cells, peripheral blood samples from 268 BC
patients at diagnosis were analyzed for NK and T lymphocyte
repertoires, as well as the expression of activating receptors (CD226,
CD16) and inhibitory receptors (TIGIT, NKG2A) on NK cells
(Figure 3). No significant differences in the frequencies of CD4"
and CD8" T lymphocytes or CD56%™ and CD56°¢" NK cells were
observed between KIR2DL5" and KIR2DL5™ patients. However,
KIR2DL5" patients exhibited a significantly higher frequency of
NK cells expressing KIR2DSI1 (8.79% + 0.58% vs. 0.0% + 0.0%, p
< 0.001) and KIR2DL2 (17.41% * 1.32% vs. 9.52% * 1.53%, p <
0.001), alongside a lower frequency of NK cells expressing KIR3DL1
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(12.65% + 1.17% vs. 19.82% * 1.38%, p < 0.001) compared to
KIR2DL5™ patients (Figure 3A).
While no differences in the expression of CD226, CD16,
TIGIT were associated with the KIR2DL5 genotype,
NKG2A expression was slightly lower in KIR2DL5" patients
(1.03% + 0.1% vs. 1.24% + 0.09%, p < 0.05) compared to
KIR2DL5™ patients (Figure 3B).

To investigate whether differences observed in circulating NK
cell subsets between KIR2DL5" and KIR2DL5™ individuals might
play a specific role in the development of BC, the frequencies of

or

these subpopulations were analyzed in healthy controls and patients
with BC or other cancers (Figure 3C). Patients with both types of
cancer exhibited higher numbers of NK cells expressing KIR2DL2
and KIR3DL1 compared to healthy controls, in both KIR2DL5"
individuals (KIR2DL2* NK cells: 9.5% + 1.5% and 8.3% + 1.3%
vs. 6.5% + 1.1, p > 0.05; KIR3DL1* NK cells: 19.8% + 1.4% and
18.5% + 1.3% vs. 14.9% + 1.1, p < 0.05) and KIR2DL5™ individuals
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B Linearregression: healthy controls vs. bladder cancer

H.Controls NMIBC MIBC Other Hazard ratio 95% Cl P

(n=925) (n=208) (n=120) (n=862) Constant 18.80 16.64 - 20.97 0.001
KIR genotipos N (%) N (%) N (%) N (%) Sex 1.465 0.675-2.255 0.001
AA 234 (26.0%) 41(20.0%) 22 (18.5%) 231 (26.8%) 0.075 Age -0.181 -0.208--0.155  0.001
Bx 666 (74.0%) 164 (80.0%) 97 (81.5%) 631 (73.2%) Smoking -2.454 -2.900--2.007  .001
KIR genes KIR2DL5 -1.167 -2.437-0.102 0.050
KIR2DL1 895 (96.8%) 194 (94.2%) 115 (96.6%) 841 (97.3%) 0.159 KIR2DS1 1553 0.393-3500  0.118
KIR2DL2 537 (58.1%) 120 (58.3%) 72 (60.5%) 465 (53.9%) 0.168 KRDSS il ESFS1 2L 0LAa

KIR2DS5 -0.158 -1543-1226  0.822

KIR2DL3 827 (89.4%) 174 (84.5%) 100 (84.0%) 758 (87.6%) 0.214 KIR3DS1 1220 2030-0491 0162
KIR2DL5 496 (53.6%) 131 (63.6%) 79 (66.4%) 463 (53.5%) 0.004*
KIR3DL1 971(94.2%) 193 (93.7%) 113 (95.0%) 818 (94.9%) 0918 o, Progression-free survival % Overall survival
KIR2DS1 380 (41.1%) 98 (47.6%) 53 (44.5%) 334 (38.7%) 0.104 1,07 -
KIR2DS2 537 (58.1%) 118 (57.3%) 72 (60.5%) 470 (54.5%) 0.282 0] P=0.442 P=0.756
KIR2DS3 287 (31.0%) 69 (33.5%) 41(34.5%) 275 (31.8%) 0.907
KIR2DS4-full €5 225 (45.5%) 112 (45.6%) 53 (44.5%) 307 (49.8%) 0.616 0,67
KIR2DS5 290 (31.4%) 75 (36.4%) 42 (35.3%) 274 (31.8%) 0.423 0,47
KIR3DS1 382 (41.3%) 102 (49.5%) 56 (47.1%) 347 (40.3%) 0.054 0,21 -0-No KIR2DL5
* These results were confirmed in 2 independent series: 1) Prospective 2014- 0,01 @-KIR2DL5
2016 (KIR2DL5= 66,4%, n=136, p=0.003); and 2) Prospective-2019/22 (KIR2DL5= 0 24 48 72 96 150 & 24 48 72 96 120

63.9%, n=192, p=0.0086).

FIGURE 2

Months —»

KIR2DLS is associated with increased susceptibility to bladder cancer (BC) but not with patient outcomes. (A) Frequency of KIR genotypes and genes
across the study groups. P-values were obtained using chi-square tests. (B) Linear multivariate regression analysis comparing BC patients and healthy
donors, adjusted for sex, age, and activating KIRs (aKIRs). (C) Kaplan-Meier survival curves and Log-rank tests for progression-free survival and overall

survival in BC patients stratified by KIR2DL5 genotype.

(KIR2DL2" NK cells: 17.4% + 1.3% and 14.6% * 1.5% vs. 12.5%
+ 1.2, p < 0.05; KIR3DL1" NK cells: 12.6% + 1.2% and 11.3%
+ 1.0% vs. 8.6% + 0.7, p < 0.01). However, no differences were
observed between patients with BC and those with other cancers,
suggesting that these NK cell subsets appear to be associated with

cancer development in general, but not specifically with BC.

3.4 KIR2DLS5 genotype is not associated
with differential NK cell effector functions
in vitro

The effector functions of T and NK cells were assessed in
PBMCs from 24 healthy controls stimulated in vitro with anti-
CD3/CD28 or BCG (Figure 4). Anti-CD3/CD28 primarily induced
the proliferation of CD4" T cells, whereas BCG strongly promoted
NK cell proliferation and the secretion of IL-1f, IL-6, IFNy, TNFaq,
and TGFp1. However, the KIR2DL5 genotype was not associated
with any significant differences in cytokine secretion, T or NK
cell proliferation, or the cytotoxic activity of NK cells following
stimulation with anti-CD3/CD28 or BCG.

3.5 KIR2DL5 is associated with increased
intracellular nitric oxide (icNO) production
in T and NK cells

Finally, icNO production was evaluated in CD4" and CD8" T
lymphocytes, as well as CD37CD56" NK cells, from PBMCs
stimulated with anti-CD3/CD28 or BCG, stratified according
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to the KIR2DL5 genotype (Figure 5). Following anti-CD3/CD28
stimulation, CD4" (171.9 + 37.9 vs. 103.3 + 14.9 MFI) and CD8"
(257.6 + 62.3 vs. 159.1 + 27.6 MFI, p < 0.05) T lymphocytes, along
with CD37CD56" NK cells (301.2 + 58.8 vs. 137.1 + 17.5 MF],
p < 0.01), from KIR2DL5" donors produced significantly higher
levels of icNO compared to KIR2DL5™ donors. Similarly, after BCG
stimulation, CD4" (296.6 + 62.4 vs. 115.9 + 23.8 MFIL, p < 0.05)
and CD8" (385.6 + 68.3 vs. 148.4 + 22.8 MFL, p < 0.01) T cells, as
well as NK cells (278.7 + 53.4 vs. 113.5 + 25.2 MFI, p < 0.05), from
KIR2DL5* donors exhibited significantly higher icNO production
than KIR2DL5™ donors (Figure 5).

3.6 KIR2DL5 is predominantly associated
with small (<3 cm), solid-pattern NMIBC in
non-smoking patients

The strong association between smoking and BC (Freedman,
2011; Halaseh et al., 2022) was confirmed in our cohort, where
smoking was present in 77.7% of BC patients (p < 0.001), compared
to only 23.0%, 27.9%, and 9.6% in the general Spanish population,
HC from our study, and COVID-19 patients from the confirmatory
series, respectively (Figure 6A).

As shown in Figure 6B, the frequency of KIR2DL5 was
significantly higher in BC patients (64.7%, p < 0.01) compared to
HC (55.5%) and COVID-19 patients (54.4%) from the confirmatory
series. Interestingly, KIR2DL5 frequency was higher among non-
smoking HC (61.4% vs. 42.5%) and BC patients from series-
1 (75.9% vs. 58.8%) and series-2 (70.0% vs. 51.4%) compared
to smokers (Figure 6C). Furthermore, non-smoking BC patients

frontiersin.org


https://doi.org/10.3389/fcell.2025.1632101
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

Ruiz-Lorente et al.

10.3389/fcell.2025.1632101

AL, OKIR2DLS- (n=95) O KIR2DLS- B 3 ol O KIR2DL5-
= (i BRDLSH (0=173) 30 1 mKIR2DLS+ = 8- . W KIR2DL5+
% vy ok ke é 6 B
3 3 20 4 e e e = 1
2 = c
2 @ © 4
- % 10 e e ke 20
= 1
o ; 3 2 4 *
2 x
0 S o0 N
R N © o 0 &
<§, ﬂésv fﬁscy ’553, G§SV (S;y (5§° <5{} c;ﬁh AQ$>
QAR LR LR LR & S &
FHF&SS S

KIR2DL5 individual

OControl (n=139)
25 1 mBladder C. (n=95)
§ 20 4 @A Other C. (n=85)
-
2
2 15 -
S
[
© 10 -
(&
~
2 5 4
0

KIR2DS1  KIR2DL2  KIR3DL1

FIGURE 3

KIR2DL5" individual

O Control (n=202)
25 4 mBladder C. (n=173)
:\? [@Other C. (n=111)
= 40 *’/,—*—.
@
173 k 3k
-g 15 -
]
E 10 -
> 7
£ 5 J ﬁ
/
0
KIR2DS1 KIR2DL2 KIR3DL1

Repertoire of T and NK lymphocyte subsets in peripheral blood and expression of activating and inhibitory NK cell receptors in bladder cancer patients.
(A) Frequency of CD4* and CD8" T lymphocytes, CD56%™ and CD56P"9" NK cells, and the NK single-KIR* (sKIR) repertoire, stratified by KIR2DL5
genotype. (B) Mean fluorescence intensity (MFI) of activating receptors (CD226 and CD16) and inhibitory receptors (TIGIT and NKG2A) on CD569™ and
CD56P19" NK cells, stratified by KIR2DL5 genotype. (C) Frequency of NK cell subsets expressing KIR with significant differences between
KIR2DL5-positive and -negative individuals in B, comparing healthy controls and patients with bladder cancer or other cancers.”, p < 0.05,**, p < 0.01

and***and p < 0.001 based on ANOVA test.

exhibited higher KIR2DL5 frequencies in NMIBC compared to
MIBC cases (76.9% vs. 63.7%, p < 0.05), in solid-pattern tumors
compared to papillary tumors (76.0% vs. 56.0%, p < 0.05), and in
tumors <3 cm compared to those >3 cm in size (86.2% vs. 62.4%, p
<0.01) (Figure 6D).

4 Discussion

According to the American Cancer Society, smokers are at
least three times more likely to develop BC compared to non-
smokers. In fact, tobacco use is implicated in approximately 50%
of male cases and 20%-30% of female cases. Carcinogens in
tobacco smoke, particularly aromatic amines like 2-naphthylamine
and 4-aminobiphenyl, enter the bloodstream, are filtered by
the kidneys, and accumulate in urine for prolonged periods,
inducing DNA damage through adduct formation and mutagenic
processes in bladder cells (Freedman, 2011; Halaseh et al., 2022).
Additionally, exposure to harmful chemicals (such as aromatic
amines and benzidine, which are responsible for 5%-10% of
BC), previous cancer treatments, chronic bladder inflammation,

Frontiers in Cell and Developmental Biology

08

Schistosomiasis haematobium infection, obesity, diet, gender, age,
or a family history of BC can also be predisposing factors
(Halaseh et al., 2022). However, studies have failed to recognize
important germline genetic factors. Genome-wide studies (Gu
and Wu, 2011) have identified a small correlation with a genetic
predisposition to BC for N-acetyltransferase 2 (NAT2) and deletion
of glutathione S-transferase (GSTMI1) genes, both connected
with the ability to metabolize aromatic amines and therefore
related to the environmental carcinogen exposure and cigarette
smoking (Garcia-Closas et al, 2005). Increased incidence of
BC has also been related to mutations in the tumor-suppressor
gene phosphatase and tensin homolog (PTEN) and the DNA
mismatch repair gene MutS homolog 2 (MSH2), which are
seen in Cowden and Lynch syndromes, respectively (Riegert-
Johnson et al., 2010; van der Post et al., 2010). The absence of
a clear Mendelian inheritance pattern of BC suggests that not a
monogenic system, but a multigenic/polymorphic loci might be
involved. Our data demonstrate a specific and significant association
between KIR2DL5 and elevated BC risk across the entire cohort
and within both independent patient series included in the study.
This association is further emphasized by the heightened KIR2DL5
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The KIR2DL5 genotype is not associated with differences in NK or T cell proliferation, cytokine production, or cytotoxicity following in vitro stimulation
with anti-CD3/CD28 or BCG. (A) Proliferation (% of CFSE-low) of CD4" and CD8* T lymphocytes and CD56*CD3~ NK cells; (B) Cytokine secretion; (C)
Cytotoxicity against K562, T24, and J82 cell lines by PBMCs stimulated with anti-CD3/CD28 (upper panels) or BCG (lower panels), stratified by

KIR2DL5 genotype.
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FIGURE 5

KIR2DLS5 is associated with increased intracellular nitric oxide (icNO) production in T and NK cells. Production of icNO was measured in CD4" and
CD8* T lymphocytes, as well as CD3"CD56" NK cells, from peripheral blood mononuclear cells stimulated with anti-CD3/CD28 or Bacille
Calmette—Guérin (BCG), stratified by KIR2DL5 genotype.”p < 0.05 and™*p < 0.01, based on Student's t-test.
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FIGURE 6

KIR2DLS5 is predominantly associated with small (<3 cm), solid-pattern NMIBC in non-smoking patients. (A) Smoking prevalence in the general Spanish
population (data from https://www.ine.es/infografias/infografia_tabaco.pdf), healthy controls (HC, n = 201), COVID-19 patients

(n = 458) (Nifio-Ramirez et al., 2024), and bladder cancer patients (BC, n = 263). (B) Frequency of KIR2DL5 in HC, COVID-19, and BC patients. (C)
Smoking distribution in HC (n = 203) and two independent BC cohorts (series 1, n = 80; series 2, n = 153). (D) Frequency of KIR2DL5 in BC patients,
stratified by tumor stage, pattern, and size.”, p < 0.05;**, p < 0.01;***, p < 0.001 based on chi-square tests.

frequency observed in non-smoking patients, whose reduced
tobacco exposure likely minimizes masking of KIR2DL5’s inherent
predisposing effects. The findings suggest a distinct biological role
for KIR2DL5 in bladder carcinogenesis, independent of smoking-
related pathways.

The functional interpretation of KIR2DL5 has been complicated
by its strong linkage disequilibrium with other aKIRs in the
haplotype B. Prior studies have primarily associated haplotype
B or collective aKIR clusters -rather than KIR2DL5 itself-with
diverse clinical outcomes (Sullivan et al., 2014; Nowak et al.,
2015; Pamuk et al., 2015; Misra et al., 2016; Barani et al., 2018;
Hernandez et al.,, 2018). In contrast, our findings demonstrate a
significant and specific association between KIR2DL5 and the risk
of BC, independent of confounding variables such as coexisting
aKIRs, sex, age, or tobacco smoking. Moreover, although the
presence of KIR2DL5 significantly influences the presence of
circulating NK cells differentially expressing KIR2DS1, KIR2DL2,
and KIR3DLI, these cells appear to be more closely associated with
the development of cancers in general, rather than with BC in
particular. This highlights KIR2DL5 as a distinct immunogenetic
factor in bladder carcinogenesis, warranting mechanistic studies to
dissect its role in tumor-immune interactions. However, neither
KIR2DL5 nor the presence of aKIRs within the B-haplotype (data
not shown) demonstrated prognostic relevance for BC outcomes
following treatment initiation. This suggests that while KIR2DL5
may influence BC predisposition, it does not appear to modulate
therapeutic response or disease progression in treated patients.
Unfortunately, the genotyping method used in our study did not
allow us to specifically distinguish whether this association was
attributable to the KIR2DL5A or KIR2DL5B paralog. However,
since only KIR2DL5A*001 is known to be expressed on the
cell membrane (Cisneros et al., 2012), its interaction with its PVR
ligands indicates that this KIR2DL5 allotype may be responsible for
the predisposition to breast cancer.
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The absence of prior evidence for KIR2DL5’s distinct role
in BC pathophysiology complicates direct comparison with our
findings. To address this issue, functional assays were conducted
to characterize tumor-associated immune effector mechanisms,
aiming to identify specific immunological pathways modulated by
KIR2DL5. KIR2DL5 showed no association with altered T cell
(CD4* and CD8") or NK cell proliferation, cytokine production,
or cytotoxicity. However, it correlated with elevated icNO following
in vitro stimulation with anti-CD3/CD28 or BCG in both immune
cell types. Although the sample size of these exploratory assays may
have been insufficient to detect subtle modulations in cytotoxicity,
proliferation, or cytokine secretion, it proved sufficiently robust
to identify a significant increase in icNO in KIR2DL5+ donors.
These findings position dysregulation of the NO pathway as
the most relevant biological mechanism explaining the genetic
association reported in this manuscript. Therefore, the interaction
of KIR2DL5 with its PVR ligand on transformed or infected cells
could initiate SHP-2—dependent signaling (Yusa et al., 2002; Yusa
and Campbell, 2003; Ren et al., 2022), resulting in heightened icNO
production during NK and/or T cell immune activation, which
may have direct pathological consequences. Although SHIP2 is not
directly involved in NO production, it is involved in regulating
the activity of NADPH oxidases (NOX), which are enzymes that
produce reactive oxygen species. Some studies suggest that NOX
enzymes can also affect NO bioavailability, potentially through
reactions with NO or by influencing the activity of nitric oxide
synthase (iNOS). Therefore, SHIP2’s influence on NOX activity
could indirectly affect NO levels (Watt et al., 2017). Thus, the
excess NO produced during immune responses could diffuse into
the circulation and be metabolized into nitrate, a stable urinary
excretory product that accumulates in the bladder (Stichtenoth etal.,
1995; SEVER et al., 2008). This nitrate reservoir could subsequently
contribute to bladder carcinogenesis through localized genotoxic or
inflammatory mechanisms (Chiu et al., 2007; Espejo-Herrera et al.,
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2015; Jones etal., 2016; Barry etal., 2020). Further studies are needed
to test our hypothesis by analyzing NO production and its associated
molecular pathways in NK and T cells isolated from the tumor
infiltrate, in order to gain deeper insight into the role of the tumor
microenvironment.

Furthermore, the potential direct involvement of NO
in modulating NK and T cell antitumor activity warrants
consideration. While NO does not significantly influence the
effector phase of cytokine-stimulated NK cell cytotoxicity, elevated
concentrations during the afferent phase -particularly under
IL-12 and TNFa priming-may attenuate NK lytic capacity
(Salvucci et al, 1998). Notably, tumor-infiltrating NK cells
expressing the inhibitory receptor KIR2DL5 are frequently
observed in malignancies with high PVR expression (Ren et al.,
2022). Our findings imply these cells may exhibit enhanced NO
production, which could subsequently upregulate PVR expression
via feedback mechanisms analogous to those documented in
myeloma models (Fionda et al., 2015). As PVR engages inhibitory
immune checkpoints (CD96, TIGIT, KIR2DL5), this NO-PVR
axis may establish a self-reinforcing loop that suppresses effector
lymphocyte function, thereby amplifying immune evasion
(Kucan Brli¢ et al., 2019). The feasibility of targeting this inhibitory
loop in conjunction with other protein-targeted immunotherapies
in BC is supported by comprehensive proteomic analyses that have
systematically mapped the landscape of druggable targets within
this malignancy (Mertins et al., 2016).

Tobacco smoking is known to impair endothelial NO
synthesis (Toda and Toda, 2010), prompting investigation into
whether it could also suppress NO production by immune cells.
This mechanism may explain the higher prevalence of KIR2DL5
observed in BC patients who do not smoke in our cohort, suggesting
that the strong carcinogenic effects of tobacco could mask this
association. Furthermore, the inverse relationship we observed
between smoking, commonly linked to MIBC and KIR2DL5,
which is associated with small, solid-pattern NMIBC, supports
this hypothesis.

However, this study leaves unresolved questions: what molecular
pathways underlie the potential mechanistic link between KIR2DL5
and NO overproduction? and how do smoking-induced epigenetic
modifications interact with this immunoregulatory axis? These
limitations underscore the need for multicenter collaborations to
validate these associations in expanded cohorts and investigate
potential confounding from unmeasured inflammatory mediators,
while integrating multi-omics approaches to elucidate NO-
KIR2DL5 crosstalk.

5 Conclusion

Although these findings require confirmation in larger
cohorts, our data suggest that KIR2DL5 may be associated
with bladder cancer risk independently of age, sex, and tobacco
smoking exposure. The immunological mechanisms underlying
this association remain poorly understood; however, preliminary
evidence indicates that dysregulated NO production by immune
effector cells could play a key role in mediating this relationship.
Future studies are needed to unravel the interactions between
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KIR2DL5-expressing lymphocytes and NO signaling pathways
within the bladder tumor microenvironment.
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