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Abstract: Objective: To investigate the role of lipopolysaccharide (LPS)-mediated toll-like receptor 4 (TLR4) signaling
in modulating the tumor immune microenvironment, particularly the follicular helper T cell (Tfh)/follicular regu-
latory T cell (Tfr) equilibrium, in bladder cancer. Methods: MBT-2 and MB49 cells were treated with LPS. TLR4
was knocked down using lentiviral short hairpin RNA. Cell proliferation, migration, and invasion were assessed by
methylthiazolyldiphenyl-tetrazolium bromide, scratch, and Transwell assays. A subcutaneous xenograft model in
C57BL/6 and C3H/He mice was established. Tfh/Tfr cells in spleens were analyzed by flow cytometry. TLR4 and re-
lated cytokine expression were measured by quantitative polymerase chain reaction and western blot. Results: LPS
treatment upregulated the expression of TLR4/myeloid differentiation primary response 88, which enhanced tumor
cell proliferation and migration in vitro and promoted tumor growth in vivo. These pro-tumor effects were reversed by
TLR4 knockdown. Furthermore, LPS skewed the Tfh/Tfr ratio in favor of Tfh cells. At the cytokine level, LPS increased
the production of interleukin-21 but decreased the levels of forkhead box P3, interleukin-10, and transforming
growth factor-beta. All these immunologic alterations were also abolished upon TLR4 knockdown. Conclusion: LPS
exacerbated bladder cancer progression by activating TLR4 signaling. This disrupts the Tfh/Tfr balance and creates
an immunosuppressive niche. Targeting this axis may represent a novel therapeutic strategy.

Keywords: Bladder cancer, lipopolysaccharide, toll-like receptor 4, T follicular helper cells, T follicular regulatory
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Introduction

Bladder cancer (BCa) represents one of the
most prevalent malignancies of the urinary
tract. BCa is characterized by high rates of
recurrence and progression, which pose persis-
tent challenges to clinical management [1].
Although immunotherapeutic strategies nota-
bly Bacillus Calmette-Guérin (BCG) intravesical
instillation have achieved significant success,
a substantial proportion of patients exhibit
non-response or eventual relapse. This under-
scores the complexity of the tumor immune
microenvironment (TIME) and the resilience of
immune evasion mechanisms in BCa [2].
Consequently, elucidating the key mechanisms

that drive immunosuppression within the TIME
is crucial for developing novel therapeutic strat-
egies and improving patient outcomes.

Toll-like receptor 4 (TLR4) is a pivotal pattern
recognition receptor in the innate immune sys-
tem. It recognizes primarily pathogen-asso-
ciated molecular patterns such as lipopolysac-
charide (LPS) [3]. In tumor biology, the TLR4
signaling pathway assumes a complex dual
role. While its activation in immune cells can
promote anti-tumor immunity, growing evidence
indicates that aberrant TLR4 activation within
tumor cells themselves directly enhances ma-
lignant behaviors - such as proliferation, migra-
tion, and metastasis - and fosters an immuno-
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suppressive tumor microenvironment [4, 5].
In BCa, elevated TLR4 expression correlates
with adverse pathologic features and may be
linked to urinary tract infections - a known risk
factor often involving LPS exposure [6, 7].
However, the precise mechanism by which the
LPS/TLR4 axis remodels the anti-tumor immu-
nity in BCa, particularly through regulating the
functional balance of key immune cell subsets,
remains unclear.

Follicular helper T (Tfh) cells and follicular regu-
latory T (Tfr) cells are two critical CD4* T cell
subsets that have recently emerged as central
regulators of humoral immunity, with opposing
functions in governing germinal center reac-
tions [8]. Functionally, Tfh cells promote B cell
activation and antibody production by secret-
ing cytokines like interleukin-21 (IL-21). In con-
trast, Tfr cells, which express forkhead box P3
(Foxp3) and cytotoxic T-lymphocyte-associated
protein 4 among other markers, act to sup-
press Tfh cell activity and thereby restrain
excessive antibody responses. Tfh/Tfr dynamic
equilibrium is essential for immune homeosta-
sis [9, 10]. Dysregulation of this balance in the
TIME is closely associated with immune eva-
sion. Nevertheless, whether and how LPS/
TLR4 signaling drives BCa immunosuppression
by influencing the Tfh/Tfr balance represents a
significant knowledge gap.

This study aimed at systematically investigat-
ing the regulatory role of LPS, through the TLR4
pathway, in BCa progression and the TIME,
with a specific focus on the Tfh/Tfr cell equilib-
rium as a novel perspective. Using a BCa mo-
del, our research demonstrated for the first
time that exogenous LPS, through activating
TLR4/myeloid differentiation primary respon-
se 88 (myD88) signaling, not only directly
enhances tumor cell malignancy but also sig-
nificantly skews the balance between Tfh and
Tfr cells toward Tfh. This is coupled with the
modulation of key cytokines, including IL-21,
interleukin-10 (IL-10), and transforming grow-
th factor-beta (TGF-B), collectively fostering
an immunosuppressive niche favorable to
tumor growth. These findings provide novel
mechanistic insight into immune evasion in
BCa, particularly under infection- or inflam-
mation-associated conditions, and offer an
important theoretical basis for targeting the
TLR4 signaling axis or the Tfh/Tfr balance to
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enhance the efficacy of existing immunoth-
erapies.

Materials and methods
Cell culture and grouping

In culture medium containing 10% fetal bovine
serum (FBS), bladder cancer cell lines were
maintained. For BCa studies, cell proliferation,
migration, and apoptosis were assessed using
MBT-2 (ATCC® CRL-1749™) and MB49 (ATCC®
HTB-2™) cells. Upon reaching 85% confluence
in culture dishes, cells were divided into three
groups: control, control + LPS (Sigma-Aldrich,
L2630), and knockdown (KD) + LPS.

To knock down TLR4, cells were transduced
with lentiviruses encoding si-TLR4. Stable
TLR4-KD cell lines were generated by subse-
quent culture in fresh medium containing FBS.
Specifically, stable TLR4-KD was achieved by
infecting cells with lentivirus carrying short
hairpin RNA (shRNA) targeting human TLR4.
The shRNA sequence targeting TLR4 was
5-GCAACAAAGTCCTGAAAGA-3'. A scrambled
shRNA sequence (5-TTCTCCGAACGTGTCACGT-
3’) was used as a negative control. Lentiviral
particles were produced by co-transfecting
HEK293T cells with the packaging plasmids
psPAX2 and pMD2.G. Cells were infected in the
presence of 8 ug/mL polybrene and selected
with 2 ug/mL puromycin for 7 days to establish
stable KD lines (MBT-2-KD-TLR4 and MB49-
KD-TLR4). KD efficiency was confirmed by
quantitative polymerase chain reaction (qQPCR)
and western blot analysis.

Methylthiazolyldiphenyl-Tetrazolium Bromide
(MTT) assay for cell growth

Cells from each group were trypsinized and
seeded into 96-well plates for culture ina 37°C
incubator with 5% CO,. After 24 to 48 hours,
the MTT solution (Dojindo Molecular Techno-
logies, CKO4) was added to each well. Following
a 4-hour incubation, the formazan crystals
were dissolved. The optical density at 450 nm
was measured using a microplate reader to
assess cell viability.

Transwell assay for cell migration

Cell migration was evaluated using 24-well
Transwell chambers with 8-um pores (Corning,
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Table 1. Primer sequences used for quantitative real-time PCR

tein were separated by sodi-

um dodecyl sulfate-polyacry-

Gene Type  Sequence (5'—3’) Product Size (bp) . ’
TLR4 F TCCCTGCATAGAGGTGTGAAA 160 lamide ~ gel  electrophoresis
and transferred to polyvinyli-
R GTCTCCACAGCCACCAGATT .
dene fluoride membranes. Af-
MyD8S F TGTTCTTGAACCCTCGGACG 241 ter blocking, the membranes
R TTCTGGCAGTCCTCCTCGAT were incubated overnight at
Foxp3 F ATCCCCCTCTAGCAGTCCAC 229 4°C with the fo||ow]ng pri_
R AGTTGCCGGGAGAGCTGAAT mary antibodies: anti-TLR4
I-10 F ATGCAGGACTTTAAGGGTTACTT 255 (1:800, Cat# ab13556, Ab-
R GTAGACACCTTGGTCTTGGAG cam, USA), anti-MyD88 (1:
IL-21 F CCACAAGATGTAAAGGGGCAC 299 1000, Cat# ab2064, Abcam,
R GGTACCCGGACACAACATGG zs{i)zv6&:3”§"ngﬁ3s_(158?ov (%at
, Cell Signaling Te-
TGF- F AGCTCCTCATCGTGTTGGTG 273 .
’ R TGCAGTGGTCCTGATTGCAG chnology, USA), anti-Il-10 (1:
800, Cat# ab133575, Abcam,
GAPDH F GTGGCAAAGTGGAGATTGTTG

R CGTTGAATTTGCCGTGAGTG

29 USA), anti-IL-21 (1:800, Cat#
ab125337, Abcam, USA), anti-

Abbreviations: TLR4, Toll-like receptor 4; MyD88, Myeloid differentiation primary

response 88; Foxp3, Forkhead box P3; IL-10, Interleukin-10; IL-21, Interleukin-21;
TGF-21; TGF-response 88; Foxp3, Forkhead box P3; IL-10, Interleukin-10; e dehy-
drogenase; F, Forward primer; R, Reverse primer; bp, base pairs.

3422). Cells were trypsinized, resuspended in
serum-free medium, and seeded into the upper
chamber. The lower chamber was filled with
medium containing 15% FBS as a chemoat-
tractant. After 12 hours of incubation at 37°C
with 5% CO,, non-migrating cells on the upper
surface of the membrane were removed with a
cotton swab. Migrated cells on the lower sur-
face were fixed, stained with crystal violet, and
counted in five randomly selected fields per
well under a microscope.

Scratch wound healing assay

Cells were seeded into 24-well plates and
grown to confluence. A uniform scratch was cre-
ated across the cell monolayer using a sterile
pipette tip. After gently washing the wells with
phosphate-buffered saline (PBS) to remove
detached cells, images of the scratch were cap-
tured at O, 24, and 48 hours using a micro-
scope. The migration rate was calculated by
measuring the change in scratch width over
time with ImageJ software.

Western blot analysis

Cells in the logarithmic growth phase were
lysed using radioimmunoprecipitation assay
buffer containing protease inhibitors. Protein
concentrations were determined with a bicin-
choninic acid assay kit. Equal amounts of pro-
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TGF-B (1:800, Cat# ab215715,
Abcam, USA), and anti-B-actin
(1:10000, Cat# ab8227, Ab-
cam, USA). After washing, the
membranes were incubated
with corresponding horseradish peroxidase-
conjugated secondary antibodies (anti-rabbit
or anti-mouse, Jackson ImmunoResearch) for
1 hour at room temperature. Protein bands
were visualized using a chemiluminescent sub-
strate and a gel imaging system. Glyceralde-
hyde-3-phosphate dehydrogenase functioned
as the loading control. Relative protein expres-
sion levels were quantified employing ImageJ
software.

Polymerase Chain Reaction (PCR) detection

Total RNA was extracted from cells or tissues
using Trizol reagent. Complementary DNA was
synthesized by reverse transcription. Quan-
titative PCR was performed using SYBR Green
Master Mix on a real-time PCR system with the
following conditions: initial denaturation at
95°C for 5 minutes; 40 cycles of 95°C for 30
seconds, 56°C for 30 seconds, and 72°C for
30 seconds; followed by a final extension at
72°C for 10 minutes. The sequences of the
primers used are listed in Table 1. Gene expres-
sion levels were calculated using the 2¢2ACY
method, normalized to glyceraldehyde-3-phos-
phate dehydrogenase.

Animal experiments

Forty female C57BL/6 mice (for MB49 model)
and C3H/He mice (for MBT-2 model), aged 6
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weeks and weighing 17+1 g, were purchased
from Shanghai Linghang Biotechnology Co.,
Ltd. (Production License SCXK (Shanghai)
2018-0003). MBT-2 and MB49 cells were cul-
tured in medium containing 10% FBS and 100
U/mL penicillin-streptomycin under standard
conditions. Upon reaching confluence, cells
were trypsinized, washed with PBS, and pre-
pared as a single-cell suspension at a density
of 1x108 cells/mL. A 0.1 mL aliquot of the sus-
pension was subcutaneously injected into the
right axilla of each mouse. Tumor growth was
monitored daily. Starting on day 7 post-inocula-
tion, tumor size was measured by calipering the
long and short diameters, and tumor volume
was calculated.

To minimize animal suffering, all procedures
were performed under general anesthesia
induced with isoflurane. Post-operative anal-
gesia was administered. At the experimen-
tal endpoint, mice were euthanized by CO, in-
halation followed by cervical dislocation, in
compliance with the approved animal protocol.
The study protocol was reviewed and approved
by the Animal Ethics Committee of Tianjin
Medical University (Approval No.. TMUaMEC
20241001).

Detection of CD4*CXCR5*PD-1* Tfh and
CD4*CXCR5*FOXP3* Tfr cells in mouse spleen

Single-cell suspensions were prepared from
homogenized spleen tissue. For surface mar-
ker staining, cells were incubated with the fol-
lowing antibody cocktail at 4°C in the dark for
30 minutes: Fluorescein Isothiocyanate anti-
mouse CD4 (Clone GK1.5, Cat# 100433,
BioLegend, San Diego, CA, USA), phycoerythrin
anti-mouse CXCR5 (Clone L138D7, Cat#
145506, BioLegend), and allophycocyanin anti-
mouse PD-1 (Clone 29F.1A12, Cat# 135209,
BioLegend). Cells were then washed with fluo-
rescence-activated cell sorting buffer (phos-
phate-buffered saline containing 2% FBS).
For intracellular staining of Foxp3, cells were
fixed and permeabilized using the Foxp3/
Transcription Factor Staining Buffer Set (Cat#
00-5523-00, eBioscience, Thermo Fisher Sci-
entific, USA) according to the manufacturer’s
instructions, followed by incubation with peri-
dinin-chlorophyll-protein-cyanine5.5 anti-mou-
se Foxp3 (Clone FJK-16s, Cat# 45-5773-82,
eBioscience) at room temperature in the dark
for 30 minutes. After a final wash, cells were
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resuspended in fluorescence-activated cell
sorting buffer and analyzed on a flow cyto-
meter (e.g., BD FACSCanto Il). Data was ana-
lyzed using FlowJo software (Tree Star, Ash-
land, OR, USA). Tfh cells were defined as
CD4*CXCR5*PD-1*, and Tfr cells were defined
as CD4*CXCR5*Foxp3*.

Human tissue samples

Paired specimens of BCa and adjacent normal
bladder tissue were obtained from patients
who underwent surgery at Quzhou People’s
Hospital. The inclusion criteria were: (1) histo-
logically confirmed primary BCa; (2) treatment
with radical or partial cystectomy at the ins-
titution; and (3) no prior radiotherapy or che-
motherapy before surgery. The exclusion crite-
ria were: (1) presence of other synchronous
malignancies; (2) history of autoimmune dis-
eases or chronic infections; and (3) incomplete
clinical or follow-up data. This study was
approved by the Ethics Committee of Quzhou
People’s Hospital (Approval No. 202403012).
Written informed consent was obtained from
all participants. The study included patients
with newly diagnosed BCa who had not recei-
ved any prior medical intervention for this con-
dition. For RNA extraction, all freshly collected
tissue samples were instantly freshly collected
in liquid nitrogen. Relevant clinical and patho-
logic data, including age, Tumor, Node, and
Metastasis stage, tumor size, and lymph node
involvement, were retrieved from patient medi-
cal records.

Statistical analysis

Data were presented as mean * standard devi-
ation from at least three independent expe-
riments. Comparisons between two groups
were performed using the two-tailed Student’s
t-test. Comparisons among more than two
groups were analyzed by one-way analysis of
variance followed by Tukey’s post hoc test.
For data involving multiple time points (e.g.,
tumor growth curve), two-way analysis of vari-
ance with Bonferroni post-test was used. The
correlation between TLR4 expression and
clinicopathologic features was analyzed using
the Chi-square test or Fisher's exact test.
Survival analysis was performed using the
Kaplan-Meier method with the log-rank test. A
p-value < 0.05 was considered significant. All
analyses were conducted using SPSS 22.0
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Table 2. Correlation between clinicopathologic characteristics and TLR4 expression in tumor tissues

(n=206)
o TLR4 Expression
Characteristic Total (n=206) - P value
Low (n=101) High (n=105)

Age (Years) 0.772
<70 119 57 (27.6%) 59 (28.6%)
>70 87 44 (21.4%) 46 (22.4%)

Gender 0.759
Male 169 80 (38.8%) 89 (43.2%)
Female 37 21 (10.2%) 16 (7.8%)

Pathologic Stage 0.048"
Stage |-l 148 79 (52.0%) 69 (48.0%)
Stage llI-IV 58 22 (37.9%) 36 (62.1%)

T Stage 0.039"
T1-2 156 82 (52.6%) 74 (47.4%)
13-4 50 19 (38.0%) 31 (62.0%)

N Stage 0.032"
NO 179 94 (52.5%) 85 (47.5%)
N+ (N1&N2) 27 7 (25.9%) 20 (74.1%)

Pathologic Grade 0.021~
Low grade 113 44 (38.9%) 69 (61.1%)
High grade 93 57 (61.3%) 36 (38.7%)

Abbreviations: TLR4, Toll-like receptor 4; T, Tumor; N, Node; M, Metastasis. Data are presented as number (percentage). Statis-
tical significance was determined using the Chi-square test or Fisher’s exact test, as appropriate. *P < 0.05.

%k %k %k

10

Relative TLR4 level
o
|

-2 | |
BC Para

Figure 1. Comparative analysis of TLR4 expression
levels between bladder tumor tissues and adjacent
non-cancerous tissues. Abbreviations: TLR4, Toll-like
receptor 4; BC, Bladder cancer; Para, Para-cancer-
ous tissue. Data are presented as mean + standard
deviation. Statistical significance was determined us-
ing an unpaired, two-tailed Student’s t-test. ***P <
0.001.
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(IBM) and GraphPad Prism 9.0 (GraphPad
Software).

Results
Upregulation of TLR4 expression in BCa

The TLR4 signaling pathway plays a crucial
role in tumorigenesis. To investigate its involve-
ment in BCa, we analyzed clinical samples
and records from 206 patients. qPCR analysis
revealed that TLR4 expression levels were sig-
nificantly associated with tumor pathologic
stage, Tumor, Node, Metastasis, and patholog-
ic grade (Table 2). Furthermore, compared to
adjacent non-cancerous tissues, bladder tumor
tissues exhibited substantially higher TLR4
expression (Figure 1). These findings empha-
sized a strong correlation between elevated
TLR4 expression and the initiation and progres-
sion of BCa.

Activation of TLR4 signaling pathway in BCa
cell lines

To study the regulatory relationship between
LPS and TLR4 signaling, we initially screened
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Figure 2. Activation of TLR4 signaling pathway in bladder cancer cell lines. (A, B) Protein expression levels of TLR4
in four bladder cancer cell lines (MBT-2, MB49, 5637, T24). (C) mRNA transcription levels of TLR4 in the same cell
lines. (D, E) Protein expression levels of TLR4 in MBT-2 and MB49 cells after co-culture with varying concentrations
of LPS (0, 0.25, 0.5, 0.75, 1.0, 2.0 yg/mL). (F) mRNA transcription levels of TLR4 under the same LPS concentration
gradient. (G, H) Protein expression levels of TLR4 at different time points (O, 2, 4, 6, 8, 12 h) after co-culturing MBT-2
and MB49 cells with their respective optimal LPS concentrations (0.75 pg/mL for MBT-2, 1.0 ug/mL for MB49). (I)
mRNA transcription levels of TLR4 at different time points. Abbreviations: TLR4, Toll-like receptor 4; mRNA, Messen-
ger RNA; LPS, Lipopolysaccharide; ANOVA, Analysis of variance; GAPDH, Glyceraldehyde-3-phosphate dehydroge-
nase; BBN-963, N-Butyl-N-(4-hydroxybutyl)nitrosamine-963; BBN-942, N-Butyl-N-(4-hydroxybutyl)nitrosamine-942.
Data are presented as mean + standard deviation from three independent experiments. Statistical analysis was
performed using one-way ANOVA followed by Tukey’s post hoc test. All comparisons are made against the O uyg/mL
group (D-F) or the O h time point (G-I). ***P < 0.001.

four BCa cell lines: MBT-2, MB49, 5637, and periments. Cells were treated with a range of
T24. mRNA and protein analyses showed re- LPS concentrations (0, 0.25, 0.5, 0.75, 1.0, 2.0
latively low basal TLR4 expression in MBT-2 pug/mL) for 24 hours. TLR4 expression peaked
and MB49 cells (Figure 2A-C). We therefore at 0.75 pg/mL LPS in MBT-2 cells and at 1.0
selected these two lines for subsequent ex- pg/mL in MB49 cells (Figure 2D-F). A time-
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Figure 3. In vitro study on the regulatory role of TLR4 in bladder cancer. (A, B) Protein expression levels of TLR4 in
MBT-2 and MB49 cell lines after stable TLR4-KD. (C, D) Transwell migration assay results for both cell lines under
different treatment conditions: Control, Control+LPS, and KD+LPS. (E, F) Scratch wound healing assay results for
both cell lines under the same three treatment conditions. (G, H) MTT cell proliferation assay results over time (O,
24, 48 h) under the same three treatment conditions. Abbreviations: TLR4, Toll-like receptor 4; GAPDH, Glyceral-
dehyde-3-phosphate dehydrogenase; KD, Knockdown; LPS, Lipopolysaccharide; ANOVA, Analysis of variance; MTT,
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide. Data are presented as mean + standard deviation
from three independent experiments. For (A-F), statistical significance was determined by one-way ANOVA with
Tukey’s post hoc test. For (G, H), two-way ANOVA with Bonferroni’s post-test was used. ***P < 0.001.

course experiment using these optimal concen-
trations revealed that TLR4 expression in
MBT-2 cells peaked after 6 hours of treatment,
while in MB49 cells it peaked at 8 hours (Figure
2G-I).

In vitro study on the regulatory role of TLR4 in
BCa

To determine whether the regulatory effects of
LPS depend on TLR4, we established stable
TLR4-KD cell lines (MBT-2-KD-TLR4 and MB49-
KD-TLR4; Figure 3A, 3B). Functional assays
demonstrated that LPS treatment significantly
enhanced the invasive capacity of both wild-
type cell lines in Transwell assays, an effect
that was completely abolished in the TLR4-KD
cells (Figure 3C, 3D). Similarly, the scratch
wound healing assay showed that LPS mark-
edly increased the migratory capacity of control
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cells after 24 hours, which was substantially
reduced upon TLR4-KD (Figure 3E, 3F). The
MTT assay confirmed that LPS promoted cell
proliferation in control cells, whereas the prolif-
erative advantage was lost in the KD+LPS
groups over a 48-h period (Figure 3G, 3H).
Collectively, these in vitro results indicated that
LPS exerts significant pro-tumorigenic effects
primarily through the activation of the TLR4 sig-
naling pathway.

In vivo study on the regulatory role of TLR4 in
BCa

We next evaluated the role of TLR4 in a subcu-
taneous xenograft model using C57BL/6 mice
(for MB49) and C3H/He mice (for MBT-2).
Tumors formed from control cells treated with
LPS (Control+LPS group) exhibited significantly
higher growth rates as well as larger final vol-
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Figure 4. In vivo study on the regulatory role of TLR4 in bladder cancer. (A, B) Subcutaneous tumor growth curves in
C57BL/6 mice injected with MB49 cells and C3H/He mice injected with MBT-2 cells from different groups: Control,
Control+LPS, and KD+LPS. Tumor volume was measured over time. (C, D) mRNA expression levels of TLR4 and
MyD88 in tumor tissues harvested from the different treatment groups. (E, F) Protein expression levels of TLR4
and MyD88 in the same tumor tissues. Abbreviations: TLR4, Toll-like receptor 4; LPS, Lipopolysaccharide; KD,
Knockdown; GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; ANOVA, Analysis of variance; MyD88, Myeloid
differentiation primary response 88. Data are presented as mean * standard deviation (n > 5 mice per group). For
tumor growth curves (A, B), statistical analysis was performed using two-way ANOVA with Bonferroni’s post-test. For
gene and protein expression (C-F), one-way ANOVA with Tukey’s post hoc test was used. ***P < 0.001.

umes compared to the Control group. In con- Molecular mechanisms of LPS-mediated TLR4

trast, tumors derived from TLR4-KD cells
(KD+LPS group) showed a significant reduction
in growth and volume compared to the
Control+LPS group (Figure 4A, 4B). Analysis of
tumor tissues revealed that mRNA levels of
TLR4 and MyD88 were significantly upregulat-
ed in the Control+LPS group but markedly
decreased in the KD+LPS group (Figure 4C,
4D). Western blot analysis of the same tissues
confirmed these trends at the protein level
(Figure 4E, 4F).
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regulation in BCa

Given the established link between TLR4 and
immune evasion, we investigated whether LPS
remodels the TIME. Flow cytometric analysis of
splenocytes from tumor-bearing mice revealed
that the LPS-treated group had a significantly
increased number of Tfh cells and fewer Tfr
cells. This discovery led to a markedly elevated
Tfh/Tfr ratio. This imbalance was corrected in
the KD+LPS group (Figure 5A, 5B). Furthermore,
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Figure 5. Molecular mechanisms of LPS-mediated TLR4 regulation in bladder cancer. (A, B) Flow cytometry analysis
of Tfh and Tfr cells in the spleens of MBT-2 tumor-bearing mice from different groups. Representative flow plots (A)
and quantification of the Tfh/Tfr ratio (B) are shown. (C) Relative mRNA expression levels of Foxp3, IL-21, IL.-10, and
TGF-B in tumor tissues. (D, E) Western blot analysis and quantification of protein expression levels of Foxp3, IL-21, IL-
10, and TGF-B in tumor tissues. Abbreviations: TLR4, Toll-like receptor 4; LPS, Lipopolysaccharide; KD, Knockdown;
Tfh cells, T follicular helper cells; Tfr cells, T follicular regulatory cells; Foxp3, Forkhead box P3; IL-21, Interleukin-21;
IL-10, Interleukin-10; TG-B: Transforming growth factor-beta; ANOVA, Analysis of variance. Data are presented as
mean + standard deviation (n = 5 mice per group for in vivo experiments; three independent replicates for in vitro
assays). Statistical analysis was performed using one-way ANOVA with Tukey’s post hoc test. ***P < 0.001.

reverse transcription-gPCR analysis of tumor plishes two key pro-tumorigenic functions: it
tissues showed that LPS treatment decreased directly accelerates cancer cell growth and
MRNA levels of Foxp3, IL-10, and TGF-, while spread, and it systemically disrupts immune
increasing IL-21 expression. TLR4-KD reversed homeostasis by skewing the balance between
these cytokine expression changes (Figure 5C). Tfh and Tfr cells. This dual action collectively
Western blot analysis of the corresponding pro- fosters an immunosuppressive niche. Our find-
teins corroborated these findings (Figure 5D, ings provide a new perspective for understand-
5E). ing BCa progression through the lens of infec-

tion-mediated immune dysregulation.
Discussion

The role of TLR4 in cancer is context-dependent
This study elucidates a novel mechanism by and complex. While its activation on immune
which LPS promotes BCa progression. We dem- cells can initiate protective anti-tumor respons-
onstrate that LPS activates the TLR4/MyD88 es [11-13], aberrant signaling within tumor cells
signaling pathway in tumor cells, which accom- themselves often promotes malignancy. For
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instance, TLR4 activation has been shown to
facilitate immune evasion and metastasis in
liver and colon cancers [14-16]. Our research
confirms and extends this paradigm to BCa. We
found that LPS stimulation, acting through
TLR4, enhances the aggressive behavior of
BCa cells in vitro and in vivo. Critically, clinical
correlation analysis revealed that higher TLR4
expression in patient tumors is associated with
more advanced disease stage and lymph node
metastasis, underscoring its likely role in clini-
cal progression. Our work solidly identifies TLR4
as a culpable “accomplice” in BCa pathogene-
sis, delineating a specific LPS-TLR4-MyD88
axis.

The most significant novelty of our study lies in
connecting TLR4 signaling to the precise immu-
nological rheostat of the Tfh/Tfr equilibrium.
Tfh cells function as an “accelerator” for humor-
al immunity by supporting B-cell activity, where-
as Tfr cells act as the essential “brakes” that
express Foxp3 to suppress excessive Tfh-
driven responses and maintain immune homeo-
stasis [17-19]. How this balance is perturbed in
BCa was previously unclear. Our data provides
a clear mechanistic answer: LPS, acting through
TLR4, tilts this balance decisively toward Tfh
cells. This shift is accompanied by a character-
istic cytokine profile change, marked by in-
creased levels of the pro-inflammatory and Tfh-
associated cytokine IL-21, alongside decreas-
ed expression of the suppressive molecules
Foxp3, IL-10, and TGF-B. This state resembles
an immune system with its accelerator engaged
while its brakes are failing, creating a dysregu-
lated, pro-tumor immune environment [20]. To
our knowledge, this is the first report to identify
the LPS-TLR4 axis as the upstream disruptor of
the Tfh/Tfr balance in BCa.

From a translational standpoint, our findings
have important implications. First, they offer a
plausible explanation for the poorer outcomes
often observed in BCa patients with recur-
rent urinary tract infections, which are fre-
quently caused by LPS-producing bacteria like
Escherichia coli. Chronic LPS exposure could,
through the mechanism we describe, progres-
sively impair the peri-tumoral immune environ-
ment, foster tumor growth, and diminish the
efficacy of immunotherapies like BCG. Second,
our work highlights new therapeutic avenues.
Targeting the TLR4 signaling pathway with spe-
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cific inhibitors could emerge as promising
approaches. The feasibility of modulating this
pathway for therapeutic benefit is supported by
interventions in other LPS-driven diseases. For
instance, natural compounds have been shown
to alleviate tissue injury by specifically blocking
the TLR4/MyD88/NF-kB pathway [21], provid-
ing a proof-of-concept for pharmacologic inter-
vention at this nodal point. Alternatively, devel-
oping strategies to recalibrate the Tfh/Tfr
balance represents another promising direc-
tion. Combining a TLR4 antagonist with intra-
vesical BCG therapy might yield synergistic
benefits by simultaneously attacking tumor
cells and rectifying the immunosuppressive
microenvironment.

We acknowledge several limitations of our
study. While our models provide strong mecha-
nistic evidence, the conclusions are derived pri-
marily from cell lines and mouse studies,
whereas the human tumor microenvironment is
more complex. Therefore, future work should
directly validate the correlation between TLR4
levels and Tfh/Tfr cell dynamics in a larger
cohort of primary human BCa specimens. In
addition, although we established the TLR4-
MyD88 axis as critical, the specific downstream
signaling nodes (e.g., NF-kB, MAPK pathways)
that execute these cellular and immunological
changes warrant deeper investigation. Third,
our in vivo immune analysis focused on the
spleen; future studies should also examine the
status of Tfh and Tfr cells within the tumor
microenvironment and tumor-draining lymph
nodes to provide a more comprehensive spatial
understanding.

In conclusion, our research demonstrates that
LPS, by activating TLR4 on BCa cells, acts as a
dual-acting driver of malignancy. It directly fuels
tumor growth and, concurrently, disrupts sys-
temic immune homeostasis by specifically
impairing the coordinated interplay between
Tfh and Tfr cells. This work establishes a foun-
dation for understanding BCa progression
through the “infection-immunity-tumor” axis
and provides a rational basis for future thera-
pies targeting either the TLR4 pathway or the
Tfh/Tfr equilibrium.
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