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Simple Summary

This article investigates the pro-tumorigenic role of Toll-like receptor 3 (TLR3) and its
influence on cancer stem cells (CSCs) in head and neck cancer. We demonstrate that TLR3
activation promotes stemness in head and neck cancer cell lines. Furthermore, it triggers
the secretion of damage-associated molecular patterns (DAMPs), increasing cancer cell
migration—an effect that is reversible with common drugs serving as DAMP inhibitors like
aspirin and metformin. Importantly, this study identifies a potential therapeutic strategy
targeting CSCs, which are often resistant to conventional radio- and chemotherapy, using a
combination of aspirin, poly (I:C), and proton irradiation.

Abstract

Background: Cancer stem cells (CSCs) are a subpopulation of cancer cells known for their
self-renewal capacity, tumorigenicity, and resistance to treatment. Toll-like receptor 3 (TLR3)
plays a complex role in cancer, exhibiting both pro-apoptotic and pro-tumorigenic effects.
This study investigates the pro-tumorigenic role of TLR3, specifically its impact on CSCs
in head and neck cancer. Methods: We have investigated Detroit 562, FaDu and SQ20B
cell lines, the latter being stably transfected with a plasmid containing inducible shRNA
for TLR3, by cultivating them to form tumor spheres in order to study CSCs. Results: Our
findings demonstrate that TLR3 activation promotes stemness in head and neck cancer
cell lines. This is evidenced by increased tumor sphere formation, promotion of epithelial-
to-mesenchymal transition (EMT), upregulated stemness gene expression, and elevated
aldehyde dehydrogenase (ALDH) activity. Conditional TLR3 knockdown abolished tumor
sphere formation, confirming its important role. Furthermore, TLR3 activation triggers the
secretion of damage-associated molecular patterns (DAMPs) into the tumor microenviron-
ment, leading to increased cancer cell migration. This was inhibited by DAMP inhibitors. In
patient tissue samples, we observed co-localization of TLR3 with stemness markers CD133
and ALDH1, as well as with heat shock protein 70 (HSP70) and receptor for advanced gly-
cation end products (RAGE). We then explored potential CSC-targeted therapies, initially
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combining the apoptosis inducer poly (I:C) with DAMP inhibitors and γ-irradiation. While
this combination proved effective in adherent cells, it failed to eliminate tumor spheres.
Nevertheless, we discovered that proton radiotherapy, particularly when combined with
aspirin (HMGB1 inhibitor) and poly (I:C), effectively eliminates CSCs. Conclusions: This
novel combination holds promise for the development of new therapeutic strategies for
head and neck cancers, particularly given the promising results of proton therapy in treating
this disease.

Keywords: cancer stem cells Toll-like receptor 3 (TLR3); damage-associated molecular
patterns (DAMPs); migration; aspirin; γ-irradiation; proton irradiation

1. Introduction
Head and neck cancer, the sixth most prevalent cancer globally, presents a significant

clinical challenge due to its high morbidity, poor survival rates, and limited therapeutic op-
tions such as surgery, conventional chemotherapy, and irradiation. The frequent occurrence
of relapse may be attributed to cancer stem cells (CSCs), a distinct population of tumor cells
capable of self-renewal, differentiation, and evasion of both radio- and chemotherapy. A re-
cent study established the importance of CSCs for head and neck squamous cell carcinoma
(HNSCC) malignant progression by revealing that a CSChigh(ALDH1highp75NTRhigh)/E-
cadherinlow (epithelial marker) immunohistochemistry panel at the invasive tumor front
predicts poor prognosis in oral squamous cell carcinoma [1]. Another recent study re-
vealed that p16-status, higher expression of the CSC markers (SLC3A2 and CD44), and
larger tumor volume were associated with increased risk of high-dose failure after primary
radiotherapy in HNSCC [2]. A recent analysis of laryngeal squamous cell carcinoma by
single-cell RNA sequencing uncovered that this type of CSC exhibits high expression of
stem cell marker genes such as CD133, ALDH1A1, and SOX4, and increased activity of
tumor-related signaling pathways such as hypoxia, Wnt/β-catenin, and Notch [3].

Toll-like receptors (TLRs) are pattern recognition receptors that play a critical role
in innate immunity by detecting molecular motifs associated with pathogens. TLR3,
localized primarily in endosomes, is specialized in recognizing double-stranded RNA
(dsRNA) derived from viral infections. While TLR3 activation can induce apoptosis in
some cancer cells [4], research has unveiled a more intricate role in tumorigenesis. In cancer,
TLR3 signaling can activate pro-survival pathways, reprogram cellular metabolism, and
contribute to the establishment of a supportive microenvironment for metastasis, thereby
fostering malignant progression [5–9]. We have recently shown that TLR3 can also be
induced by endogenous ligands (DAMPs) derived from HNSCC necrotic cells [10]. In
the present study, we further explore this topic and study whether TLR3 activation can
increase the expression and excretion of DAMPs from tumor cells, which can bind and
induce other TLRs or similar receptors such as RAGE. DAMPs are endogenous molecules
that are released in the extracellular space in response to cellular stress or damage from
a trauma or a pathogen. DAMPs can be proteins (HMGB1, HSPs, S100 proteins, etc.),
lipids or carbohydrates (low molecular weight hyaluronan, serum amyloid A (SAA)),
metabolites (ATP, uric acid), and nucleic acids (DNA, RNA, and mtDNA). Once released,
they can induce chronic inflammation and initiation of cancer, as well as its progression
through increased angiogenesis, EMT, and stemness stimulation or modify the immune
response [11].

HNSCC remains a highly heterogeneous disease, made up of different subtypes,
primarily HPV-positive and HPV-negative tumors, each with its own unique molecular
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features and ways of responding to treatment [12]. The rise of immunotherapy, especially
immune checkpoint inhibitors like nivolumab and pembrolizumab that target the PD-
1/PD-L1 pathway, has opened new treatment possibilities for patients with recurrent or
metastatic HNSCC. However, these therapies benefit only a portion of patients [13–15]. At
the same time, ongoing research into targeted therapies aimed at specific molecular changes,
such as EGFR overexpression and mutations in the PI3K pathway, is showing encouraging
signs for more personalized treatment options in the future [16]. Improvements in imaging
technologies, including robotic systems, endoscopic tools, and image-guided navigation,
with advances in surgical techniques, have made tumor removal more precise and helped
preserve important functions [17,18]. All these advances in molecular profiling, targeted
drugs, and combined treatment approaches are vital to improving outcomes for HNSCC
patients, particularly by tackling the challenges of therapy resistance and cancer recurrence.

We aim to investigate the role of TLR3 in the production and secretion of DAMPs,
and how these DAMPs influence cancer stem cells (CSCs). Additionally, we examine
the potential of combining pharmacological DAMP inhibitors with two different types of
radiation—γ-ray and proton—to induce cell death and eliminate CSCs.

2. Materials and Methods
2.1. Cells and Reagents

Human head and neck cancer cell lines (FaDu and Detroit 562) were maintained in
Dulbecco’s modified Eagle medium (Sigma-Aldrich, Schnelldorf, Germany) supplemented
with 2 mM L-glutamine and 10% fetal calf serum in a humidified chamber at 37 ◦C in 5%
CO2. FaDu and Detroit 562 cell lines were obtained from ATCC. Cell counts and viabilities
were determined by Neubauer counting chamber and Trypan Blue exclusion. Poly (I:C)
and poly (A:U) were obtained from InvivoGen (San Diego, CA, USA). DAPI was obtained
from (Sigma-Aldrich, Schnelldorf, Germany).

Subclones of the SQ20B cell line were established by transfection with a plasmid
carrying shRNA directed against TLR3 and inducible by doxycycline (TET-on system), thus
allowing conditional knockdown of TLR3 as described previously [6].

2.2. RNA Isolation and Real Time PCR

Total RNA was extracted from Detroit 562 cells using the GenEluteTM Mammalian
Total RNA miniprep Kit (Sigma-Aldrich, Schnelldorf, Germany) according to the manufac-
turer’s instructions. RNA concentration and purity were assessed by spectrophotometry
(A260/280), and only samples with ratios between 1.9 and 2.2 were used. For each reaction,
0.3 µg of total RNA was reverse-transcribed using the High-Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems, Branchburg, NJ, USA) with random primers, following
the manufacturer’s protocol. Quantitative PCR was performed using SYBR® Green PCR
Master Mix (Applied Biosystems, Warrington, UK) on a QuantStudioTM 3 Real-Time PCR
System (Applied Biosystems, USA). The amplification protocol included initial denatura-
tion at 95 ◦C for 10 min, followed by 40 cycles of 95 ◦C for 30 s, 62 ◦C for 30 s, and 60 ◦C
for 30 s. Melting curve analysis was performed to confirm the specificity of amplification.
Expression levels were normalized to the 28S ribosomal RNA gene as a reference. Rela-
tive expression was calculated using the 2ˆ–∆∆Ct method, after confirming comparable
amplification efficiencies among target and reference genes. Experimental procedures
and reporting follow the minimum Information for Publication of Quantitative Real-Time
PCR Experiments (MIQE) guidelines. Primer sequences are shown in Supplementary
Data (Table S1).
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2.3. Western Blot Analysis

After protein isolation by RIPA buffer and sonication, they were transferred onto a
0.2 µm nitrocellulose membrane. The membranes were blocked with 5% BSA and were
stained with primary antibodies from Santa Cruz Biotechnology (Dallas, TX, USA) (1:1000):
S100A9, RAGE, HSP70, HMGB1, TLR4, ALDH1, and ABCG2. The membranes were
then stained with peroxidase-conjugated secondary antibody (NA934V, Amersham, in a
concentration 1:3000) or with Anti-rabbit IgG, HRP-linked Antibody (#7074, Cell Signaling
Technology, Danvers, MA, USA) and visualized with the chemiluminescent system (Perkin
Elmer, Waltham, MA, USA) and by using Alliance Q9 mini Chemiluminescence Imaging
system (Uvitec, Cambridge, UK). The complete list of antibodies in concordance with
MDAR is presented in Supplementary Data (Tables S2 and S3).

2.4. ELISA

To determine whether tumor spheres release endogenous ligands (DAMPs) into the
microenvironment, we cultured cells in the form of spheres for 3 days and treated them
for 24 h with pIC and pAU. S100A8/9 levels in the medium of spheres were measured
using S100A8/A9-Human Calprotectin ELISA kit (Abcam, Cambridge, UK, ab267628),
and HMGB1 levels in the medium were measured using Human HMGB1/HMG-1 ELISA
Kit (Novus Biologicals, Littleton, CO, USA, NBP2-62766) according to manufacturers’
instructions.

2.5. ALDH Activity

ALDH activity was analyzed by the kit ALDH Activity Assay Kit (Fluorometric)
(Abcam, Cambridge, UK, ab155894) according to the manufacturer’s instructions. As the
expression of the enzyme ALDHA1 was the highest in the 2nd generation of spheres, we
seeded the cells in low-adherence flasks and treated the spheres from the 2nd generation
with pIC/pAU for 24 h. They were then counted, and the same number of cells for all
4 conditions (adherent, control spheres, spheres treated with pIC, and spheres treated
with pAU) were lysed according to the instructions from the kit. Enzyme activity after
preparation of the reaction mixture was measured by reading on the Infinite® 200 PRO
microplate reader (Tecan) with excitation and emission Ex/Em 535/587 nm.

2.6. Immunocytochemistry

Adherent Detroit 562 cells were seeded in an 8-well chamber (Nunc® Lab-Tek® Cham-
ber SlideTM system, Thermo Fischer Scientific, Waltham, MA, USA) at a density of 5 × 104
and grown overnight at 37 ◦C under 5% CO2. Immunostaining with primary antibodies for
CD133 (1:100, 17A6.1, Merck, Darmstadt, Germany), RAGE, and HSP70 was performed as
described previously [19]. Tumor sphere immunofluorescence was performed as described
previously [19].

2.7. Proliferation Assays

Proliferation of adherent cells was measured by MTT Cell Proliferation Assay. The
absorbance was measured at 570 nm using a microplate reader. Cells were plated at
1 × 104 cells/well in a 96-well microtiter plate and treated with different drugs. Each
test point was performed in quadruplicate in three individual experiments (biological
replicates).

Proliferation of tumor spheres was measured by ViaLightTM Plus Cell Proliferation
and Cytotoxicity BioAssay Kit (Lonza, Basel, Switzerland) according to the manufacturers’
instructions. The viability of tumor spheres was assessed by measuring ATP levels in the
cells. However, the protocol was slightly changed, and the lysis step was increased to
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60 min to ensure complete tumor spheres lysis. The luminescence was measured by a Tecan
Spark microplate reader (Tecan, Männedorf, Switzerland).

2.8. Clinical Specimens and Immunohistochemistry

Samples were obtained from 7 patients referred to the Clinical Hospital Dubrava
(Zagreb, Croatia). All patients had HNSCC. All the clinical samples were obtained and
processed according to the guidelines of the Clinical Hospital Dubrava institutional review
board, and all patients gave their informed consent to this study (Table 1). The study was
conducted in accordance with the Declaration of Helsinki and approved by the Ethics Com-
mittee of Clinical Hospital Dubrava, Zagreb, Croatia (2020/2602-02, 26.02.2020) for studies
involving human paraffin samples. The biopsies were fixed in formaldehyde and paraffin-
embedded. In this work, 2 µm sections were created from paraffin blocks, followed by
deparaffinization in a thermostat. After deparaffinization, pre-digestion and staining were
conducted in the Ventana BenchMark Ultra apparatus (Roche Diagnostics, Basel, Switzer-
land) with thermal stands and ULTRA Cell Conditioning Solution. Immunohistochemical
staining was performed by an indirect method (DAB staining method) using an automated
immunohistochemical system. The optiViewUniversal DAB detection kit (Ventana Medical
Systems, Tucson, AZ, USA) was used for visualization, and the incubation with the anti-
bodies lasted 40 min at a temperature of 37 ◦C. The resulting complex was visualized using
hydrogen peroxide and DAB chromogen, which creates a brown precipitate visible under a
light microscope. Then, it was stained with hematoxylin for 1 min and passed through an
ascending series of alcohol (70–100%) and xylol. The following antibodies were used at a
dilution of 1:100 (TLR3 (Abcam, ab62566), RAGE (Santa Cruz Biotechnology, sc-365154),
ALDH1A1 (Santa Cruz Biotechnology, sc-374076), HSP70 (Santa Cruz Biotechnology, sc-24),
and CD133 (Merck, MAB4399-I). The secondary antibodies used were Goat anti-Rabbit
Alexa Fluor 555 and Goat anti-Mouse Alexa Fluor 647 (Invitrogen, Waltham, MA, USA).

2.9. Fluorescent Immunohistochemistry

Immunohistochemistry was performed on slides of 2 µm-thick histology sections
obtained from paraffin-embedded HNSCC tumor tissue. The slides were deparaffinized in
xylene and rehydrated through a descending gradient of ethanol to distilled water. Antigen
retrieval was performed by heating the slides in a sodium citrate solution (pH 6.0) at 95 ◦C
for 3 min and then at 85 ◦C for 10 min and followed by washing and permeabilization in
0.3% PBS with Triton X-100 (PBST) for 20 min. After blocking nonspecific binding with 5%
BSA solution for 60 min at room temperature, sections were incubated overnight at 4 ◦C
with primary antibody. The slides were then washed with 0.025% PBST and incubated
with the appropriate secondary antibody for 60 min at room temperature. Washing with
PBST was followed by washing in a copper sulfate solution for 10 min to quench the
autofluorescence. Slides were mounted using the Fluorescence Mounting Medium (DAKO)
and analyzed by an inverted confocal microscope, Leica SP8X.

Antibodies were used at a dilution of 1:100 (TLR3 (Abcam, ab62566), RAGE (Santa
Cruz Biotechnology, sc-365154), ALDH1A1 (Santa Cruz Biotechnology, Dallas, TX, USA,
sc-374076), HSP70 (Santa Cruz Biotechnology, sc-24), CD133 (Merck, MAB4399-I, Darm-
stadt, Germany). The secondary antibodies used were Goat anti-Rabbit IgG (H+L) Cross-
Adsorbed Secondary Antibody, Alexa Fluor 555 and Goat anti-Mouse IgG (H+L) Cross-
Adsorbed Secondary Antibody, Alexa Fluorine 647 (Invitrogen, Waltham, MA, USA).
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Table 1. Clinical features of the patients.

Patient No pN
Status

No. of
Metastases ENE PVI LVI PNI Bone

Invasion SPT Histopathological
Subtype TNM HPV Alcohol Tobacco

1 pN+ 3 Yes Yes No Yes Yes No retromolar T4aN0M0 No Yes Yes

2 pN0 0 No No No No No No gingiva mandibulae T4aN3bM0 No Yes Yes

3 pN+ 1 Yes Yes No No No No gingiva maxillae T4aN0M0 No Yes Yes

4 pN+ 3 Yes No No Yes No No linguae T4aN3bM0 No Yes Yes

5 pN+ 3 No No Yes No No No linguae T4aN3bM0 No Yes Yes

6 pN0 0 No No No Yes Yes No retromolar T3N2bM0 No Yes Yes

7 pN0 0 No No No No Yes Yes gingiva mandibulae T4aN0M0 No Yes Yes
pN0—No regional lymph node metastases. pN+—Presence of regional lymph node metastases. ENE (Extranodal Extension)—Extranodal tumor spread beyond the lymph node capsule.
PVI (Perivascular Invasion)—Tumor invasion into tissues surrounding blood vessels. LVI (Lymphovascular Invasion)—Presence of tumor cells within lymphatic or blood vessels.
PNI (Perineural Invasion)—Tumor invasion along or within nerves. SPT (Secondary Primary Tumor)—Presence of a second independent primary tumor.
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2.10. Migration Assay

For migration measurement, cells were plated into a RadiusTM 96-Well Cell Migration
Assay plate (Cell Biolabs, Inc., San Diego, CA, USA). Each plate well contains a 0.68 mm
circular non-toxic, biocompatible hydrogel Gel Spot to which cells do not adhere. Before
the experiment, cells were confluent and quiescent. At the beginning of the experiment,
the Gel Spot was removed, and cells then migrated to the empty circular space. Cells were
treated with conditioned medium from tumor spheres grown for 4 days and/or treated
with different inhibitors of DAMPs for 48 h. Digital images of the gap closure were taken
with a digital camera (DinoEye, 1.3 × 5 megapixel resolution) attached to a microscope.
Images were analyzed with ImageJ (ImageJ 1.53k).

2.11. Proton Irradiation

Proton irradiation of cells was performed at ambient conditions utilizing the Dual
Microprobe (DuMi) end station at the Rud̄er Bošković Institute Tandem Accelerator facility
(Department of Experimental Physics, Laboratory for Ion Beam Interactions) [20]. Samples
were irradiated with a 700 keV proton beam, shaped into a 1 cm diameter circular beam,
resulting in a 2 Gy dose per irradiation site. Cells were grown on collagen-coated Mylar
films and positioned within in-house fabricated Teflon chambers (Figures S1–S3).

2.12. Statistics

All experiments have been performed in at least three biological triplicates. Statistical
significance was assessed using a two-tailed Student’s t-test, and the results are given as
the mean ± SD. p-values < 0.05 were considered statistically significant.

3. Results
3.1. TLR3 Activation Increases the Stemness of HNSCC Tumor Spheres

Previously, we established that the Detroit 562 cell line is a good model to study
TLR3 function, as poly (I:C) treatment induced IL-6 secretion, and these cells responded
to poly (I:C) by inducing apoptosis, which shows that TLR3 is functional [21]. Firstly,
we have shown that Detroit 562 cells form tumor spheres when grown in low-adherence
dishes and in special medium without serum but with the addition of FGF, EGF, and
B27. However, we also noticed that the number of spheres grown after the treatment
with poly (A:U) increased in comparison to the spheres grown only in the medium. Poly
(A:U) is a more specific TLR3 ligand, as it does not activate other dsRNA receptors such
as MDA5 and RIG-I. This was especially visible in the group where we counted larger
spheres (≥300 µm), where 82 large spheres were present in poly (A:U)-treated spheres
compared to only 47 in the control (untreated spheres, Figure 1a). We also observed this
for FaDu cells (Figure S4). Additionally, we have shown here that the spheres not only
adhere to one another, producing bigger spheres, but the number of cells also increases over
time (Figure 1b). ALDH activity was elevated in tumor spheres compared to the adherent
cells, and it was even higher in poly (A:U)-treated spheres, where the enhancement was
also statistically significant compared to the untreated tumor spheres (Figure 1c). SQ20B-
shcontrol cells, which are stably transfected with control plasmid, generate normal tumor
spheres of circular shape, and SQ20B-shTLR3 cells, in which TLR3 is conditionally knocked
down, do not produce tumor spheres, but cells stay rather scattered (Figure 1d).
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Figure 1. TLR3 activation induces the stemness properties of tumor spheres. (a) Poly (A:U) stimulation
of Detroit 562 cells stimulates the formation of larger tumor spheres; ctrl—untreated spheres, pIC—
tumor spheres treated with poly (I:C), pAU—tumor spheres treated with poly (A:U). At least 5 visible
fields were counted. (b) The number of cells inside the tumor spheres increases over time, suggesting
it is not a result of merging the cells. (c) ALDH activity increases in tumor spheres compared to the
adherent cells after the stimulation of TLR3; ctrl adh—untreated adherent cells, ctrl sph—untreated
spheres, pIC sph—poly (I:C)-treated spheres, pAU sph—poly (A:U)-treated spheres. * p < 0.05,
** p < 0.02 (compared to the untreated adherent cells), # p < 0.05 (compared to the untreated spheres).
(d) The tumor spheres are dissociated when TLR3 is conditionally knocked down in SQ20B cells
transfected with control plasmid (sh control) or plasmid that allows the TLR3 conditional knockdown
(shTLR3 plasmid). The SQ20B cells were treated with 2 µg/mL of doxycycline to induce TLR3
shRNA. (e) The expression of cancer stem cells (CSC) genes, epithelial-to-mesenchymal (EMT), and
endogenous ligands genes and TLR2 in Detroit 562 cells after the stimulation of TLR3; ctrl adh—
untreated adherent cells, ctrl sph—untreated spheres, pIC sph—poly (I:C)-treated spheres, pAU
sph—poly (A:U)-treated spheres. * p < 0.05, ** p < 0.03, *** p < 0.01 (compared to the untreated
adherent cells), # p < 0.05 (compared to the untreated spheres).

We have further demonstrated that certain stemness markers (CD133, Oct4, and Sox)
and mesenchymal markers (fibronectin and vimentin) were significantly increased after
TLR3 stimulation (Figure 1e). Poly (I:C) induced the expression of DAMPs (endogenous
ligands), especially S100A8 and S100A9, which were increased in a statistically significant
manner even when compared to control spheres. The expression of TLR2 was also increased
after poly (I:C) treatment compared to adherent cells and tumor spheres. Similar results
were obtained for FaDu cells (Figure S5). Given the more pronounced changes observed in
Detroit 562 cells, this cell line was selected for further investigation.
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3.2. TLR3 Activation Induces the Expression of DAMPs and Their Release into
the Microenvironment

We have confirmed here that TLR3 activation, either by poly (I:C) or poly (A:U),
induced the expression of all tested DAMPs in adherent cells but also in tumor spheres of
Detroit 562 cells. S100A9 expression was most prominently increased after TLR3 activation
by both ligands in spheres and in adherent cells. RAGE and HSP70 expressions were
moderately increased following TLR3 induction. HMGB1 was only increased when tumor
spheres were treated with poly (A:U) and when adherent cells were treated with poly (I:C).
We also tested TLR4, and it was slightly increased in tumor spheres compared to adherent
cells (Figure 2a). Additionally, we followed ALDH1 expression across 4 generations of
spheres and demonstrated that its expression is highest in the 2nd and 3rd generations of
Detroit 562 tumor spheres (Figure 2b).

Figure 2. TLR3 induces the expression of damage-associated molecular patterns (DAMPs). (a) The
expression of S100A9, RAGE, HSP70, HMGB1, and TLR4. ctrl adh—untreated adherent cells, pIC
cells/spheres treated with poly (I:C)), pAU (cells/spheres treated with poly (A:U). (b) ALDH1
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(expression through cancer stem cell generations. ctrl adh—untreated adherent cells, Sph 1st (spheres
in the first generation), Sph 2nd (spheres in the second generation), Sph 3rd (spheres in the third
generation), Sph 4th (spheres in the fourth generation). (c) Immunofluorescence of tumor spheres
shows TLR3 and CD133 co-localization and expression. * p < 0.03 (compared to the untreated control)
(C). (d) Immunofluorescence shows the expression of CD133, HSP70, and RAGE in adherent cells
treated with poly (I:C). (e) ELISA shows the secretion of S100A8/9 in untreated adherent cells,
untreated tumor spheres, and tumor spheres treated with poly (I:C) and poly (A:U). * p < 0.05,
** p < 0.03, *** p < 0.01 (compared to the adherent control cells). (f) ELISA shows the secretion of
HMGB1 in untreated adherent cells, untreated tumor spheres, tumor spheres treated with poly (I:C)
and poly (A:U), after 4 days (left) and after 10 days (right) of cultivating spheres prior to the treatment.
* p < 0.05, ** p < 0.03, *** p < 0.01 (compared to the adherent control cells) * p > 0.05, **** p < 0.001
(compared to the adherent control cells), # p < 0.05 (compared to the untreated spheres).

As shown by immunofluorescence in tumor spheres, TLR3 expression is stronger
after the treatment with poly (I:C) and poly (A:U), as well as the expression of CD133, and
TLR3 and CD133 co-localize (Figure 2c). Hence, we have confirmed the qPCR results. In
adherent cells, CD133 and several DAMPS (HSP70 and RAGE) are upregulated after poly
(I:C) treatment (Figure 2d).

ELISA analysis revealed that tumor spheres released significantly more S100A8/9
and HMGB1 into the tumor microenvironment than adherent cells. Poly (I:C) treatment
induced a higher release of S100A8/9 compared to both controls; however, it was not
statistically significant (Figure 2e). HMGB1 release from tumor spheres was almost 3 times
higher compared to the adherent cells. Initially, HMGB1 release was similar in control and
TLR3-activated spheres. However, after 10 days of sphere culture, TLR3 activation by poly
(A:U) led to a statistically significant increase in HMGB1 release (Figure 2f).

3.3. TLR3 Activation Increases Cell Migration, Which Can Be Abolished by Aspirin
and Metformin

Previously, we have shown that TLR3 activation induced the migration of Detroit
562 cells [7]. Here, we further investigated whether CSCs might release some factors into
the tumor microenvironment that can increase the migration of surrounding tumor cells.
The migration experiments revealed that even untreated (control) tumor spheres increase
migration, which is further augmented by poly (I:C) treatment. We sought to determine
whether certain DAMP inhibitors could attenuate poly (I:C)-induced migration. There-
fore, we tested aspirin (HMGB1 inhibitor) [22], metformin (RAGE receptor inhibitor) [23],
paquinimod (S100A8/A9 inhibitor) [24], and kahweol (HSP70 inhibitor) [25]. Aspirin
(acetylsalicylic acid, ASA) is a well-known non-steroidal anti-inflammatory drug, met-
formin (MF) is a renowned drug for the treatment of type 2 diabetes, paquinimod (PAQ) is
a drug that was developed to treat an autoimmune disease systemic lupus erythematosus,
and kahweol (KW) is a diterpene found in Arabica coffee.

The addition of metformin to the poly (I:C)-treated spheres abrogated its pro-migratory
effect. This was even more prominent when ASA was added to the poly (I:C)-treated
spheres, where the migration was reduced to the level of control. With the addition of
kahweol and paquinimod, we did not observe this effect (Figure 3a). Additionally, by qPCR,
we have shown that poly (I:C) and poly (A:U) treatment of the tumor spheres induces
stemness marker OCT4 expression, which is abrogated by the addition of ASA, MF, and
KW. TLR3 activation in tumor spheres by poly (A:U) induced ABCG2, a marker of drug
resistance, which was reduced by the addition of ASA and MF. Poly (A:U) treatment of
tumor spheres induces the expression of SOX2, which was reduced by the treatment with
ASA, MF, and KW (Figure 3b).
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Figure 3. Tumor spheres and TLR3-activated tumor spheres release in the microenvironment factors
that increase the migration and stemness of the adherent Detroit 562 cells, which can be abrogated by
DAMP inhibitors. (a) Adherent cells were treated with the conditioned supernatant from untreated
adherent cells (Adh cond) which served as a control, untreated tumor spheres (Ctrl sph), and tumor
spheres treated with poly (I:C) (pIC), poly (A:U) (pAU), with poly (I:C) and acetylsalicylic acid (ASA)
(pIC ASA), with poly (A:U) and acetylsalicylic acid (ASA) (pAU ASA), with poly (I:C) and metformin
(MF) (pIC MF), with poly (A:U) and metformin (MF) (pAU MF), with poly (I:C) and kahweol (KW)
(pIC KW), with poly (A:U) and kahweol (KW) (pAU KW), with poly (I:C) and paquinimod (PAQ)
(pIC PAQ), and with poly (A:U) and paquinimod (PAQ) (pAU PAQ). * p < 0.05, ** p < 0.01, *** p < 0.00
(compared to adherent control). (b) The expression of OCT4, ABCG2, and SOX2 in tumor spheres
treated with poly (I:C), and poly (A:U), but also the inhibitors of DAMPs. Ctrl adh—untreated
adherent cells, ctrl sph—untreated tumor spheres, pIC sph—tumor spheres treated with poly (I:C),
pIC ASA sph (tumor spheres treated with poly (I:C) and ASA), pIC MF sph (tumor spheres treated
with poly (I:C) and MF), pIC KW sph (tumor spheres treated with poly (I:C) and KW), pAU sph—
tumor spheres treated with poly (A:U), pAU ASA sph (tumor spheres treated with poly (A:U) and
ASA), pAU MF sph (tumor spheres treated with poly (A:U) and MF), pAU KW sph (tumor spheres
treated with poly (A:U) and KW). * p < 0.05, ** p < 0.03, *** p < 0.01 (compared to adherent cells).
### p < 0.05 (compared to the untreated tumor spheres).
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3.4. Immunohistochemistry of Patients’ HNSCC Tissue Shows Strong Expression of TLR3 Which
Co-Localizes with CD133, ALDHA1, and DAMPs

To investigate the co-localization of TLR3 with stem cell markers (ALDH1A1 and
CD133) and endogenous ligands (HSP70 and RAGE), we performed immunohistochemical
analysis with fluorescently labeled antibodies on seven tumor tissue samples. These
patients’ necrotic aspirates were previously collected and analyzed in HEKBlue cells,
demonstrating TLR3 activation by necrotic aspirates from HNSCC patients [10]. The
main purpose of histological samples in this study was to provide ex vivo proof of the
co-localization of TLR3, DAMPs, and CSCs. We hypothesized that tumor cells that die by
necrosis after therapy or due to lack of oxygen/nutrients can release endogenous ligands
(DAMPs) into the microenvironment that can stimulate the self-renewal and maintenance
of tumor stem cells, and possibly even their initiation.

TLR3 was strongly expressed throughout the tissue in all patients, as shown in patient
samples analyzed by regular immunohistochemistry, and also in samples analyzed by flu-
orescent immunohistochemistry which also allowed us to assess co-localization (Figure 4).
CD133 appeared to be expressed in a small subset of cells randomly scattered throughout the
cancer tissue, suggesting these cells might be cancer stem cells. CD133 co-localized with TLR3
in all cells and was expressed in all tested HNSCC cancer tissue (PCC retromolaris, gingiva
mandibulae, gingiva maxillae, and linguae). ALDH1 was strongly expressed in lingual and
gingiva maxillae and mandibulae tissue and it strongly co-localized with TLR3. RAGE was
strongly expressed in the gingiva maxillae throughout the cancer tissue; however, in other
tested tissues, RAGE was expressed in some cells where it co-localized strongly with TLR3.
HSP70 was strongly expressed in lingual, PCC retromolaris, and gingiva maxillae and strongly
co-localized with TLR3 in this tissue. All our IHC results undoubtedly demonstrate that TLR3
expression co-localizes with cancer stem markers (CD133 and ALDH1) and tested DAMPs
(RAGE and HSP70). The clinical characteristics of the tested patients are presented in Table 1.
Almost all tested patients showed features of advanced cancer.

Figure 4. Cont.
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Figure 4. The expression of TLR3, CD133, ALDH1A1, RAGE, and HSP70 in different types of HNSCC
patients’ tissues performed by standard immunohistochemistry and co-localization of TLR3 with
CD133, ALDH1A1, RAGE, and HSP70 in different types of HNSCC patients’ tissues performed by
fluorescent immunohistochemistry.

3.5. Gamma Irradiation in Combination with Aspirin and Poly (I:C) Reduces the Survival of
Adherent Tumor Cells

Poly (I:C) alone has a radiosensitizing effect, as we have previously published [26]. We
first tested the radiosensitizing effect of poly (I:C), DAMP inhibitors, and their combination
in adherent Detroit 562 cells. In this study, the highest concentration of ASA (1000 µm)
used on the adherent cells was too excessive (Figure S6), but we included it because tumor
spheres were less sensitive, as expected, since cancer stem cells’ main feature is chemo- and
radio-resistance. The results showed that metformin reduced cell survival by 60%, while in
combination with poly (I:C), the effect was even more prominent, resulting in the complete
elimination of the cells. Additionally, ASA in the concentration of 100 µm, paquinimod,
and kahweol in combination with poly (I:C) were effective (Figure 5a). A dose of 2.5 Gy
slightly reduced cell survival. However, in combination with poly (I:C), and especially in the
combination of poly (I:C) and DAMP inhibitors, it was very effective, and only 20–30% of cells
survived (depending on the combination) (Figure 5b). A 5 Gy dose inhibits cell growth by
40%. Combining this with poly (I:C) significantly enhances the effect, reducing cell survival
to 10–20%, depending on the specific combination of DAMP inhibitors used. Furthermore,
the combinations of 100 µm ASA with poly (I:C) and MF with poly (I:C) proved particularly
effective, resulting in complete cell death (Figure 5c). Next, we examined the survival of
tumor spheres following the treatment with poly (I:C), DAMP inhibitors, and 5 Gy irradiation
(Figure 5d). A dose of 5 Gy reduced the survival of tumor spheres by only 30%, while a dose of
1000 µm ASA reduced survival by only 35%. However, the results showed that the combined
treatment of ASA with pIC, even without irradiation, reduced the survival of spheres by more
than 50%, while irradiation did not significantly increase this effect. The combination of poly
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(I:C) and irradiation reduced survival by almost 50%. ASA in combination with poly (I:C) and
irradiation was not significantly more effective than poly (I:C) alone. Finally, we examined
the expression of the stemness marker OCT4 and the drug resistance marker ABCG2 after the
treatment of tumor spheres with all these combinations of drugs and irradiation (Figure 5e).
We chose a dose of 2 Gy to compare the results with proton irradiation, where we also used
a dose of 2 Gy, but in that case was very effective. We showed that the treatment with ASA
alone reduces the expression of the OCT4 gene by 50%, which was slightly increased by the
addition of poly (I:C), but not statistically significant. Combined treatment with radiation
does not significantly affect the expression of OCT4 compared to the expression without
irradiation. However, the combined treatment of poly (I:C) and ASA almost completely
reduced ABCG2 expression, although poly (I:C) and ASA alone are effective and reduced
ABCG2 expression by 50% and 80%, respectively. Radiation in the case of poly (I:C) and ASA
when applied individually does not significantly affect the ABCG2 expression, but in the case
of the combination of ASA and poly (I:C), it increased the expression, suggesting that ASA or
poly (I:C) alone or applied together but without radiotherapy are a better therapeutic option.

Figure 5. Comparison of radiotherapy by γ-rays in combination with poly (I:C) and DAMP inhibitors
on adherent cells and tumor spheres treated for 72 h. (a) The viability of adherent Detroit 562 cells
treated with poly (I:C) and DAMP inhibitors without the irradiation performed by MTT assay (ctrl
adh—untreated adherent cells, ASA—cells treated with acetylsalicylic acid, MF—cells treated with
metformin, KW—cells treated with kahweol, PAQ—cells treated with paquinimod, pIC—cells treated
with poly (I:C), ASA+pIC—cells treated with ASA and poly (I:C), MF+pIC—cells treated with MF and
poly (I:C), KW+pIC—cells treated with KW and poly (I:C), PAQ+pIC—cells treated with PAQ and
poly (I:C)). (b) The viability of adherent Detroit 562 cells treated with poly (I:C) and DAMP inhibitors
followed by irradiation with 2.5 Gy performed by MTT assay. (c) The viability of adherent Detroit
562 cells treated with poly (I:C) and DAMP inhibitors followed by irradiation with 5 Gy performed
by MTT assay. (d) The viability of Detroit 562 tumor spheres treated with poly (I:C) and DAMP
inhibitors, either without irradiation (0 Gy) or in combination with irradiation (5 Gy) performed by
Vialight assay. (e) The expression of OCT4 and ABCG2 performed by qPCR in tumor spheres treated
with poly (I:C) and DAMP inhibitors without irradiation (0 Gy), or in combination with irradiation
with 2 Gy. * p < 0.05, ** p < 0.01, *** p < 0.005 (compared to the control cells); # p < 0.05, ## p < 0.01,
### p < 0.005 compared to DAMP inhibitor treatment), $ p < 0.05 (compared to non-irradiated cells).
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3.6. The Combination of Aspirin and Proton Irradiation Effectively Eradicates Cancer Stem Cells

Irradiation of cells was conducted within innovative, custom-built Teflon chambers,
fully described in Supplementary Data (Figures S1–S3). In this set of the experiments,
we have shown that ASA alone, and in combination with poly (I:C), changes sphere
morphology (Figure 6a), reduces sphere size (Figure 6b), reduces the survival (Figure 6c),
and decreases the expression of stemness marker OCT4, and drug resistance marker ABCG2
(Figure 6d). However, proton irradiation enhanced the cytotoxic effects of both ASA and
the combination of ASA with poly (I:C), resulting in only 20–30% cell survival. Moreover,
proton irradiation alone reduced the expression of OCT4 and ABCG2 by more than 50%,
and with the addition of ASA and poly (I:C), no residual expression was detected. Finally,
we have shown that apoptosis is the mechanism behind this effect, as poly (I:C), ASA, ASA
with poly (I:C), and KW with poly (I:C) induce PARP cleavage even without proton therapy.
Following proton therapy, cleaved PARP expression was observed in control spheres and
across all treatment groups (Figure 6e). The expression of ABCG2 protein was also reduced
after the treatment with the combination of ASA and poly (I:C) without and with proton
irradiation (Figure 6f). We conclude here that proton therapy is a better choice for tumor
cell treatment, as the same dose is more efficient than γ-irradiation and it is also more
specific, as it deposits most of its energy right at the tumor site, which reduces the effect of
the irradiation on surrounding normal tissue.

Figure 6. Radiotherapy of tumor spheres by proton irradiation. (a) The morphology of tumor spheres
after the treatment for 72 h with poly (I:C) and DAMP inhibitors without the irradiation (0 Gy), or
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followed by proton therapy (2 Gy). Ctrl—untreated tumor spheres, pIC—tumor spheres treated with
poly (I:C), ASA—tumor spheres treated with acetylsalicylic acid, ASA+pIC—tumor spheres treated
with ASA and poly (I:C), KW—tumor spheres treated with kahweol, KW+pIC—tumor spheres
treated with KW and poly (I:C). (b) The size and the morphology of a single tumor sphere treated
with poly (I:C) and DAMP inhibitors without the irradiation (0 Gy), or followed by proton therapy
(2 Gy). (c) The viability of tumor spheres after the treatment with poly (I:C) and DAMP inhibitors
without the irradiation (0 Gy), or followed by proton therapy (2 Gy) performed by Vialight assay.
(d) The expression of OCT4 and ABCG2 performed by qPCR in tumor spheres treated with poly
(I:C) and DAMP inhibitors without irradiation (0 Gy), or in combination with proton therapy with
2 Gy. (e) PARP cleavage detected by Western blot after the treatment of tumor spheres with poly (I:C)
and DAMP inhibitors without irradiation (0 Gy), or in combination with proton therapy with 2 Gy).
(f) ABCG2 expression detected by Western blot after the treatment of tumor spheres with poly (I:C)
and DAMP inhibitors without irradiation (0 Gy), or in combination with proton therapy with 2 Gy.
Loading control membrane dyed with amido black; FL—full length, CL—cleaved PARP. * p < 0.05,
** p < 0.01, *** p < 0.001 (compared to the control), # p < 0.05, ## p < 0.03 (compared to ASA or KW
treatment alone), $ p < 0.05, $$ p < 0.01, $$$ p < 0.001 (irradiated cells compared to the non-irradiated).

4. Discussion
We demonstrate here that TLR3 activation promotes stemness in HNSCC cells, as

evidenced by larger tumor sphere formation, upregulation of stemness- and EMT-related
genes, and elevated ALDH activity. To our knowledge, there has been only one study
that associated TLR3 with CSCs, but it was conducted on breast cancer [27]. The authors
showed that β-Catenin and NF-κB are the key players that contribute to stemness, which
were activated after TLR3 stimulation. There is also one study that revealed TNF receptor-
associated factor 6 (TRAF6) as a key player in tumor metastasis regulation through EMT and
CSC phenotypes [28]; however, as TRAF6 is the signaling molecule in the TLR3 signaling
pathway, a similar effect can be generated with TLR3 stimulation. Pries et al. showed that
TLR3 is overexpressed in 80% of solid tumors and all HNSCC cell lines, but not in the
healthy tissue surrounding the tumor. We have previously shown that TLR3 may play a role
in tumor metastasis. There were notable differences in TLR3 expression and functionality
between primary and metastatic HNSCC carcinoma cell lines [5]. Umemura et al. (2012)
compared primary and metastatic HNSCC cell lines and found that metastatic cell lines are
especially sensitive to TLR3-TRIF-NK-κB-induced cell death [29]. Activation of TLR3 can
also trigger metabolic reprogramming in HNSCC cell lines, resulting in enhanced aerobic
glycolysis consistent with the Warburg effect [7]. Veyrat et al. (2016) also showed that
HNSCC cell lines treated with poly (A:U) activate TLR3, which increases HIF-1α protein
expression and facilitates metabolic shift [6].

Our findings also demonstrate that TLR3 activation induces DAMP expression. Since
TLR3 agonists, such as dsRNA fragments, may be consistently present in the HNSCC tumor
microenvironment and necrotic fluids, these endogenous DAMPs may create a positive
feedback loop by further activating TLR3, potentially driving a pro-tumorigenic effect, as
we have previously reported [10]. No external signals, such as viral infection or injury,
are required to induce TLR3 activation. Common tumor microenvironment conditions,
such as hypoxia or starvation, are sufficient. Our immunofluorescence analysis showing
the co-localization of TLR3, DAMPs, and stemness markers in patient tissue supports this
hypothesis. We have also shown that TLR3 activation induces HNSCC cell migration, a
process that can be hindered by inhibiting endogenous ligands, particularly with aspirin as
an HMGB1 inhibitor. Even though poly (I:C) and poly (A:U) (more specific TLR3 activator)
showed different effects in some of the experiments, poly (A:U) was undoubtedly superior
in all the important discoveries. It induced high CD133, FN1, and HMGB1 expression,
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stimulated the secretion of HMGB1, and induced the expression of OCT4, ABCG2, and
SOX2, which was abolished by the treatment with DAMP inhibitors.

It has also been previously shown that the activation of different TLRs may increase
the expression of other TLRs. Such an example is necrosis-induced TLR3, which may
promote TLR2 expression in gingival cells [30]. Therefore, we are not exploring only the
role of TLR3 in DAMP-mediated CSCs’ contribution to tumor progression, but possibly
also other TLRs as well. Di Lorenzo et al. showed recently that doxorubicin can induce
the release of HMGB1. This can activate TLR2 signaling in tumor cells, leading to the
development of a chemotherapy-resistant phenotype [31], and it has previously been shown
that TLR2 and HMGB1 have an important role in the self-renewal of breast CSCs [32]. Since
aspirin is an HMGB1 inhibitor, and we have shown that TLR3 activation induces TLR2
expression, it is possible that the observed effect of the HMGB1 inhibitor on tumor sphere
survival is linked to TLR2 and its inability to be activated with its ligand. Finally, it has
been previously reported that ASA can induce apoptosis. Recent work in Caenorhabditis
elegans [33] confirmed these findings, demonstrating aspirin’s tumor-suppressive and
radio/chemo-sensitizing effects. In a recent study, it was shown that ASA can inhibit
Jurkat cell proliferation and induce apoptosis by downregulating T cell immunoglobulin
and ITAM domain (TIGIT) expression and the anti-apoptotic B cell lymphoma 2 (BCL2)
protein, while upregulating BCL2-associated X protein (BAX) expression [34]. Furthermore,
Zhang et al. found that aspirin promoted G1/S cell cycle arrest and confirmed that aspirin
induces apoptosis in a concentration-dependent manner in colon cancer cell lines [35]. In
melanoma and hepatocellular carcinoma, ASA also has anti-cancer properties and promotes
apoptosis [36,37]. Aspirin can block glycolysis to inhibit non-small cell lung cancer cell
proliferation [38]. Resania et al. showed that ASA can boost the effect of miR-302/367 to
reverse the epithelial/mesenchymal transition and inhibit the invasion, migration, and
angiogenesis in breast cancer cells [39]. ASA can also suppress breast cancer metastasis to
the lung by targeting anoikis resistance [40] and inhibiting the hypoxia-mediated stemness
of lung cancer cells [41]. The combined use of ASA with chemotherapeutic agents or
other drugs is also being explored. Susan et al. showed a synergistic cytotoxic effect
of ASA and 5-fluorouracil on colon carcinoma cells [42]. Dipyridamole, an antiplatelet
drug, augments the anti-cancer ability of aspirin against colorectal cancer by inducing
apoptosis [43]. Aspirin enhances the therapeutic effectiveness of gemcitabine in treating the
pancreatic cancer [44], enhances cisplatin sensitivity in ovarian cancer [45], and improves
the synergistic effect of EGFR inhibitor and anti-mitotic chemotherapeutic Vinorelbine on
lung cancer cells [46]. Jiang et al. showed that the mechanism of aspirin enhancement of the
sensitivity of colon cancer cells to cisplatin is by abolishing the binding of NF-kappaB to the
COX-2 promoter [47]. The potential impact of ASA on CSCs is also under investigation, but
the number of studies is limited. Zou et al. revealed that ASA enhances the cisplatin therapy
in esophageal squamous cell carcinoma by inhibiting CSCs [48]. Another study showed that
ASA has an inhibitory effect on colorectal cancer patient-derived spheroids [49]. Aspirin
also inhibits the growth of glioblastoma multiforme and CSC properties [50]. Additionally,
aspirin blocks tumor-initiating cells [51] and the acquisition of chemoresistance in breast
cancer by disrupting an NFκB-IL6 signaling axis [52]. The cumulative evidence strongly
supports the anti-tumorigenic properties of aspirin. The main advantage of aspirin is that
it is an inexpensive, well-tolerated, and easily accessible drug, often used daily in patients
with cardiovascular problems, and there are a number of studies showing that long-term
use of aspirin reduces the occurrence of cancer or metastasis [53–57]. In breast cancer,
aspirin may reduce the incidence of metastasis in patients who have previously received
anti-cancer therapies [58]. In a pre-clinical model of breast cancer, aspirin delayed time
to metastasis [59]. There is even one ongoing clinical trial trying to determine whether
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adjuvant therapy with low-dose aspirin can enhance disease-free survival in patients who
have undergone treatment for colorectal cancer liver metastases [60]. However, aspirin had
no beneficial effect in older patients with cancer [61]. We propose that the anti-tumor and
anti-metastatic effects of aspirin are mediated, at least in part, by its impact on cancer stem
cells, which are critical drivers of tumor initiation and metastasis.

γ-irradiation therapy in combination with poly (I:C) and DAMP inhibitors was an
adequate therapeutic option for adherent cancer cells, but it was not effective on CSCs. It
may be that tumor spheres activate certain cell signaling pathways, which allows them
to induce mechanisms of radio-resistance, as has been proposed previously [62–64]. On
the other hand, proton therapy proved to be the better option as it was quite effective
on cancer spheres by inducing apoptosis, especially in combination with ASA alone, or
in combination with poly (I:C) and ASA. A similar result was previously shown in non-
small cell lung cancer. The authors demonstrated that compared with photons, protons
caused significantly lower cell viability [65]. In a systematic review published recently,
the authors searched through the databases for articles on CSCs irradiated by charged
particles. While CSCs exhibited radio-resistance compared to non-CSCs, particle irradia-
tion, alone or in combination with drugs, effectively overcame this resistance, reducing
proliferation, invasion, and migration, and inducing DNA double-strand breaks (DSBs)
that were more difficult to repair [66]. Proton beams generally produce a higher relative
biological effectiveness (RBE) compared to photons (like X-rays or gamma rays). Proton
beam therapy is gaining attention as a valuable option for HNSCC treatment, especially
for tumors located above the hyoid bone, where the anatomy is particularly complex. This
approach with proton beam treatment could especially benefit in sensitive areas, as it can
better protect and avoid surrounding sensitive structures [67]. For patients with recurrent
disease, proton therapy might be the go-to curative option. One of its biggest advantages
is that it allows delivery of a strong dose of radiation to the tumor without harming the
healthy tissue that was already exposed during earlier treatments. However, reirradiation
of the area presents certain difficulties. Some studies show that although this method can be
effective in retargeting the tumor, there is also a risk of developing serious side effects like
osteoradionecrosis, which affects the bone [68]. On the reassuring side, Mumaw et al. 2024
found that in patients who received proton therapy on just one side of the neck, the cancer
rarely came back on the opposite side [69]. Although the number of studies using proton
therapy as a therapeutic option for HNSCC is still limited, this kind of therapy appears to
be an attractive radiotherapy modality with excellent treatment outcomes in patients with
HNSCC [67]. Future studies should investigate the synergistic effects of combining proton
therapy with ASA or poly (I:C).

An important question that remains unanswered is the precise mechanism by which
these effects occur, and whether other TLR- and/or other signaling pathways are involved.
Although our previous work [19] has shown that TLR3 activation can stimulate the expres-
sion of other stemness-related factors/proteins, further research is required to elucidate
this process. One of the limitations of our study is the lack of in vivo confirmation, which
would be crucial.

5. Conclusions
In conclusion, we have demonstrated that TLR3 might be an important player in

CSC maintenance. Its activation also induced the expression and the release of DAMPs,
important factors in tumor promotion and immune system evasion. In addition, our
study demonstrates the promising potential of repurposing DAMP inhibitors, aspirin,
and possibly metformin, for novel cancer therapies, particularly in combination with
proton therapy to target CSCs. γ irradiation therapy in combination with aspirin or
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metformin might also be a good therapeutic option for cancer cells, but our results indicate
it is not effective on CSCs. This study is the first, to our knowledge, to explore this
combined approach.
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ALDH aldehyde dehydrogenase
ASA acetylsalicylic acid
BAX BCL2-associated X protein
BCL2 B cell lymphoma 2
CSCs Cancer stem cells
DAMPs damage-associated molecular patterns
DSB DNA double-stranded breaks
EMT epithelial-to-mesenchymal transition
HNSCC head and neck squamous cell carcinoma
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HSP70 heat shock protein 70
KW kahweol
MF metformin
PAQ paquinimod
RAGE receptor for advanced glycation end products
SAA serum amyloid A
TIGIT T cell immunoglobulin and ITAM domain
TLR3 Toll-like receptor 3
TRAF6 TNF receptor-associated factor 6

References
1. Ortiz, R.C.; Amor, N.G.; Saito, L.M.; Santesso, M.R.; Lopes, N.M.; Buzo, R.F.; Fonseca, A.C.; Amaral-Silva, G.K.; Moyses, R.A.;

Rodini, C.O. CSC(high)E-cadherin(low) immunohistochemistry panel predicts poor prognosis in oral squamous cell carcinoma.
Sci. Rep. 2024, 14, 10583. [CrossRef] [PubMed]

2. Kristensen, M.H.; Sorensen, M.K.; Tramm, T.; Alsner, J.; Sorensen, B.S.; Maare, C.; Johansen, J.; Primdahl, H.; Bratland, A.;
Kristensen, C.A.; et al. Tumor volume and cancer stem cell expression as prognostic markers for high-dose loco-regional failure
in head and neck squamous cell carcinoma—A DAHANCA 19 study. Radiother. Oncol. 2024, 193, 110149. [CrossRef]

3. Li, Y.; Lin, C.; Chu, Y.; Wei, Z.; Ding, Q.; Gu, S.; Deng, H.; Liao, Q.; Shen, Z. Characterization of Cancer Stem Cells in Laryngeal
Squamous Cell Carcinoma by Single-cell RNA Sequencing. Genom. Proteom. Bioinform. 2024, 22, qzae056. [CrossRef] [PubMed]

4. Salaun, B.; Coste, I.; Rissoan, M.C.; Lebecque, S.J.; Renno, T. TLR3 can directly trigger apoptosis in human cancer cells. J. Immunol.
2006, 176, 4894–4901. [CrossRef]

5. Matijevic, T.; Pavelic, J. The dual role of TLR3 in metastatic cell line. Clin. Exp. Metastasis 2011, 28, 701–712. [CrossRef]
6. Veyrat, M.; Durand, S.; Classe, M.; Glavan, T.M.; Oker, N.; Kapetanakis, N.I.; Jiang, X.; Gelin, A.; Herman, P.; Casiraghi, O.; et al.

Stimulation of the toll-like receptor 3 promotes metabolic reprogramming in head and neck carcinoma cells. Oncotarget 2016, 7,
82580–82593. [CrossRef] [PubMed]

7. Matijevic Glavan, T.; Cipak Gasparovic, A.; Verillaud, B.; Busson, P.; Pavelic, J. Toll-like receptor 3 stimulation triggers metabolic
reprogramming in pharyngeal cancer cell line through Myc, MAPK, and HIF. Mol. Carcinog. 2017, 56, 1214–1226. [CrossRef]

8. Paone, A.; Galli, R.; Gabellini, C.; Lukashev, D.; Starace, D.; Gorlach, A.; De Cesaris, P.; Ziparo, E.; Del Bufalo, D.; Sitkovsky, M.V.;
et al. Toll-like receptor 3 regulates angiogenesis and apoptosis in prostate cancer cell lines through hypoxia-inducible factor 1
alpha. Neoplasia 2010, 12, 539–549. [CrossRef] [PubMed]

9. Liu, Y.; Gu, Y.; Han, Y.; Zhang, Q.; Jiang, Z.; Zhang, X.; Huang, B.; Xu, X.; Zheng, J.; Cao, X. Tumor Exosomal RNAs Promote Lung
Pre-metastatic Niche Formation by Activating Alveolar Epithelial TLR3 to Recruit Neutrophils. Cancer Cell 2016, 30, 243–256.
[CrossRef]

10. Vasiljevic, T.; Tarle, M.; Hat, K.; Luksic, I.; Mikulandra, M.; Busson, P.; Matijevic Glavan, T. Necrotic Cells from Head and Neck
Carcinomas Release Biomolecules That Are Activating Toll-like Receptor 3. Int. J. Mol. Sci. 2023, 24, 15269. [CrossRef]

11. Zapletal, E.; Vasiljevic, T.; Busson, P.; Glavan, T.M. Dialog beyond the Grave: Necrosis in the Tumor Microenvironment and Its
Contribution to Tumor Growth. Int. J. Mol. Sci. 2023, 24, 5278. [CrossRef] [PubMed]

12. Leemans, C.R.; Snijders, P.J.F.; Brakenhoff, R.H. The molecular landscape of head and neck cancer. Nat. Rev. Cancer 2018, 18,
269–282. [CrossRef] [PubMed]

13. Ferris, R.L.; Blumenschein, G., Jr.; Fayette, J.; Guigay, J.; Colevas, A.D.; Licitra, L.; Harrington, K.; Kasper, S.; Vokes, E.E.; Even,
C.; et al. Nivolumab for Recurrent Squamous-Cell Carcinoma of the Head and Neck. N. Engl. J. Med. 2016, 375, 1856–1867.
[CrossRef] [PubMed]

14. Cohen, E.E.W.; Soulieres, D.; Le Tourneau, C.; Dinis, J.; Licitra, L.; Ahn, M.J.; Soria, A.; Machiels, J.P.; Mach, N.; Mehra, R.; et al.
Pembrolizumab versus methotrexate, docetaxel, or cetuximab for recurrent or metastatic head-and-neck squamous cell carcinoma
(KEYNOTE-040): A randomised, open-label, phase 3 study. Lancet 2019, 393, 156–167. [CrossRef]

15. Burtness, B.; Harrington, K.J.; Greil, R.; Soulieres, D.; Tahara, M.; de Castro, G., Jr.; Psyrri, A.; Baste, N.; Neupane, P.; Bratland, A.;
et al. Pembrolizumab alone or with chemotherapy versus cetuximab with chemotherapy for recurrent or metastatic squamous
cell carcinoma of the head and neck (KEYNOTE-048): A randomised, open-label, phase 3 study. Lancet 2019, 394, 1915–1928.
[CrossRef]

16. Lui, V.W.; Hedberg, M.L.; Li, H.; Vangara, B.S.; Pendleton, K.; Zeng, Y.; Lu, Y.; Zhang, Q.; Du, Y.; Gilbert, B.R.; et al. Frequent
mutation of the PI3K pathway in head and neck cancer defines predictive biomarkers. Cancer Discov. 2013, 3, 761–769. [CrossRef]

17. Ritter, A.; Levyn, H.; Shah, J. Recent advances in head and neck surgical oncology. J. Surg. Oncol. 2024, 129, 32–39. [CrossRef]
18. Park, Y.M.; Jung, C.M.; Cha, D.; Kim, S.H. The long-term oncological and functional outcomes of transoral robotic surgery in

patients with hypopharyngeal cancer. Oral. Oncol. 2017, 71, 138–143. [CrossRef]

https://doi.org/10.1038/s41598-024-55594-5
https://www.ncbi.nlm.nih.gov/pubmed/38719848
https://doi.org/10.1016/j.radonc.2024.110149
https://doi.org/10.1093/gpbjnl/qzae056
https://www.ncbi.nlm.nih.gov/pubmed/39107908
https://doi.org/10.4049/jimmunol.176.8.4894
https://doi.org/10.1007/s10585-011-9402-z
https://doi.org/10.18632/oncotarget.12892
https://www.ncbi.nlm.nih.gov/pubmed/27791989
https://doi.org/10.1002/mc.22584
https://doi.org/10.1593/neo.92106
https://www.ncbi.nlm.nih.gov/pubmed/20651983
https://doi.org/10.1016/j.ccell.2016.06.021
https://doi.org/10.3390/ijms242015269
https://doi.org/10.3390/ijms24065278
https://www.ncbi.nlm.nih.gov/pubmed/36982351
https://doi.org/10.1038/nrc.2018.11
https://www.ncbi.nlm.nih.gov/pubmed/29497144
https://doi.org/10.1056/NEJMoa1602252
https://www.ncbi.nlm.nih.gov/pubmed/27718784
https://doi.org/10.1016/S0140-6736(18)31999-8
https://doi.org/10.1016/S0140-6736(19)32591-7
https://doi.org/10.1158/2159-8290.CD-13-0103
https://doi.org/10.1002/jso.27529
https://doi.org/10.1016/j.oraloncology.2017.06.016


Cancers 2025, 17, 2157 21 of 23

19. Derfi, K.V.; Vasiljevic, T.; Dragicevic, T.; Glavan, T.M. Mithramycin targets head and neck cancer stem cells by inhibiting Sp1 and
UFMylation. Cancer Cell Int. 2024, 24, 412. [CrossRef]

20. Jaksic, M.; Provatas, G.; Mihalic, I.B.; Crnjac, A.; Cosic, D.; Dunatov, T.; Romanenko, O.; Siketic, Z. The dual ion beam microprobe.
Nucl. Instrum. Meth B 2023, 539, 120–126. [CrossRef]

21. Matijevic, T.; Marjanovic, M.; Pavelic, J. Functionally active toll-like receptor 3 on human primary and metastatic cancer cells.
Scand. J. Immunol. 2009, 70, 18–24. [CrossRef]

22. Yang, H.; Pellegrini, L.; Napolitano, A.; Giorgi, C.; Jube, S.; Preti, A.; Jennings, C.J.; De Marchis, F.; Flores, E.G.; Larson, D.;
et al. Aspirin delays mesothelioma growth by inhibiting HMGB1-mediated tumor progression. Cell Death Dis. 2015, 6, e1786.
[CrossRef]

23. Zhou, Z.; Tang, Y.; Jin, X.; Chen, C.; Lu, Y.; Liu, L.; Shen, C. Metformin Inhibits Advanced Glycation End Products-Induced
Inflammatory Response in Murine Macrophages Partly through AMPK Activation and RAGE/NFkappaB Pathway Suppression.
J. Diabetes Res. 2016, 2016, 4847812. [CrossRef]

24. Schelbergen, R.F.; Geven, E.J.; van den Bosch, M.H.; Eriksson, H.; Leanderson, T.; Vogl, T.; Roth, J.; van de Loo, F.A.; Koenders,
M.I.; van der Kraan, P.M.; et al. Prophylactic treatment with S100A9 inhibitor paquinimod reduces pathology in experimental
collagenase-induced osteoarthritis. Ann. Rheum. Dis. 2015, 74, 2254–2258. [CrossRef] [PubMed]

25. Abi Zamer, B.; El-Huneidi, W.; Eladl, M.A.; Muhammad, J.S. Ins and Outs of Heat Shock Proteins in Colorectal Carcinoma: Its
Role in Carcinogenesis and Therapeutic Perspectives. Cells 2021, 10, 2862. [CrossRef] [PubMed]

26. Mikulandra, M.; Kobescak, A.; Verillaud, B.; Busson, P.; Matijevic Glavan, T. Radio-sensitization of head and neck cancer cells by
a combination of poly(I:C) and cisplatin through downregulation of survivin and c-IAP2. Cell Oncol 2019, 42, 29–40. [CrossRef]
[PubMed]

27. Jia, D.; Yang, W.; Li, L.; Liu, H.; Tan, Y.; Ooi, S.; Chi, L.; Filion, L.G.; Figeys, D.; Wang, L. Beta-Catenin and NF-kappaB co-activation
triggered by TLR3 stimulation facilitates stem cell-like phenotypes in breast cancer. Cell Death Differ. 2015, 22, 298–310. [CrossRef]

28. Chen, L.; Li, Y.C.; Wu, L.; Yu, G.T.; Zhang, W.F.; Huang, C.F.; Sun, Z.J. TRAF6 regulates tumour metastasis through EMT and CSC
phenotypes in head and neck squamous cell carcinoma. J. Cell Mol. Med. 2018, 22, 1337–1349. [CrossRef]

29. Umemura, N.; Zhu, J.; Mburu, Y.K.; Forero, A.; Hsieh, P.N.; Muthuswamy, R.; Kalinski, P.; Ferris, R.L.; Sarkar, S.N. Defective
NF-kappaB signaling in metastatic head and neck cancer cells leads to enhanced apoptosis by double-stranded RNA. Cancer Res.
2012, 72, 45–55. [CrossRef]

30. Mori, K.; Yanagita, M.; Hasegawa, S.; Kubota, M.; Yamashita, M.; Yamada, S.; Kitamura, M.; Murakami, S. Necrosis-induced TLR3
Activation Promotes TLR2 Expression in Gingival Cells. J. Dent. Res. 2015, 94, 1149–1157. [CrossRef]

31. Di Lorenzo, A.; Bolli, E.; Ruiu, R.; Ferrauto, G.; Di Gregorio, E.; Avalle, L.; Savino, A.; Poggio, P.; Merighi, I.F.; Riccardo, F.;
et al. Toll-like receptor 2 promotes breast cancer progression and resistance to chemotherapy. Oncoimmunology 2022, 11, 2086752.
[CrossRef] [PubMed]

32. Conti, L.; Lanzardo, S.; Arigoni, M.; Antonazzo, R.; Radaelli, E.; Cantarella, D.; Calogero, R.A.; Cavallo, F. The noninflammatory
role of high mobility group box 1/Toll-like receptor 2 axis in the self-renewal of mammary cancer stem cells. FASEB J. 2013, 27,
4731–4744. [CrossRef]

33. Li, X.; Xu, F.; Wang, R.; Shen, L.; Luo, B.; Zhou, S.; Zhang, J.; Zhang, Z.; Cao, Z.; Zhan, K.; et al. Aspirin enhances radio/chemo-
therapy sensitivity in C. elegans by inducing germ cell apoptosis and suppresses RAS overactivated tumorigenesis via mtROS-
mediated DNA damage and MAPK pathway. Biochem. Biophys. Res. Commun. 2024, 735, 150828. [CrossRef]

34. Liu, J.; Zhou, Q.; Meng, K.; Yang, X.; Ma, B.; Su, C.; Duan, X. Aspirin Inhibits Colorectal Cancer via the TIGIT-BCL2-BAX pathway
in T Cells. Int. J. Med. Sci. 2024, 21, 1990–1999. [CrossRef] [PubMed]

35. Zhang, Y.; Sun, H.; Ji, Y.; Nie, F.; Wang, R.; Han, W. Effects of aspirin on colon cancer using quantitative proteomic analysis. Cancer
Pathog. Ther. 2024, 2, 121–131. [CrossRef]

36. Ausina, P.; Branco, J.R.; Demaria, T.M.; Esteves, A.M.; Leandro, J.G.B.; Ochioni, A.C.; Mendonca, A.P.M.; Palhano, F.L.; Oliveira,
M.F.; Abou-Kheir, W.; et al. Acetylsalicylic acid and salicylic acid present anticancer properties against melanoma by promoting
nitric oxide-dependent endoplasmic reticulum stress and apoptosis. Sci. Rep. 2020, 10, 19617. [CrossRef] [PubMed]

37. Shi, T.; Fujita, K.; Gong, J.; Nakahara, M.; Iwama, H.; Liu, S.; Yoneyama, H.; Morishita, A.; Nomura, T.; Tani, J.; et al. Aspirin
inhibits hepatocellular carcinoma cell proliferation in vitro and in vivo via inducing cell cycle arrest and apoptosis. Oncol. Rep.
2020, 44, 457–468. [CrossRef]

38. Ren, G.; Ma, Y.; Wang, X.; Zheng, Z.; Li, G. Aspirin blocks AMPK/SIRT3-mediated glycolysis to inhibit NSCLC cell proliferation.
Eur. J. Pharmacol. 2022, 932, 175208. [CrossRef]

39. Rezania, M.A.; Eghtedari, A.; Taha, M.F.; Ardekani, A.M.; Javeri, A. A novel role for aspirin in enhancing the reprogramming
function of miR-302/367 cluster and breast tumor suppression. J. Cell Biochem. 2022, 123, 1077–1090. [CrossRef]

40. Xu, R.; Yan, Y.; Zheng, X.; Zhang, H.; Chen, W.; Li, H.; Dong, Z. Aspirin suppresses breast cancer metastasis to lung by targeting
anoikis resistance. Carcinogenesis 2022, 43, 104–114. [CrossRef]

https://doi.org/10.1186/s12935-024-03609-6
https://doi.org/10.1016/j.nimb.2023.03.031
https://doi.org/10.1111/j.1365-3083.2009.02262.x
https://doi.org/10.1038/cddis.2015.153
https://doi.org/10.1155/2016/4847812
https://doi.org/10.1136/annrheumdis-2014-206517
https://www.ncbi.nlm.nih.gov/pubmed/25969431
https://doi.org/10.3390/cells10112862
https://www.ncbi.nlm.nih.gov/pubmed/34831085
https://doi.org/10.1007/s13402-018-0403-7
https://www.ncbi.nlm.nih.gov/pubmed/30182341
https://doi.org/10.1038/cdd.2014.145
https://doi.org/10.1111/jcmm.13439
https://doi.org/10.1158/0008-5472.CAN-11-1484
https://doi.org/10.1177/0022034515589289
https://doi.org/10.1080/2162402X.2022.2086752
https://www.ncbi.nlm.nih.gov/pubmed/35756841
https://doi.org/10.1096/fj.13-230201
https://doi.org/10.1016/j.bbrc.2024.150828
https://doi.org/10.7150/ijms.98343
https://www.ncbi.nlm.nih.gov/pubmed/39113892
https://doi.org/10.1016/j.cpt.2023.06.003
https://doi.org/10.1038/s41598-020-76824-6
https://www.ncbi.nlm.nih.gov/pubmed/33184378
https://doi.org/10.3892/or.2020.7630
https://doi.org/10.1016/j.ejphar.2022.175208
https://doi.org/10.1002/jcb.30264
https://doi.org/10.1093/carcin/bgab117


Cancers 2025, 17, 2157 22 of 23

41. Chen, J.; Xu, R.; Xia, J.; Huang, J.; Su, B.; Wang, S. Aspirin inhibits hypoxia-mediated lung cancer cell stemness and exosome
function. Pathol. Res. Pract. 2019, 215, 152379. [CrossRef]

42. Susan, M.; Macasoi, I.; Pinzaru, I.; Dehelean, C.; Ilia, I.; Susan, R.; Ionita, I. In Vitro Assessment of the Synergistic Effect of Aspirin
and 5-Fluorouracil in Colorectal Adenocarcinoma Cells. Curr. Oncol. 2023, 30, 6197–6219. [CrossRef] [PubMed]

43. Huang, S.; Zhang, N.Q.; Xu, C.J.; Huang, W.Q.; Li, D.X.; Li, J.; Yao, L.L.; Sundquist, K.; Sundquist, J.; Jiang, S.H.; et al.
Dipyridamole enhances the anti-cancer ability of aspirin against colorectal cancer by inducing apoptosis in an unfolded protein
response-dependent manner. Cell Oncol 2023, 46, 953–967. [CrossRef]

44. Zhou, H.; Yun, X.; Shu, Y.; Xu, K. Aspirin increases the efficacy of gemcitabine in pancreatic cancer by modulating the
PI3K/AKT/mTOR signaling pathway and reversing epithelial-mesenchymal transition. Oncol. Lett. 2023, 25, 101. [Cross-
Ref] [PubMed]

45. Guo, J.; Zhu, Y.; Yu, L.; Li, Y.; Guo, J.; Cai, J.; Liu, L.; Wang, Z. Aspirin inhibits tumor progression and enhances cisplatin sensitivity
in epithelial ovarian cancer. PeerJ 2021, 9, e11591. [CrossRef]

46. Liu, Z.; Cui, L.; Wang, J.; Zhao, W.; Teng, Y. Aspirin boosts the synergistic effect of EGFR/p53 inhibitors on lung cancer cells by
regulating AKT/mTOR and p53 pathways. Cell Biochem. Funct. 2024, 42, e3902. [CrossRef] [PubMed]

47. Jiang, W.; Yan, Y.; Chen, M.; Luo, G.; Hao, J.; Pan, J.; Hu, S.; Guo, P.; Li, W.; Wang, R.; et al. Aspirin enhances the sensitivity of
colon cancer cells to cisplatin by abrogating the binding of NF-kappaB to the COX-2 promoter. Aging 2020, 12, 611–627. [CrossRef]
[PubMed]

48. Zou, Z.; Zheng, W.; Fan, H.; Deng, G.; Lu, S.H.; Jiang, W.; Yu, X. Aspirin enhances the therapeutic efficacy of cisplatin in
oesophageal squamous cell carcinoma by inhibition of putative cancer stem cells. Br. J. Cancer 2021, 125, 826–838. [CrossRef]

49. Palazzolo, G.; Mollica, H.; Lusi, V.; Rutigliani, M.; Di Francesco, M.; Pereira, R.C.; Filauro, M.; Paleari, L.; DeCensi, A.; Decuzzi, P.
Modulating the Distant Spreading of Patient-Derived Colorectal Cancer Cells via Aspirin and Metformin. Transl. Oncol. 2020, 13,
100760. [CrossRef]

50. Pozzoli, G.; Marei, H.E.; Althani, A.; Boninsegna, A.; Casalbore, P.; Marlier, L.; Lanzilli, G.; Zonfrillo, M.; Petrucci, G.; Rocca, B.;
et al. Aspirin inhibits cancer stem cells properties and growth of glioblastoma multiforme through Rb1 pathway modulation. J.
Cell Physiol. 2019, 234, 15459–15471. [CrossRef]

51. Maity, G.; De, A.; Das, A.; Banerjee, S.; Sarkar, S.; Banerjee, S.K. Aspirin blocks growth of breast tumor cells and tumor-initiating
cells and induces reprogramming factors of mesenchymal to epithelial transition. Lab. Investig. 2015, 95, 702–717. [CrossRef]

52. Saha, S.; Mukherjee, S.; Khan, P.; Kajal, K.; Mazumdar, M.; Manna, A.; Mukherjee, S.; De, S.; Jana, D.; Sarkar, D.K.; et al. Aspirin
Suppresses the Acquisition of Chemoresistance in Breast Cancer by Disrupting an NFkappaB-IL6 Signaling Axis Responsible for
the Generation of Cancer Stem Cells. Cancer Res. 2016, 76, 2000–2012. [CrossRef]

53. Cook, N.R.; Lee, I.M.; Zhang, S.M.; Moorthy, M.V.; Buring, J.E. Alternate-day, low-dose aspirin and cancer risk: Long-term
observational follow-up of a randomized trial. Ann. Intern. Med. 2013, 159, 77–85. [CrossRef] [PubMed]

54. Lam, A.; Hao, Z.; Yiu, K.; Chan, S.; Chan, F.; Sung, J.; Tsoi, K. Long-term use of low-dose aspirin for cancer prevention: A 20-year
longitudinal cohort study of 1,506,525 Hong Kong residents. Int. J. Cancer 2025, 156, 2330–2339. [CrossRef]

55. Sikavi, D.R.; Wang, K.; Ma, W.; Drew, D.A.; Ogino, S.; Giovannucci, E.L.; Cao, Y.; Song, M.; Nguyen, L.H.; Chan, A.T. Aspirin Use
and Incidence of Colorectal Cancer According to Lifestyle Risk. JAMA Oncol. 2024, 10, 1354–1361. [CrossRef]

56. Cao, Y.Q.; Tan, A.H. Aspirin might reduce the incidence of breast cancer An updated meta-analysis of 38 observational studies.
Medicine 2020, 99, e21917. [CrossRef]

57. Algra, A.M.; Rothwell, P.M. Effects of regular aspirin on long-term cancer incidence and metastasis: A systematic comparison of
evidence from observational studies versus randomised trials. Lancet Oncol. 2012, 13, 518–527. [CrossRef] [PubMed]

58. Bhattacharyya, M.; Girish, G.V.; Ghosh, R.; Chakraborty, S.; Sinha, A.K. Acetyl salicylic acid (aspirin) improves synthesis of
maspin and lowers incidence of metastasis in breast cancer patients. Cancer Sci. 2010, 101, 2105–2109, Erratum in Cancer Sci. 2010,
101, 2676. [CrossRef] [PubMed]

59. Miller, I.S.; Khan, S.; Shiels, L.P.; Das, S.; AC, O.F.; Connor, K.; Lafferty, A.; Moran, B.; Isella, C.; Loadman, P.; et al. Implementing
subtype-specific pre-clinical models of breast cancer to study pre-treatment aspirin effects. Cancer Med. 2022, 11, 3820–3836.
[CrossRef]

60. Bains, S.J.; Mahic, M.; Myklebust, T.A.; Smastuen, M.C.; Yaqub, S.; Dorum, L.M.; Bjornbeth, B.A.; Moller, B.; Brudvik, K.W.;
Tasken, K. Aspirin As Secondary Prevention in Patients With Colorectal Cancer: An Unselected Population-Based Study. J. Clin.
Oncol. 2016, 34, 2501–2508. [CrossRef]

61. McNeil, J.J.; Gibbs, P.; Orchard, S.G.; Lockery, J.E.; Bernstein, W.B.; Cao, Y.; Ford, L.; Haydon, A.; Kirpach, B.; Macrae, F.; et al.
Effect of Aspirin on Cancer Incidence and Mortality in Older Adults. J. Natl. Cancer Inst. 2021, 113, 258–265. [CrossRef]

62. Tyagi, A.; Vishnoi, K.; Kaur, H.; Srivastava, Y.; Roy, B.G.; Das, B.C.; Bharti, A.C. Cervical cancer stem cells manifest radioresistance:
Association with upregulated AP-1 activity. Sci. Rep. 2017, 7, 4781. [CrossRef] [PubMed]

63. Hoque, S.; Dhar, R.; Kar, R.; Mukherjee, S.; Mukherjee, D.; Mukerjee, N.; Nag, S.; Tomar, N.; Mallik, S. Cancer stem cells (CSCs):
Key player of radiotherapy resistance and its clinical significance. Biomarkers 2023, 28, 139–151. [CrossRef] [PubMed]

https://doi.org/10.1016/j.prp.2019.03.008
https://doi.org/10.3390/curroncol30070460
https://www.ncbi.nlm.nih.gov/pubmed/37504320
https://doi.org/10.1007/s13402-023-00789-7
https://doi.org/10.3892/ol.2023.13687
https://doi.org/10.3892/ol.2023.13687
https://www.ncbi.nlm.nih.gov/pubmed/36817049
https://doi.org/10.7717/peerj.11591
https://doi.org/10.1002/cbf.3902
https://www.ncbi.nlm.nih.gov/pubmed/38100146
https://doi.org/10.18632/aging.102644
https://www.ncbi.nlm.nih.gov/pubmed/31905343
https://doi.org/10.1038/s41416-021-01499-3
https://doi.org/10.1016/j.tranon.2020.100760
https://doi.org/10.1002/jcp.28194
https://doi.org/10.1038/labinvest.2015.49
https://doi.org/10.1158/0008-5472.CAN-15-1360
https://doi.org/10.7326/0003-4819-159-2-201307160-00002
https://www.ncbi.nlm.nih.gov/pubmed/23856681
https://doi.org/10.1002/ijc.35331
https://doi.org/10.1001/jamaoncol.2024.2503
https://doi.org/10.1097/MD.0000000000021917
https://doi.org/10.1016/S1470-2045(12)70112-2
https://www.ncbi.nlm.nih.gov/pubmed/22440112
https://doi.org/10.1111/j.1349-7006.2010.01655.x
https://www.ncbi.nlm.nih.gov/pubmed/20670296
https://doi.org/10.1002/cam4.4756
https://doi.org/10.1200/JCO.2015.65.3519
https://doi.org/10.1093/jnci/djaa114
https://doi.org/10.1038/s41598-017-05162-x
https://www.ncbi.nlm.nih.gov/pubmed/28684765
https://doi.org/10.1080/1354750X.2022.2157875
https://www.ncbi.nlm.nih.gov/pubmed/36503350


Cancers 2025, 17, 2157 23 of 23

64. Mal, A.; Bukhari, A.B.; Singh, R.K.; Kapoor, A.; Barai, A.; Deshpande, I.; Wadasadawala, T.; Ray, P.; Sen, S.; De, A. EpCAM-
Mediated Cellular Plasticity Promotes Radiation Resistance and Metastasis in Breast Cancer. Front. Cell Dev. Biol. 2020, 8, 597673.
[CrossRef]

65. Zhang, X.; Lin, S.H.; Fang, B.; Gillin, M.; Mohan, R.; Chang, J.Y. Therapy-resistant cancer stem cells have differing sensitivity to
photon versus proton beam radiation. J. Thorac. Oncol. 2013, 8, 1484–1491. [CrossRef]

66. Wang, Q.; Liu, R.; Zhang, Q.; Luo, H.; Wu, X.; Du, T.; Chen, Y.; Tan, M.; Liu, Z.; Sun, S.; et al. Biological effects of cancer stem cells
irradiated by charged particle: A systematic review of in vitro studies. J. Cancer Res. Clin. Oncol. 2023, 149, 6625–6638. [CrossRef]
[PubMed]

67. Nuyts, S.; Bollen, H.; Ng, S.P.; Corry, J.; Eisbruch, A.; Mendenhall, W.M.; Smee, R.; Strojan, P.; Ng, W.T.; Ferlito, A. Proton Therapy
for Squamous Cell Carcinoma of the Head and Neck: Early Clinical Experience and Current Challenges. Cancers 2022, 14, 2587.
[CrossRef]

68. Hsieh, K.; Hotca, A.E.; Dickstein, D.R.; Lehrer, E.J.; Hsieh, C.; Gupta, V.; Sindhu, K.K.; Liu, J.T.; Reed, S.H.; Chhabra, A.; et al.
Adjuvant Reirradiation With Proton Therapy in Head and Neck Squamous Cell Carcinoma. Adv. Radiat. Oncol. 2024, 9, 101418.
[CrossRef]

69. Mumaw, D.A.; Hazy, A.J.; Vayntraub, A.; Quinn, T.J.; Salari, K.; Chang, J.H.; Kalman, N.; Katz, S.; Urbanic, J.; Press, R.H.;
et al. Low contralateral failure rate with unilateral proton beam radiotherapy for oropharyngeal squamous cell carcinoma: A
multi-institutional prospective study from the proton collaborative group. Radiother. Oncol. 2024, 190, 109977. [CrossRef]

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

https://doi.org/10.3389/fcell.2020.597673
https://doi.org/10.1097/JTO.0b013e3182a5fdcb
https://doi.org/10.1007/s00432-022-04561-6
https://www.ncbi.nlm.nih.gov/pubmed/36611110
https://doi.org/10.3390/cancers14112587
https://doi.org/10.1016/j.adro.2023.101418
https://doi.org/10.1016/j.radonc.2023.109977

	Introduction 
	Materials and Methods 
	Cells and Reagents 
	RNA Isolation and Real Time PCR 
	Western Blot Analysis 
	ELISA 
	ALDH Activity 
	Immunocytochemistry 
	Proliferation Assays 
	Clinical Specimens and Immunohistochemistry 
	Fluorescent Immunohistochemistry 
	Migration Assay 
	Proton Irradiation 
	Statistics 

	Results 
	TLR3 Activation Increases the Stemness of HNSCC Tumor Spheres 
	TLR3 Activation Induces the Expression of DAMPs and Their Release into the Microenvironment 
	TLR3 Activation Increases Cell Migration, Which Can Be Abolished by Aspirin and Metformin 
	Immunohistochemistry of Patients’ HNSCC Tissue Shows Strong Expression of TLR3 Which Co-Localizes with CD133, ALDHA1, and DAMPs 
	Gamma Irradiation in Combination with Aspirin and Poly (I:C) Reduces the Survival of Adherent Tumor Cells 
	The Combination of Aspirin and Proton Irradiation Effectively Eradicates Cancer Stem Cells 

	Discussion 
	Conclusions 
	References

