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Abstract: The aggressive nature of head and neck squamous cell carcinoma (HNSCC) is profoundly shaped by
a complex interplay between malignant cells and the host immune system. A key feature of this interplay is the
formation of cell-in-cell (CIC) structures, which facilitate immune evasion and contribute to shaping the tumor mi-
croenvironment. Long non-coding RNAs (IncRNAs), including MIR31HG, have emerged as crucial modulators of
tumor immunity and metastasis. In this study, we investigated the role of MIR31HG in orchestrating heterotypic
CIC formation and assessed its impact on tumor growth, immune surveillance, and chemoresistance in HNSCC.
Analysis of TCGA and GTEx datasets confirmed the differential expression of CIC-related genes between HNSCC and
normal tissues. Functional assays demonstrated that CIC structure formation substantially augmented the malig-
nant properties of Cal27 cells, including increased resistance to both cisplatin and gemcitabine. Critically, genetic
depletion of MIR31HG in CIC-positive cells (CIC* sh-MIR31HG) potently suppressed tumor progression, as evidenced
by reduced cell proliferation and increased apoptosis. Furthermore, silencing MIR31HG also remodeled the immu-
nosuppressive landscape; it downregulated the expression of immune checkpoint protein PD-L1 and decreased the
secretion of immunosuppressive cytokines TGF-B and IL-10. This intervention also reversed therapeutic resistance,
rendering CIC* sh-MIR31HG cells more susceptible to cisplatin- and gemcitabine-induced apoptosis. These findings
were validated in a murine xenograft model, where histological analyses confirmed that tumors originating from
CIC* sh-MIR31HG cells displayed reduced volume and elevated apoptotic activity. Collectively, MIR31HG is a pivotal
regulator of heterotypic CIC formation in HNSCC. This mechanism promotes HNSCC cell survival, fosters an immu-
nosuppressive microenvironment, and drives chemoresistance. Therefore, targeting MIR31HG represents a viable
therapeutic avenue to disrupt immune resistance and enhance chemosensitivity in HNSCC.
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Introduction spread, accounting for 70-85% of all metastatic
cases [3]. Despite the established therapeutic
modalities (surgery, radiotherapy, and chemo-
therapy), outcomes for patients with recurrent

or metastatic (R/M) disease remain dismal.

Head and neck squamous cell carcinoma
(HNSCC) encompasses a heterogeneous group
of malignancies originating from epithelial tis-

sues, including the pharynx. It is currently the
seventh most prevalent cancer worldwide, with
incidence forecasted to increase by approxi-
mately 30% by 2030 [1]. The prognosis of
HNSCC is frequently undermined by high rates
of local recurrence and distant metastasis;
over 50% of patients experience disease pro-
gression within three years after diagnosis [2].
The lungs are the predominant site of distant

Notably, the 5-year survival rate for HNSCC
remained largely unchanged over the past three
decades, underscoring an urgent need for
improved therapeutic paradigms [4].

Long non-coding RNAs (IncRNAs), regulatory
transcripts exceeding 200 nucleotides in length
without protein-coding capacity, have emerged
as key contributors to cancer pathogenesis and
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are distributed in both the nucleus and cyto-
plasm [5]. Increasing evidence has linked dys-
regulated IncRNAs expression and cancer de-
velopment [6]. One such molecule, MIR31HG, a
IncRNA composed of 2166 nucleotides, has
been identified as a potent oncogenic factor in
several cancers, including non-small cell lung
cancer (NSCLC), hepatocellular carcinoma, and
pancreatic cancer [7, 8]. In the context of head
and neck cancers, Huang et al. reported that
MIR31HG plays a crucial role in the carcinogen-
esis of areca nut-induced HNC [9]. Furthermore,
Feng et al. revealed a significant association
between high MIR31HG expression and aggres-
sive clinicopathological characteristics in naso-
pharyngeal carcinoma (NPC) [10]. Their work
further revealed that silencing MIR31HG inhib-
ited cancer cell viability and colony formation,
promoted apoptosis, and suppressed the PI3K/
AKT signaling pathway by downregulating the
levels of p-PI3K and p-AKT.

A distinct pathological feature frequently
observed in HNSCC and other tumors is the for-
mation of cell-in-cell (CIC) structures, where
one or more viable cells are internalized by a
host cell [11]. This process is often a prelude to
the death of the internalized cell, which is typi-
cally degraded by the host. First described in
tumor biology, CIC formation has been impli-
cated in tumor progression, metastatic dissem-
ination, and immune evasion [12]. These struc-
tures have been widely reported across multi-
ple malignancies, and in HNSCC, the interac-
tion between tumor and immune cells within
CIC structures is particularly relevant to the
tumor’s immune escape mechanisms [13].

CICs are broadly categorized into two principal
subtypes. The first, homotypic CIC, also known
as entosis, involves the engulfment of one
tumor cell by another [14, 15]. This interaction,
often driven by microenvironmental factors
such as nutrient deprivation or mechanical
stress, typically culminates in the apoptotic
death of the internalized cell, thereby influenc-
ing tumor architecture and cellular dynamics
[16]. The second subtype, heterotypic CICs, has
garnered significant interest in cancer immu-
nology. It involves the internalization of immune
cells by tumor cells. Aggressive cancers like
HNSCC can actively engulf immune effector
cells, including T lymphocytes and natural Killer
(NK) cells, sequestering them within vacuoles
for subsequent elimination [17-19]. This phe-
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nomenon represents a potent mechanism of
immune evasion, allowing tumors to thrive
despite an active immune response. The en-
gulfed immune cells typically undergo apoptotic
death, which not only suppresses immune sur-
veillance but may also contribute to tumor cell
survival and resistance to immunotherapies
[20].

The molecular mechanism underlying CIC for-
mation is intricate, involving dynamic cytoskel-
etal rearrangements, autophagy, and the for-
mation of large internal vacuoles [21]. Once
internalized, cells are subjected to pro-death
signaling cascades, including caspases activa-
tion and engagement of the NLRP3 inflamma-
some, ultimately leading to their degradation
[15, 22]. In the specific landscape of HNSCC,
which is often characterized by chronic inflam-
mation and viral infections (e.g., HPV), the
tumor microenvironment appears particularly
conducive to CIC development [23, 24]. Con-
sequently, this phenomenon is postulated not
only to facilitate immune escape but also to
enhance metastatic potential by remodeling
the tumor microenvironment. Moreover, emerg-
ing evidence suggests that CIC structures may
contribute to resistance to both chemotherapy
and radiotherapy, potentially providing protec-
tive niches for tumor cell survival [11, 25].

In summary, the expression of the IncRNA
MIR31HG and the formation of CIC structures
are both implicated in the complex pathobiolo-
gy of HNSCC, influencing tumor progression
and immune interaction. However, the potential
regulatory role of MIR31HG in heterotypic CIC
formation remains unexplored. This study aims
to clarify the regulatory function of MIR31HG
in heterotypic CIC assembly and to map its
downstream effects on tumor immune evasion
and behavior. By elucidating this mechanism,
we seek to establish a theoretical foundation
for identifying novel therapeutic targets. We
hypothesize that targeting MIR31HG may offer
a promising strategy to reverse immune sup-
pression and enhance the efficacy of current
and future therapies for HNSCC.

Materials and methods
Patient information
All samples in this study were sourced from

the Affiliated Cancer Hospital of Zhengzhou
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University & Henan Cancer Hospital, collected
between January and April 2024. The study pro-
tocol was approved by the Ethics Committee of
Henan Cancer Hospital. Patient information is
detailed in Table 1.

Data acquisition and gene expression analysis

To characterize the expression landscape of
genes associated with cell-in-cell (CIC) struc-
tures in HNSCC, we performed a comprehen-
sive bioinformatic analysis using publicly avail-
able datasets. Differential expression profiles
of ClIC-related genes was first assessed by
comparing HNSCC tumor samples from The
Cancer Genome Atlas (TCGA) against normal
tissue samples from both TCGA and the
Genotype-Tissue Expression (GTEx) project.
This comparative analysis was executed using
the Gene Expression Profiling Interactive
Analysis (GEPIA) web platform to identify tran-
scriptional alterations significantly associated
with malignant transformation.

To further explore the clinical relevance of
these expression patterns, we analyzed the
TCGA-HNSCC dataset using the University of
Alabama at Birmingham Cancer data analysis
portal (UALCAN). This secondary analysis was
designed to evaluate potential correlations
between CIC-related gene expression and key
clinicopathological features, including patient
age, gender, and tumor stage at diagnosis.

GO and KEGG pathway analysis of CIC-related
genes

To gain a comprehensive understanding of the
biological roles and molecular pathways asso-
ciated with CIC-related genes, Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analyses were
performed. ClC-associated gene expression
profiles were retrieved from the LinkedOmics
database, an online analytical platform based
on TCGA datasets. GO enrichment was carried
out using the DAVID (Database for Annotation,
Visualization and Integrated Discovery) tool to
categorize genes according to their involve-
ment in biological processes, cellular compo-
nents, and molecular functions. KEGG pathway
analysis was subsequently employed to identify
signaling networks and cellular mechanisms
implicated in tumorigenesis, metastasis, and
other ClC-associated oncogenic processes
[26].
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Immunohistochemistry

Paraffin-embedded tissue specimens were
sectioned at 3 ym thickness, deparaffinized,
and rehydrated through a graded ethanol
series. Antigen retrieval was performed by boil-
ing sections in EDTA buffer (pH 8.0) under high
pressure for 15 minutes. Endogenous pero-
xidase activity was blocked using 0.3% hydro-
gen peroxide. After blocking with 5% bovine
serum albumin for 45 minutes, sections were
incubated with primary antibodies against EZR
(Proteintech, GB111200), FAT1 (Proteintech,
17617-1-AP, 1:1000), and TP53 (Servicebio,
GB112444-50), followed by application of the
appropriate secondary antibody. Immunoreac-
tivity was visualized using diaminobenzidine
(DAB), and nuclei were counterstained with
hematoxylin [27].

Histopathological examination

Tissue sections were stained with hematoxylin
and eosin (H&E) and examined under a light
microscope. Apoptosis was evaluated using
TUNEL (terminal deoxynucleotidyl transferase
dUTP nick-end labeling) assay and immunohis-
tochemical staining for cleaved caspase-3.
Immunofluorescence images were acquired
using an inverted fluorescence microscope
[27].

Cell culture

The NK-92 and Cal27 cell lines were sourced
from Procell. NK-92 cells were cultured in
a-MEM supplemented with 12.5% fetal bovine
serum (FBS) and 12.5% horse serum, while
Cal27 cells were maintained in Dulbecco’s
modified Eagle medium (DMEM) under stan-
dard culture conditions (37°C, 5% CO,, humidi-
fied atmosphere). Chemotherapeutic agents
were dissolved in dimethyl sulfoxide (DMSO)
and directly added to the culture medium,
maintaining a final DMSO concentration below
0.2%. Control groups were treated with DMSO
alone. For co-culture assays, NK-92 cells were
pre-labeled with CD45-PE antibody in PBS con-
taining 1% FBS for 15 minutes. Cal27 cells
were seeded into 6-well plates and cultured
overnight, followed by staining with CMFDA cell
tracker (Thermo Fisher Scientific) for 20 min-
utes. Labeled NK-92 and Cal27 cells were co-
cultured for 4 hours, followed by PBS washing
and detachment using trypsin/EDTA for further
analysis.
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Table 1. General information about the sample

?;;: Sggzry Age Primary Diagnosis Cslltr;lgzl H(ilrir;t W(ilg)h t Ch;r:;tr::]apy g;cllgz Trt::ztdmoefn t SCCA Prognosis Sex Comorbidities Differentiation
1 A Jan7,2024 56 Tongue cancer cT3NIMO 172 73 None 11 months Positive No recurrence Male None Moderate
2 B Apr 23,2024 64 Buccal cancer cT3NOMO 168 65 None 0 7 months Negative No recurrence Female Hypertension Well
3 6] Mar 20, 2024 55 Floor-of-mouth cancer cT4N2MO 175 74 None 0 8 months  Positive No recurrence Male None Poor
4 AB Apr 16, 2024 49 Tongue cancer cT3NIMO 164 69 None 0 7 months  Positive No recurrence Female None Moderate
5 B Mar 19,2024 64 Tongue cancer c¢T3NOMO 170 70 None 0 9 months Negative Norecurrence Male Hypertension, Diabetes Poor
6 A Apr 26,2024 36 Tongue cancer cTANOMO 173 a4 None 0 7 months  Positive No recurrence Male None Poor

Abbreviations: SCCA, squamous cell carcinoma antigen; cTNM, clinical tumor-node-metastasis classification; cT3N1MO = clinical stage T3, N1, MO; cT3NOMO = clinical stage T3, NO, MO; cT4N2MO = clinical stage T4, N2, MO; cT4ANOMO = clini-

cal stage T4, NO, MO.
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LncRNA MIR31HG knockdown cell lines

Short hairpin RNA (shRNA) plasmids targeting
the IncRNA MIR31HG, along with a pLKO.1
empty control vector, were sourced from
GenePharma (Shanghai, China). For lentiviral
packaging, 293FT cells were transfected with
either pLKO. 1-shKCNQ10T1 or control shRNA
constructs using Lipofectamine 2000 (Invitro-
gen), following the manufacturer’'s protocol.
Subsequently, CAL27 cells were transduced
with lentiviral particles carrying the respective
constructs, and stably transduced cell lines
were selected using 2 ug/ml puromycin for 10
days.

Fluorescence microscopy for cell localization

Calcein AM and Calcein Red-Orange AM dyes
were dissolved in PBS or DMSO at a concentra-
tion of 1 mg/mL and applied to the cells for 30
minutes. Cal27 cells were seeded on confocal
microscopy slides and cultured overnight as a
monolayer, followed by staining with Calcein
Red-Orange AM. Pre-labeled NK-92 effector
cells were then added. Cellular interactions
were visualized using a laser scanning confocal
microscope.

Isolation of CIC structures by flow cytometry

To isolate heterotypic CIC structures from co-
cultured NK-92 and Cal27 cells, fluorescence-
based flow cytometry strategy was employed.
Prior to co-culture, NK-92 cells were labeled
with CD45-PE antibody, and Cal27 cells were
stained with CMFDA cell tracking dye. After 4 h
of co-culture, cells were gently harvested using
EDTA-free trypsin to minimize disruption of CIC
structures. Cell suspensions were rinsed with
PBS containing 1% FBS and immediately sub-
jected to flow cytometry analysis (CytoFlex,
Beckman Coulter). CIC structures were defined
as double-positive events (CD45*/CMFDA"),
indicative of Cal27 cells containing NK-92 cells.
Gating thresholds were established using sin-
gle-stained controls to accurately distinguish
between CICs and single or aggregated cells.

Double-positive CIC populations were further
sorted using a cell sorter equipped with 488
nm and 561 nm lasers. Isolated CICs were sub-
sequently reseeded in complete DMEM medi-
um and cultured under standard conditions
(37°C, 5% CO,).
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Flow cytometric apoptosis assay

Apoptosis was quantitatively evaluated using a
commercial Annexin V-FITC/Propidium lodide
(Pl) Apoptosis Detection Kit. Cal27 cells were
seeded into 6-well plates at a density of 2 x 106
cells/well and cultured for 24 hours to ensure
adherence. Subsequently, the cells were treat-
ed with Fe/NV-CN (1 mg/mL, 2 mL) for 6 hours,
followed by irradiation using a white LED light
source at an intensity of 50 mW/cm? for 30
minutes. After irradiation, the cells were incu-
bated for an additional 24 hours. Finally, cells
were harvested and stained with Annexin
V-FITC and Pl in strict accordance with the man-
ufacturer’s protocol. The samples were ana-
lyzed by flow cytometer to quantify the extent of
apoptotic cell death.

CCK-8 assay for NK cell cytotoxicity

The cytotoxic activity of natural killer (NK) cells
against target cells was assessed using a
CCK-8 assay in 96-well round-bottom plates.
Co-culture experiments were performed at two
distinct effector-to-target (E:T) ratios, 5:1 and
10:1. For each condition, 50 pL of the NK cell
suspension was mixed with 50 yL of target cell
suspension, yielding a final culture volume of
100 pL per well. All experiments were conduct-
ed in triplicate.

Control groups were set up as follows: Target
cell control (OD_T): Target cells cultured alone
in complete medium.

Effector cell control (OD_E): NK cells cultured
alone in medium.

Co-culture group (OD_ET): NK cells and target
cells co-cultured at the designated E:T ratios.

After incubation at 37°C with 5% CO, for 12
hours, 10 pyL of CCK-8 solution (5 mg/mL,
Dojindo Laboratories, Japan) was added to
each well. Plates were gently shaken and incu-
bated for an additional 4 hours. Absorbance at
450 nm was measured using a microplate
reader (BioTek Instruments). The NK cell-medi-
ated cytotoxicity was calculated using the fol-
lowing formula: Cytotoxicity (%) = [1-(ODET-
ODE)/ODT] x 100%. OD_ET: absorbance of the
NK-target co-culture group. OD_E: absorbance
of NK cells alone (to account for NK cell metab-
olism). OD_T: absorbance of target cells alone
(as reference for 100% viability).

Am J Cancer Res 2025;15(8):3395-3416
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CCK-8 assay for cell proliferation activity

Cells from each experimental group were enzy-
matically dissociated, counted, and seeded
into 96-well plates at a density of 5 x 10° cells
per well in 100 yL of complete medium. Each
condition was tested in triplicate. At 24, 48,
and 72 hours post-seeding, 10 uL of CCK-8
reagent was added to each well. The plates
were incubated for 4 hours at 37°C in a humidi-
fied incubator with 5% CO,. After incubation,
absorbance at 450 nm was measured to deter-
mine cell viability.

Western blotting

Cells were lysed in radioimmunoprecipitation
assay (RIPA) buffer (Beyotime, Shanghai, China)
supplemented with protease inhibitors (Roche,
Shanghai, China), and, if necessary, phospha-
tase inhibitors (Sangon Biotech, Shanghai,
China). Protein concentrations were measured,
and equal amounts of protein were subjected
to 10% SDS-PAGE, followed by transfer onto
polyvinylidene fluoride (PVDF) membranes.
Membranes were blocked with 5% non-fat milk
for 1 hour at room temperature and incubated
overnight at 4°C with primary antibodies
against PD-L1, E-cadherin, Bcl-2, and GAPDH
(all from Abcam, USA). After washing, mem-
branes were incubated with HRP-conjugated
anti-rabbit secondary antibodies (1:5000,
SA00001-2, Proteintech) for 1 hour at room
temperature. Protein bands were visualized
using the Tanon 5200 Multi imaging system
(Tanon, Shanghai, China).

Transwell assay

To assess cell migration and invasion, CAL27
cells were harvested, washed, and resuspend-
ed in serum-free medium. For migration assays,
cells were seeded into the upper chambers of
Transwell inserts (Corning, USA), while invasion
assays employed Matrigel-coated inserts (BD
Biosciences, USA). The lower chambers were
filled with medium supplemented with 10%
fetal bovine serum to serve as a chemoattrac-
tant. After a 24-hour incubation at 37°C, non-
migrated or non-invaded cells on the upper sur-
face of the membrane were gently removed.
Cells that migrated to the underside of the
membrane were fixed in 4% paraformaldehyde
and stained with 0.1% crystal violet. The num-
ber of invaded cells was quantified using a light
microscope.

3400

Scratch recovery test

For the wound healing assay, transfected
CAL27 cells were cultured in complete medium
until a confluent monolayer was formed. A
standardized scratch was made in the mono-
layer, after which the detached cells were
removed by washing with PBS. The cultures
were maintained in serum-free medium there-
after. Images of the wound were captured at O
and 24 hours post-scratch. Wound closure was
measured using ImagelJ software, and the heal-
ing rate was calculated using the formula:
Wound healing rate (%) = [(area at O h - area at
24 h)/area at 0 h] x 100%. Each experiment
was performed in triplicate.

ELISA

ELISA kits were used to measure the levels of
TGF-B and IL-10 in cell culture supernatants.
Standard solutions or samples (100 pL per
well) were added to 96-well plates pre-coated
with specific antibodies and incubated at room
temperature for 2 hours. After three washes
with diluted wash buffer, each well was incu-
bated with HRP-conjugated secondary antibod-
ies at room temperature for 1 hour. After anoth-
er three washes, 100 uL of substrate solution
was added to each well and incubated in the
dark for 30 minutes. The reaction was termi-
nated by adding 90 pL of stop solution per well,
and absorbance was measured at 450 nm
using a microplate reader. Cytokine concentra-
tions were calculated based on a standard
curve.

Colony formation

Cells were plated in 6-well plates at a density
of 1,000 cells per well and incubated for 10 to
14 days to allow colony formation. Afterward,
colonies were fixed, stained with crystal violet,
and air-dried. Colony images were captured
using a Canon Canoscan 5600F scanner
(Canon, Japan).

Establishment of HNSCC xenograft mouse
models

All animal experiments were approved by the
Ethics Committee of Henan Cancer Hospital
and conducted in accordance with institutional
guidelines for animal care and use. Xenograft
models were established by subcutaneously
injecting 1 x 10”6 Cal27 cells into 4-week-old
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male BALB/c nude mice (Charles River, China).
The mice were randomly divided into three
groups (n = 3 per group): Cal27 cell group, CIC
group, and CIC+sh LncRNA MIR31HG group.
Mice were euthanized after 7 weeks, and
tumors and major organs were harvested for
histopathological analysis. Tumor volumes
were calculated using the formula: Volume =
Length x Width?)/2.

RNA sequencing

Total RNA was extracted from transfected
CAL27 cells using TRIzol reagent (Invitrogen
Life Technologies, USA) according to the manu-
facturer’s instructions. RNA concentration and
purity were assessed using a Nanodrop 2000
spectrophotometer (Thermo Fisher Scientific,
USA). Libraries were constructed using the
TruSeq™ RNA Sample Prep Kit (lllumina, USA)
and sequenced by a certified sequencing
facility. High-quality reads were aligned to the
reference genome, and transcript abundance
was quantified using StringTie. Differentially
expressed genes were identified using the
DESeq algorithm, followed by Gene Ontology
(GO) and KEGG pathway enrichment analyses
to uncover associated biological functions and
signaling pathways.

Statistical analysis

Statistical analyses were conducted using
GraphPad Prism version 8.1 (GraphPad Soft-
ware, USA). Data distribution was assessed
using the Shapiro-Wilk test. Variables with nor-
mal distribution are presented as mean + stan-
dard error of the mean (SEM). Variables with
non-normal distribution are presented as medi-
an with interquartile range (IQR). For compari-
sons between two groups, Student’s t-test was
used for normally distributed variables, while
the Mann-Whitney U test was used for non-
parametric data. For comparisons among
three or more groups (e.g., Cal27, CIC, CIC +
shMIR31HG), one-way ANOVA with Tukey’s post
hoc test was used for normally distributed vari-
ables, and Kruskal-Wallis test with Dunn’s mul-
tiple comparison test for non-parametric data.
For measurements collected at multiple time
points (e.g., 24 h, 48 h, 72 h), repeated-mea-
sures ANOVA was used for parametric data,
and Friedman test for non-parametric data,
with Bonferroni correction for post hoc compar-
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isons. A two-tailed p-value < 0.05 was consid-
ered statistically significant. All experiments
were performed in biological triplicates (n = 3)
unless otherwise specified.

Results
Association of CIC-related genes with HNSCC

To delineate the transcriptomic landscape of
genes associated with CIC structure in HNSCC,
a comparative analysis was conducted utilizing
transcriptomic data from the TCGA and GTEx
databases. This investigation revealed exten-
sive transcriptional dysregulation in HNSCC tis-
sues compared to normal controls. A heatmap
of CIC-related gene expression demonstrated
distinct clustering that clearly segregated
tumor samples from normal samples (Figure
1A). Among the differentially expressed ge-
nes, MMP1, MMP12, and PLA2G7 were mark-
edly upregulated, whereas PPP1R3C, PTN, and
ANKRD20A8P were significantly downregulat-
ed. A volcano plot visualizing these changesi-
dentified 444 upregulated and 332 downregu-
lated genes based on stringent statistical
thresholds (|log, fold change| > 0.825, P <
0.05; Figure 1B).

To explore the biological relevance of these
gene expression alterations, we conducted
pathway and ontology enrichment analyses.
Gene Ontology (GO) analysis indicated that dys-
regulated genes were predominantly enriched
in biological processes such as extracellular
matrix organization, as well as in apical and
basal plasma membrane components (Figure
1C-E), suggesting their involvement in tissue
architecture and cellular polarity. KEGG path-
way analysis revealed a significant downregula-
tion of focal adhesion signaling. Concurrently,
the KEGG analysis highlighted the upregulation
of pathways involved in drug and cytochrome
P450 metabolism and insulin signaling, while
Toll-like receptor signaling pathways were sup-
pressed (Figure 1F). These findings indicate a
coordinated molecular shift in HNSCC, where
structural and immune-related pathways are
disrupted, and metabolic and pro-survival path-
ways are enhanced.

Collectively, these data establish that CIC-
related genes are pivotal in remodeling the cel-
lular structure, metabolic activity, and signaling
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Figure 1. Differential expression and functional enrichment of CIC-related genes between normal and HNSCC tissues. A. Heatmap displaying the expression pro-
files of top differentially expressed capicua (CIC)-related genes. Gene expression is standardized and color-coded from low (blue) to high (red) across all samples.
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Representative terms include collagen-containing extracellular matrix and apical part of cell. Bubble size indicates
the number of genes, and color reflects adjusted p-values. D. Bar plot of enriched GO biological processes. Key
processes such as external encapsulating structure organization and epidermis development are significantly over-
represented among DEGs. E. CC enrichment analysis highlighting components such as collagen-containing extra-
cellular matrix, apical plasma membrane, and cell projection membrane. F. KEGG pathway enrichment analysis.
Pathways are ranked by significance (-log, p-value), with upregulated pathways shown in red and downregulated
in blue. Notably enriched pathways include drug metabolism - cytochrome P450 and glycolysis/gluconeogenesis,
indicating metabolic reprogramming and tumor-associated alterations. Abbreviations: CIC, capicua transcriptional
repressor; HNSCC, head and neck squamous cell carcinoma; DEGs, differentially expressed genes; GO, Gene Ontol-
ogy; BP, biological process; CC, cellular component; KEGG, Kyoto Encyclopedia of Genes and Genomes.

networks within HNSCC, positioning them as a
compelling cluster of potential targets for thera-
peutic intervention.

Heterotypic CIC structures formed in HNSCC
tissues and NK cells

Histological examination of HNSCC tissues
revealed profound architectural disorganiza-
tion consistent with malignant transformation,
including cellular polymorphism and an elevat-
ed nucleus-to-cytoplasm ratio (Figure 2A).
Immunohistochemical staining confirmed high
expression of EZR, PD-L1, and TP53 in tumor
regions, implicating these proteins in tumor
progression (Figure 2B). To investigate tumor-
immune cell interactions, a heterotypic CIC
model was established by co-culturing Cal27
tumor cells and NK-92 cells. These CIC struc-
tures were successfully identified and quanti-
fied using flow cytometry, allowing for the isola-
tion of CIC-positive populations (Figure 2C).

This model demonstrated that CIC formation
conferred a significant functional advantage to
the tumor cells. Compared to monocultured
Cal27 cells, CIC-positive cells exhibited a
marked enhancement in cell viability and a con-
current reduction in apoptosis (Figure 2D, 2E).
This pro-survival phenotype was substantiated
at the molecular level by the upregulated anti-
apoptotic protein Bcl-2 and cell adhesion mol-
ecule E-cadherin (Figure 2J). Furthermore, CIC-
positive cells demonstrated enhanced migra-
tory, invasive, and clonogenic potential, as evi-
denced by Transwell, wound healing, and colony
formation assays (Figure 2G-I).

Crucially, CIC structures were instrumental in
fostering an immunosuppressive state. Ele-
vated secretion of immunosuppressive cyto-
kines TGF-B and IL-10 was observed in CIC-
positive cells (Figure 2F), alongside increased
expression of the immune checkpoint protein
PD-L1 (Figure 2J). These changes significantly
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impaired NK cell-mediated cytotoxicity, provid-
ing a potent mechanism for HNSCC cells to
evade immune destruction (Figure 2K).

Heterotypic CIC structures conferred chemore-
sistance to Cal27 cells

To determine whether CIC structures mediate
chemoresistance in HNSCC, we challenged
both standalone CAL27 cells and CIC-forming
cells with clinically relevant concentrations of
cisplatin (2.5 yM) and gemcitabine (5 uM). The
in vitro results demonstrated a clear diver-
gence in drug sensitivity: while gemcitabine sig-
nificantly reduced the viability of CAL27 cells
over 48 to 72 hours, CIC-positive cells retained
high viability under identical conditions (Figure
3A, 3B). This survival advantage was mecha-
nistically linked to the evasion of programmed
cell death. Flow cytometry revealed significant-
ly lower apoptotic rates in CIC-positive cells
compared to CAL27 cells when subjected to
the same therapeutic agents (Figure 3C).
Cal27-derived tumors, indicating marked re-
sistance to both cisplatin and gemcitabine.
Specifically, CIC cells maintained tumor growth
under the same treatment conditions, while
Cal27 cells exhibited a significant reduction in
tumor volume (Figure 3D).

These in vitro observations were subsequently
validated in a xenograft model. Mice bearing
CIC-derived tumors demonstrated substantial
resistance to systemic chemotherapy. Following
treatment with either cisplatin or gemcitabine,
histological analysis of CAL27-derived tumors
revealed extensive necrosis and a depleted
population of surviving cancer cells. In con-
trast, CIC-derived tumors maintained structural
integrity and viable tumor cell populations
(Figure 3E). This enhanced resilience was fur-
ther corroborated by PD-L1 immunohistochem-
istry and TUNEL assays, which showed pre-
served cellular morphology and reduced apop-
tosis in the CIC tumors (Figure 3F, 3G).
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Figure 2. HNSCC and NK cells form heterogeneous CIC structures to promote cancer cell immune escape. Arrows indicate CIC structures. A. Hematoxylin and eosin
(HE) staining (15x%). Scale bar 100 ym. B. Immunohistochemistry of EZR, PD-L1 and TP53 in pro- and cancerous tissues (15x). Scale bar 100 um. C. Flow cytometry
analysis of NK cells, CAL27 cells and CIC cells showing different expression profiles of cell surface markers and fluorescence imaging. NK cells (green), CAL27 cells
(red) (20x%). Scale bar 20 pm. D. Cell viability (CCK-8 assay) of CAL27 and CIC cells at 24, 48, and 72 hours. Data are presented as mean + SEM. Statistical analysis
was performed using repeated-measures ANOVA followed by Bonferroni post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001. E. Flow cytometry analysis of apop-
tosis of CAL27 and CIC cells showed a low apoptosis rate of CIC cells. F. Cytokine levels of TGF-f and IL-10 in CAL27 and CIC cells. Data are presented as median
(IQR). Comparisons were made using Mann-Whitney U test. *P < 0.05, **P < 0.01. G. Transwell invasion assay showed that the migration ability of CIC cells was
significantly enhanced compared with that of CAL27 cells (4x). Scale bar 100 pm. H. Scratch wound healing assay showed enhanced wound closure ability of CIC
cells after 24 hours (4x). Scale bar 100 um. I. Colony formation assay. J. Western blot analysis of the expression of immune checkpoint markers PD-L1, E-cadherin,
Bcl-2 in CAL27 and CIC cells. K. NK cell killing. Statistical significance was defined as follows: *P < 0.05, **P < 0.01, ***P < 0.001, and ns, not significant. n = 3
biological replicates. Abbreviations: HE, hematoxylin and eosin; EZR, ezrin; PD-L1, programmed death-ligand 1; TP53, tumor protein p53; NK, natural Killer cells;
CCK-8, Cell Counting Kit-8; CIC, cancer-initiating cells; TGF-B, transforming growth factor beta; IL-10, interleukin-10; ELISA, enzyme-linked immunosorbent assay; E:T,
effector-to-target ratio; SD, standard deviation.
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Figure 3. CIC structures resist the effect of chemotherapeutic agents on Cal. A. Cell survival of CAL27 cells treated
with cisplatin or gemcitabine for 24, 48 and 72 hours. Statistical significance was defined as follows: Compared with
Cal27, *P < 0.05, **P < 0.01, and ns, not significant. n = 3 biological replicates. B. Cell survival of CIC cells treated
with cisplatin or gemcitabine for 24, 48 and 72 hours. Statistical significance was defined as follows: Compared
with CIC, *P < 0.05, and ns, not significant. n = 3 biological replicates. C. Flow cytometry analysis of apoptosis in
Cal27 and CIC cells treated with cisplatin or gemcitabine. Data are expressed as median (IQR) and analyzed us-
ing Kruskal-Wallis test followed by Dunn’s post hoc test. Statistical significance was defined as follows: Compared
with Cal27, ***P < 0.001; compared with Cal27+cisplatinum (2.5 uM), #P < 0.05, ###P < 0.001; compared with
CIC+gemcitabine (5 uM), 24P < 0.001. n = 3 biological replicates. D. Tumor invasion assay. Statistical significance
was defined as follows: Compared with Cal27, *P < 0.05; compared with Cal27+cisplatinum (2.5 uM), #P < 0.05;
compared with CIC+gemcitabine (5 uM), 2P < 0.05. n = 3 biological replicates. E. HE staining of CAL27 and CIC
cells treated with cisplatin or gemcitabine. Arrows indicate CIC structures (15x%). Scale bar 100 uym. F. Immuno-
histochemical analysis of apoptosis markers in cisplatin- or gemcitabine-treated CAL27 and CIC cells (15x). Scale
bar 100 um. G. Tunel detection of apoptosis in transplanted tumor tissues (15x). Scale bar 100 ym. Statistical
significance was defined as follows: *P < 0.05, **P < 0.01, ***P < 0.001, and ns, not significant. n = 3 biological
replicates. Abbreviations: CIC, cancer-initiating cell; CAL27, parental human tongue squamous cell carcinoma cell
line; HE, hematoxylin and eosin; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling; SD, standard
deviation; CCK-8, Cell Counting Kit-8.

Collectively, these findings provide compelling
evidence that the formation of CIC structures
confers profound chemoresistance both in vitro
and in vivo.

immune escape in HNSCC, we performed tran-
scriptome-wide RNA sequencing on CIC-
positive (Group A) and CIC-negative (Group B)
Cal27 cells, which were sorted based on het-

Transcriptomic analysis identified MIR31HG as erotypic CIC formation via flow cytometry as

a key IncRNA in CIC-positive HNSCC cells

To uncover IncRNA-mediated regulatory mech-
anisms potentially driving CIC formation and
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described earlier. This analysis aimed to identi-
fy differentially expressed IncRNAs associated
with the aggressive phenotype conferred by
CIC structures. Global transcriptomic profiling
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revealed a substantial upregulation of IncRNA
expression in CIC-positive cells (Figure 4A-C).
Hierarchical clustering based on RPKM values
distinctly separated CIC* and CIC- groups, indi-
cating a unique IncRNA expression signature
associated with CIC phenotype (Figure 4D, 4E).
Among the dysregulated IncRNAs, MIR31HG
emerged as one of the most significantly up-
regulated transcripts in CIC-positive cells, sug-
gesting its potential role in mediating CIC-
associated tumor behaviors. To explore the
functional implications of these differentially
expressed IncRNAs, we performed GO and
KEGG enrichment analyses on their predicted
cis- and trans-target genes. Cis-targets were
significantly enriched in pathways involved in
cellular structure organization and biological
regulation (Figure 4F), whereas KEGG analysis
revealed prominent enrichment in immune-reg-
ulatory and oncogenic pathways, such as PI3K-
Akt signaling and cell adhesion (Figure 4G).
Trans-target analysis further implicated path-
ways related to external stimuli response and
immune modulation, reinforcing the hypothesis
that these IncRNAs - including MIR31HG - may
act as upstream regulators of tumor-immune
interactions (Figure 4H, 41).

These findings prompted us to investigate the
functional role of MIR31HG in detail. As one of
the top differentially expressed IncRNAs in CIC-
positive cells and previously implicated in
HNSCC and other cancers, MIR31HG was
selected for downstream functional validation.

LncRNA MIR31HG promoted heterogeneous
CIC in HNSCC

To determine the functional role of IncRNA
MIR31HG in maintaining the aggressive phe-
notype of CIC structures, we performed target-
ed knockdown using shRNA. Silencing of
MIR31HG resulted in a striking disruption of
CIC integrity, as evidenced by the loss of co-
localization between NK cells and Cal27 cells
in fluorescence microscopy (Figure 5A). This
structural collapse was accompanied by a pro-
found reversal of malignant cellular behaviors.
Specifically, MIR31HG depletion significantly
reduced cell viability, migration and invasion,
and increased apoptosis (Figure 5B-E). Fur-
thermore, MIR31HG knockdown effectively dis-
rupted the immunosuppressive properties of
CIC structures. Levels of inhibitory cytokines
TGF-B and IL-10 were sharply reduced (Figure

3408

5G). At the molecular level, Western blot analy-
sis confirmed that MIR31HG knockdown sig-
nificantly downregulated the expression of
immune checkpoint protein PD-L1 and adhe-
sion molecule E-cadherin, consistent with the
observed functional changes (Figure 5F).
Notably, although Bcl-2 expression levels are
elevated in CIC-positive cells, silencing INncRNA
MIR31HG weakens the anti-apoptotic effect of
the CIC structure, potentially making these
cells more susceptible to apoptosis.Crucially,
MIR31HG knockdown restored chemosensitiv-
ity. CIC-positive cells with MIR31HG knockdown
became highly susceptible to both cisplatin
and gemcitabine, exhibiting dramatically dec-
reased cell viability and significantly increased
drug-induced apoptosis (Figure 5H, 5l1). These
findings identify MIR31HG as a key mediator of
CIC formation, immune escape, and chemore-
sistance in HNSCC.

Effects of IncRNA MIR31HG silencing on CIC
xenograft tumors

To validate the pivotal role of MIR31HG in vivo,
we evaluated its impact on tumor progression
in a xenograft model. Silencing of IncRNA
MIR31HG in CIC-positive cells profoundly at-
tenuated their tumorigenic potential. Tumors
derived from CIC+sh LncRNA MIR31HG cells
exhibited a significant reduction in volume com-
pared to the control group, confirming the
essential role of MIR31HG in sustaining tumori-
genicity (Figure 6A). H&E staining revealed that
tumors from the MIR31HG knockdown group
displayed reduced cellular density and disorga-
nized tissue architecture, consistent with a
less aggressive tumor phenotype (Figure 6B).
Immunohistochemical staining for PD-L1 sh-
ows higher expression in CIC cells compared to
Cal27 cells, with a noticeable reduction in
PD-L1 expression in CIC+sh LncRNA MIR31HG
cells (Figure 6C). These morphological changes
were directly correlated with a surge in apop-
totic cell numbers in the tumors from MIR31HG
knockdown group (Figure 6D). These in vivo
results conclusively demonstrate that targeting
MIR31HG impairs HNSCC tumor growth by pro-
moting apoptosis.

Discussion

Cell-in-cell (CIC) structures are characterized by
the complete internalization of one or more
viable cells within another, a phenomenon that

Am J Cancer Res 2025;15(8):3395-3416
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Figure 4. LncRNA expression differences and analysis. A. Boxplot showing the distribution of RPKM values for INcRNAs in Group A and Group B, indicating differ-
ential expression between the groups. B. RPKM density distribution of log-transformed values across the two groups, showing higher expression levels in Group
A. C. Violin plot of RPKM distribution for IncRNAs in Group A and Group B, confirming expression differences between the two conditions. D. Heatmap of IncRNA
expression levels across different samples, with hierarchical clustering revealing differential expression between the groups. E. Hierarchical clustering of IncRNAs
based on expression profiles, supporting differential regulation between the groups. F. GO enrichment analysis of cis-target genes associated with IncRNAs revealed
significant enrichment in processes related to biological regulation and cellular component organization. G. Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis of cis-target genes highlighted pathways involved in cancer progression and immune regulation. H. GO enrichment analysis of trans-
target genes of IncRNAs demonstrated their involvement in signal transduction and responses to various stimuli. I. KEGG pathway analysis for trans-target genes,
identifying pathways related to neurodegenerative diseases and immune response. Abbreviations: INCRNA, long non-coding RNA; RPKM, reads per kilobase per
million mapped reads; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; cis-target, genes located proximal to IncCRNAs; trans-target, genes

regulated by IncRNAs through distant mechanisms.
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Figure 5. Effects of IncRNA MIR31HG silencing on CIC structure and cellular behavior. A. Fluorescence microscopy images showing reduced co-localization of NK
and CAL27 cells in CIC cells upon silencing of INcRNA MIR31HG (20x). Scale bar 20 um. B. Cell viability assay showing significant reduction in cell viability of CIC cells
with silenced IncRNA MIR31HG compared to control at 48 and 72 hours. C. Flow cytometry analysis of apoptosis in CAL27, CIC, and CIC+sh LncRNA MIR31HG cells,
showing increased apoptosis in CIC+sh LncRNA MIR31HG cells. D. Transwell migration assay showing reduced migration of CIC+sh LncRNA MIR31HG cells com-
pared to control CIC cells (4x). Scale bar 100 ym. E. Wound healing assay showing reduced wound closure in CIC+sh LncRNA MIR31HG cells compared to control
CIC cells (4x). Scale bar 100 um. F. Western blot analysis showing decreased expression of immune checkpoint proteins PD-L1, E-cadherin, Bcl-2 in CIC+sh LncRNA
MIR31HG cells compared to control. G. Cytokine secretion (TGF-B and IL-10) in supernatants from CIC+sh LncRNA MIR31HG cells and control CIC cells, showing re-
duced cytokine levels in silenced cells. H. Cell viability analysis of CIC+sh LncRNA MIR31HG cells treated with cisplatin or gemcitabine, showing reduced resistance
to chemotherapy. I. Flow cytometry analysis of apoptosis in CIC+sh LncRNA MIR31HG cells treated with cisplatin or gemcitabine, showing significantly increased
apoptosis in silenced cells. Statistical significance was defined as follows: *P < 0.05, **P < 0.01, ***P < 0.001, and ns, not significant. n = 3 biological replicates.
Abbreviations: INcCRNA, long non-coding RNA; MIR31HG, MIR31 host gene; CIC, cancer-initiating cell; NK, natural killer cell; PD-L1, programmed death-ligand 1; Bcl-2,
B-cell ymphoma 2; TGF-B, transforming growth factor beta; IL-10, interleukin 10; CCK-8, Cell Counting Kit-8; ELISA, enzyme-linked immunosorbent assay.
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Figure 6. Effects of IncRNA MIR31HG Silencing on CIC Xenograft Tumors. A. Tumor volume comparison among
CAL27, CIC, and CIC + shMIR31HG xenograft groups. Data are shown as mean + SEM, and analyzed using one-
way ANOVA with Tukey’s multiple comparison test. **P < 0.01, ***P < 0.001. B. HE staining of tumor sections
from CAL27, CIC, and CIC+sh LncRNA MIR31HG groups, indicating altered tumor morphology and reduced cellular
density in the silenced group (15x%). Scale bar 100 um. C. Immunohistochemical analysis of PD-L1 expression in
tumor sections from CAL27, CIC, and CIC+sh LncRNA MIR31HG groups, showing reduced PD-L1 expression in
CIC+sh IncRNA MIR31HG tumors (15x). Scale bar 100 uym. D. Fluorescence images showing increased apoptosis
in CIC+sh LncRNA MIR31HG cells compared to control CIC cells, with green fluorescence indicating apoptotic cells
(15x). Scale bar 100 pm. Statistical significance was defined as follows: *P < 0.05, **P < 0.01, ***P < 0.001, and
ns, not significant. n = 3 biological replicates. Abbreviations: INcCRNA, long non-coding RNA; MIR31HG, MIR31 host
gene; CIC, cancer-initiating cell; HE, hematoxylin and eosin; PD-L1, programmed death-ligand 1; TUNEL, terminal
deoxynucleotidyl transferase dUTP nick end labeling; DAPI, 4’, 6-diamidino-2-phenylindole; SD, standard deviation.

often culminates in the degradation of the
engulfed cell [12]. The formation of these struc-
tures is a dynamic process orchestrated by key
molecular components, including adherens
junctions and myosin-driven contractile rings
[28]. This unique form of cell-cell interaction

lent feature in diverse human malignancies and
are broadly categorized into two types: homo-
typic CICs, where tumor cells engulf other tumor
cells, and heterotypic CICs, where tumor cells
internalize immune effector cells [30].

was first observed in tumors by Steinhaus in
1891, and later described in more detail by H.
Stroebe, who coined the term “cell cannibal-
ism” due to its morphological resemblance to
phagocytosis [29]. CIC structures are a preva-
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Within the tumor microenvironment (TME), the
formation of heterotypic CICs represents a cru-
cial adaptive strategy employed by cancer cells
to overcome metabolic challenges [31]. Under
conditions of nutrient deprivation, such as lim-
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ited glucose or amino acids, tumor cells inter-
nalize neighboring cells to utilize their catabolic
products as alternative metabolic substrates
[32, 33]. This behavior provides a distinct sur-
vival advantage, sustaining proliferation and
metastatic potential even in a hostile metabolic
landscape or under therapeutic pressure.
Consequently, heterotypic CIC formation is
increasingly recognized not only as a potent
mechanism of immune evasion but also as a
significant driver of tumor progression, with
potential implications as a potential prognostic
marker [34].

A primary consequence of CIC formation is the
direct subversion of anti-tumor immunity.
Cytotoxic effectors, notably NK cells and CD8*
T lymphocytes, are susceptible to engulfment
and subsequent intracellular degradation by
tumor cells, facilitating immune escape [35-
37]. In vitro studies have shown that following
co-culture with activated T cells, the surviving
populations of human breast, colon, and mela-
noma tumor cells are selectively enriched in
CIC structures, while their non-engulfing coun-
terparts are largely eliminated [11]. This obser-
vation is corroborated by clinical observations
of high CIC frequencies in recurrent melano-
mas following T-cell infiltration therapy. Fur-
thermore, tumor cells with formed CICs exhibit
enhanced resistance to both cytotoxic agents
and NK cell-mediated lysis [37]. The molecular
and cellular determinants that confer this dif-
ferential susceptibility, however, remain incom-
pletely understood.

CIC formation is orchestrated by a complex reg-
ulatory network involving genes that regulate
cytoskeletal architecture, vesicle trafficking,
and cell adhesion [38]. Among these, Ezrin, a
key member of the ezrin-radixin-moesin (ERM)
protein family, functions as a pivotal regulator.
Ezrin functions as a linker between the plasma
membrane and the actin cytoskeleton, regulat-
ing cell morphology, motility, and signal trans-
duction in epithelial cells [39, 40]. Specifically,
its interaction with Caveolin-1 facilitates cyto-
skeleton remodeling required for vacuole for-
mation during homotypic CIC development [41].

In this study, we sought to define the role of CIC
structure in HNSCC progression. Analysis of
clinical HNSCC specimens revealed that the
expression of ClC-associated proteins EZR and
TP53 was significantly elevated in tumor tis-
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sues, indicating a heightened predisposition
toward CIC formation. Complementary in vitro
experiments using CAL27 cells confirmed that
CIC formation promotes aggressive cellular
phenotypes, which aligns with previous reports
suggesting that CICs can fuel tumor progres-
sion by enhancing growth and metastasis.

To elucidate the mechanisms underlying the-
rapeutic resistance in HNSCC, we established
a clinically relevant co-culture model using
HNSCC-representative CAL27 cells and NK-92
cells, a standardized effector model for evalu-
ating NK cell cytotoxicity [42]. This system
allowed us to probe tumor-immune interac-
tions, with a particular focus on the role of
IncRNA MIR31HG. Our key finding is that the
formation of CICs within this model confers a
dual-resistance phenotype. These structures
fostered significantimmune evasion, evidenced
by increased CAL27 cell survival and marked
upregulation of the immune checkpoint protein
PD-L1, thereby reducing susceptibility to NK
cell-mediated cytotoxicity. Concurrently, the
CIC structures demonstrated marked chemore-
sistance, maintaining viability following treat-
ment with cisplatin and gemcitabine. This dual
capacity to simultaneously evade immune sur-
veillance and withstand chemotherapy under-
scores CIC structures as critical contributors to
treatment failure in HNSCC.

Building on this, our investigation identified
IncRNA MIR31HG as a key molecular driver of
this process. We discovered that MIR31HG
knockdown disrupted CIC formation and signifi-
cantly attenuated the associated malignant
behaviors. These findings position MIR31HG as
a critical upstream orchestrator of CIC struc-
tural formation and a functional modulator of
their pro-tumorigenic behavior.

In conclusion, this study delineates a critical
mechanism of tumor progression in HNSCC,
demonstrating that the formation of CIC struc-
tures drives malignancy by conferring dual
resistance to both immune surveillance and
conventional chemotherapy. LncRNA MIR31HG
serves as a key upstream regulator of CIC for-
mation and function, providing a crucial molec-
ular entry point for therapeutic intervention.
Future strategies aimed at disrupting the
MIR31HG-CIC regulatory axis hold the potential
to dismantle this formidable tumor defense
mechanism, thereby resensitizing HNSCC to
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existing treatments and providing a solid theo-
retical foundation for novel combination im-
munotherapies.
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