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Abstract: Human papillomavirus (HPV)-positive oral squamous cell carcinoma (OSCC) possesses unique clinical and 
biological characteristics, while its specific clinicopathological features and underlying immune-molecular mecha-
nisms remain unclear. This study aimed to systematically characterize the clinicopathological traits of HPV-asso-
ciated OSCC and elucidate the key molecular and immune regulatory axes driving its malignant progression. We 
retrospectively analyzed the correlations between HPV infection status and multiple clinical parameters including 
age, gender, primary tumor location, clinical stage, pathological grade, and 5-year overall survival (OS) in OSCC pa-
tients. IHC was performed to detect the protein expression levels of p53, Cyclin D1 and pRb in OSCC tumor tissues, 
while flow cytometry was used to quantify the infiltration levels of myeloid-derived suppressor cells (MDSCs) and 
regulatory T cells (Tregs) in paired tumor tissues and peripheral blood specimens. Integrated transcriptomic RNA 
sequencing, miRNA target prediction and bioinformatic analyses were further conducted to screen core oncogenic 
immune targets and specific regulatory pathways in HPV-positive OSCC. Significant differences in primary tumor 
site, pathological differentiation and 5-year OS were identified between HPV-positive and HPV-negative OSCC pa-
tients, with no notable differences in age, gender and clinical stage across groups. And HPV-positive OSCC tissues 
presented markedly downregulated p53 and Cyclin D1 expression compared with the HPV-negative counterpart. 
MDSC levels progressively increased from controls to patients with oral precancerous lesions and OSCC, whereas 
Treg levels were significantly elevated in OSCC patients compared with both controls and patients with precancer-
ous lesions. Bioinformatic analysis revealed that Calsequestrin 2 (CASQ2) expression was negatively correlated 
with tumor purity in HPV-positive OSCC, and two core circRNA-miRNA regulatory axes (hsa_circ_0058495/hsa-
miR-2115-5p and hsa_circ_0032029/hsa-miR-2115-5p) were identified to target CASQ2 specifically. Collectively, 
HPV infection remodels the OSCC tumor microenvironment into an immunosuppressive phenotype via inducing 
abnormal accumulation of MDSCs and Tregs, thereby promoting OSCC malignant progression. The miRNA-mediated 
CASQ2 dysregulation may serve as a core pathogenic driver of HPV-positive OSCC. These findings uncover a novel 
immune-molecular mechanism underlying HPV-associated OSCC progression, and provide a theoretical basis for 
stratified precision immunotherapy for this unique OSCC subtype.
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Introduction

Oral squamous cell carcinoma (OSCC) repre-
sents the most prevalent malignant neoplasm 

of the maxillofacial region, accounting for over 
90% of all malignancies arising at this anatomi-
cal site [1]. Statistics released by the Global 
Cancer Observatory indicate that more than 
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300,000 new OSCC cases are diagnosed 
worldwide each year [2]. Over the past three 
decades, multimodal therapeutic strategies, 
including surgical resection, radiotherapy, and 
systemic chemotherapy, have undergone con-
tinuous technical refinement [3, 4]. Neverthe- 
less, the 5-year overall survival (OS) rate for 
OSCC patients remains at approximately 50%. 
These marginal improvements in long-term 
prognosis, imposes a substantial burden on 
global public health systems [5, 6]. Accordingly, 
in-depth elucidation of the intrinsic pathologi-
cal mechanisms governing OSCC initiation and 
progression, alongside identification of promis-
ing precision therapeutic targets, carries vital 
clinical implications and practical significance 
for optimizing patient survival outcomes.

Persistent infection with human papillomavirus 
(HPV) has been established as a novel indepen-
dent risk factor for the initiation and progres-
sion of OSCC, in addition to tobacco and alco-
hol exposure [7]. The 8th edition staging man- 
ual of the American Joint Committee on Cancer 
clearly defines HPV-driven OSCC as a distinct 
disease subtype with exclusive pathogenic me- 
chanisms and biological signatures [8]. Exist- 
ing studies have validated that the high-risk 
HPV genome integrates into the genome of 
host epithelial cells and induces persistent 
expression of viral E6 and E7 oncoproteins. E6 
mediates the degradation of tumor suppressor 
p53, while E7 disrupts cell cycle homeostasis. 
Collectively, they disrupt the physiological regu-
latory network of epithelial cell proliferation, 
endowing HPV-positive OSCC with poorly differ-
entiated and non-keratinized pathological char-
acteristics as well as enhanced invasive poten-
tial [9, 10]. Notably, large-cohort clinical inves- 
tigations have uniformly demonstrated that, 
despite poorer tumor differentiation, HPV-posi- 
tive OSCC possesses stronger tumor immuno-
genicity and higher responsiveness to radio-
therapy, chemotherapy and immunotherapy 
[11, 12]. Patients with HPV-positive tumors ex- 
perience reduced long-term risks of recurrence 
and distant metastasis, and consequently 
achieve favorable long-term survival [13]. In 
summary, HPV infection exerts a unique dual 
regulatory function during OSCC progression: it 
acts as a vital oncogenic driver initiating malig-
nant transformation, and also serves as a spe-
cific biological indicator for predicting therapeu-
tic response and clinical prognosis.

In recent years, the pivotal role of aberrant 
remodeling of the tumor immune microenviron-
ment (TIME) in the malignant progression of 
OSCC has been progressively uncovered [14-
16]. The TIME constitutes a dynamic, highly 
sophisticated microenvironmental system con-
sisting of diverse innate and adaptive immune 
cell populations. Myeloid-derived suppressor 
cells (MDSCs) represent a heterogeneous sub-
set of immature myeloid cells originating from 
the bone marrow. Previous studies have con-
firmed that the infiltration level of MDSCs is 
markedly higher in head and neck squamous 
cell carcinoma tissues than in mucosal atypical 
hyperplasia and normal oral mucosa [17]. Regu- 
latory T cells (Tregs) are a specialized CD4+ T 
cell subset uniquely characterized by the mo- 
lecular marker FoxP3, which potently suppress-
es the activation, proliferation and anti-tumor 
effector functions of effector T cells [18]. To 
date, MDSCs and Tregs are widely recognized 
as two central pillars that facilitate tumor 
immune escape and establish an immunosup-
pressive microenvironment [19]. Although the 
pro-tumorigenic effects of these immunosup-
pressive cell populations have been preliminar-
ily validated in head and neck malignancies, 
their distribution patterns, regulatory mecha-
nisms and clinical implications in HPV-asso- 
ciated OSCC remain poorly defined, and the 
underlying molecular mechanisms require fur-
ther systematic elucidation.

Calsequestrin 2 (CASQ2) is a high-capacity  
calcium-binding protein predominantly local-
ized to the sarcoplasmic reticulum and endo-
plasmic reticulum, serving as a master regula-
tor of calcium homeostasis [20]. Emerging evi- 
dence has identified CASQ2 as a novel tumor 
immunomodulator with great potential in re- 
shaping the TIME. Nevertheless, its biological 
functions appear entirely divergent across dis-
tinct tumor types. In breast cancer, CASQ2 over- 
expression drives an aggressive malignant 
phenotype, facilitates the transformation of 
cancer-associated fibroblasts and collagen re- 
modeling, and accelerates distant metastasis 
in vivo, indicative of its oncogenic role [21]. In 
stark contrast, studies using lung cancer mod-
els demonstrate that CASQ2 suppresses the 
JAK/STAT signaling cascade, reprograms tumor- 
associated macrophages from the pro-tumor 
M2 phenotype to the anti-tumor M1 phenotype, 
and consequently converts the immunosup-
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pressive TIME into an anti-tumor immune-acti-
vated state, thereby exerting tumor-suppres-
sive effects [22]. Such functional duality in- 
dicates that the immunomodulatory capacity of 
CASQ2 is highly context-dependent, governed 
by tumor origin and its unique microenviron-
ment. To date, no published studies have char-
acterized the expression profile and immuno-
regulatory functions of CASQ2 in OSCC, par- 
ticularly HPV-positive OSCC, nor have they 
explored its potential crosstalk with the MDSC/
Treg immune network.

In this study, we aimed to systematically explore 
the impacts of HPV infection on clinicopatho-
logical characteristics and prognosis among 
OSCC patients, and to elucidate the mecha-
nisms by which HPV modulates the TIME via 
MDSC/Treg-mediated pathways. Additionally, 
we screened and validated CASQ2 as a core 
therapeutic target and further predicted its 
upstream regulatory signaling cascades. The 
results of this study will provide novel experi-
mental evidence and promising therapeutic tar-
gets for stratified precise diagnosis and immu-
notherapy specific to HPV-positive OSCC.

Materials and methods

Case selection

Clinical pathological information was collected 
from OSCC patients admitted to West China 
Hospital of Stomatology, Sichuan University, 
and Shandong Medical and Pharmaceutical 
University Hospital, between January 1, 2013 
to December 31, 2015 and January 1, 2018 to 
January 20, 2022. The collected information 
included age, sex, pathological grade, tumor 
site, and clinical stage. The cohort comprised 
592 males and 288 females, with ages ranging 
from 16 to 89 years and a median age of 63 
years. Patients who had received preoperative 
chemotherapy, hormone therapy, or radiothera-
py were excluded from the study. In addition, a 
total of 200 tissue and peripheral blood sam-
ples from OSCC patients were collected pro-
spectively during the last two years of the study 
period. OSCC tissues were obtained from surgi-
cally resected primary tumors, precancerous 
tissues were derived from surgical excisions or 
biopsies, and normal control tissues were har-
vested from margins adjacent to surgical inci-
sions during procedures for oral cysts, benign 
tumors, or impacted teeth. Tissue specimens 

were placed in cryopreservation tubes within 
15 min after surgical resection and immediate-
ly preserved in liquid nitrogen. Peripheral blood 
samples were processed within 2 h after collec-
tion, and cells were isolated for flow cytometric 
analysis. Each patient provided written inform- 
ed consent for sample collection and subse-
quent experiments in accordance with ethical 
guidelines. This study was approved by the 
Ethics Committee of West China School of 
Stomatology, Sichuan University (approval No. 
WCHSIRB-D-2012-097), Ethics Committee of 
West China School of Stomatology, Sichuan Uni- 
versity (approval No. WCHSIRB-D-2021-022), 
and Ethics Committee of Shandong Medical 
and Pharmaceutical University Hospital (ap- 
proval No. 2017-015-01).

Immunohistochemistry (IHC)

Tissues were fixed in 4% neutral formaldehy- 
de, dehydrated, embedded in paraffin. Sections 
(4 μm) were deparaffinized, rehydrated, and 
subjected to antigen retrieval in 0.01 M citrate 
buffer (pH 6.0) at 98°C for 15 min. After block-
ing with 3% H2O2 and 10% goat serum, sections 
were incubated overnight at 4°C with: anti- 
p16 (1:500, Santa Cruz, sc-56330), anti-p53 
(1:500, Abcam, ab131442), anti-Cyclin D1 
(1:500, Proteintech, 60186-1-Ig), anti-CASQ2 
(1:500, HCUSABIO, CSB-PA004557LA01HU). 
Negative controls: PBS or isotype IgG; positive 
controls: known positive tissue sections. Secon- 
dary antibody (goat anti-mouse/rabbit IgG, 
Vector, PK-6100, 1:200) 30 min at room tem-
perature, DAB 3-5 min, hematoxylin 1-3 min, 
dehydrated, mounted. Positivity: ≥10% cells 
with nuclear brown staining.

Flow cytometry

Peripheral blood (100 μL) diluted to 200 μL 
with PBS, stained with antibody cocktail: 
CD11b-PE-Cy7 (clone ICRF44, BioLegend 301- 
322), Lineage-FITC (CD3/CD14/CD16/CD19/
CD20/CD56 cocktail, BD Biosciences), HLA-
DR-APC (clone L243, BioLegend 307616), 
CD33-PE (clone WM53, BioLegend 303404). 
Incubate 4°C 30 min dark, RBC lysis, wash ×3 
with PBS, fix with 0.1% formaldehyde, acquire 
on FC500 within 2 h. Gating: FSC/SSC exclude 
debris → doublet exclusion (FSC-H vs. FSC-A) 
→ CD11b+ LIN- HLA-DR- CD33+ for MDSC. 
Isotype or FMO controls were used for gate 
setting.
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For tissue: mince, homogenize to single-cell 
suspension, wash with serum-free medium + 
1% BSA, stain with same MDSC panel, incubate 
30 min dark, wash twice with PBS + 1% BSA, 
acquire on FC500. For Treg: surface stain CD4-
FITC (clone RPA-T4, BioLegend 300506) + 
CD25-PE (clone BC96, BioLegend 302604), 
then fix/permeabilize with FoxP3 Kit (eBiosci-
ence 00-5523-00), intracellular stain FoxP3-
APC (clone 236A/E7, eBioscience 17-4777-42) 
30 min 4°C dark, wash, acquire.

Real-time quantitative polymerase chain reac-
tion (RT-qPCR) analysis

Total RNA from tissues was extracted using 
RNAex Pro Reagent (Accurate Biology, Chang- 
sha, China). Reverse transcription to cDNA was 
performed with the Evo M-MLV Reverse 
Transcription Kit (Accurate Biology, Changsha, 
China). RT-qPCR was performed using the SYBR 
Green PCR Kit (Accurate Biology, Changsha, 
China). The relative expression levels of genes 
were quantified using the 2-ΔΔCT method, and 
normalized with the GAPDH level. The specific 
primers used are as follows (Table 8).

Transcriptome sequencing analysis

The transcriptome sequencing data used in 
this study were from the previously self-se- 
quenced dataset of our research group (PMID: 
37664656), which included 3 HPV-positive and 
3 HPV-negative oral squamous cell carcinoma 
tissue samples. Sequencing was performed 
using the Illumina NovaSeq 6000 platform 
(GPL24676), and the raw sequencing data 
along with the expression matrix have been 
uploaded to the NCBI GEO database (GSE- 
190224). Differentially expressed genes were 
screened using the limma package in R soft-
ware, with a screening threshold of |log2FC| 
≥1 and FDR <0.05. The differentially expressed 
genes were imported into the STRING database 
to construct a protein-protein interaction net-
work, with an interaction confidence cutoff set 
at 0.4, and network visualization was per-
formed using Cytoscape software. The TIMER 
database (http://timer.cistrome.org) was uti-
lized to analyze the correlation between target 
gene expression and patient prognosis. Kaplan-
Meier method was employed to plot survival 
curves, and the Cox proportional hazards 
regression model was used to evaluate the 
impact of gene expression levels on patient 
overall survival.

Statistical analysis

Statistical analyses were performed using 
SPSS software (version 25.0) and R software. 
Categorical variables were presented as fre-
quencies and percentages, whereas continu-
ous variables were expressed as the mean ± 
standard deviation (SD) or median with inter-
quartile range [median (Q1-Q3), as appropriate. 
The normality of continuous variables was 
assessed using the Shapiro-Wilk test, and 
homogeneity of variance was evaluated using 
Levene’s test.

The chi-square (χ2) test or Fisher’s exact test, 
as appropriate, was used to evaluate associa-
tions between categorical variables, including 
HPV infection status, clinicopathological char-
acteristics, and the expression status of cell 
cycle-related proteins (p53, pRb, and Cyclin 
D1). Kaplan-Meier survival analysis was used 
to estimate 5-year OS, and differences between 
survival curves were assessed using the log-
rank test.

For comparisons of continuous variables am- 
ong the control, precancerous lesion, and OSCC 
groups, one-way analysis of variance (ANOVA) 
was used when the assumptions of normality 
and homogeneity of variance were satisfied; 
otherwise, the Kruskal-Wallis test was applied. 
When the overall test indicated a statistically 
significant difference, appropriate post hoc 
pairwise comparisons were subsequently per-
formed. For nonparametric analyses, Dunn’s 
post hoc test was used, with P values adjusted 
using the Benjamini-Hochberg false discovery 
rate (FDR) procedure to account for multiple 
comparisons. Effect sizes were additionally cal-
culated to quantify the magnitude of between-
group differences. All statistical tests were two-
sided, and P<0.05 was considered statistically 
significant.

Results

Relationship between HPV infection status and 
clinicopathological characteristics in OSCC 
patients

The relationship between HPV infection sta- 
tus and clinicopathological characteristics in 
OSCC patients was presented in Table 1. A sig-
nificant association was observed between 
HPV infection status and tumor site. The pro-
portions of HPV-positive OSCC cases at differ-
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Table 1. Relationship between HPV infection and clinicopathologi-
cal indicators in patients with OSCC

Clinical pathological indicators
HPV

P-value
(+) (-)

Age 0.2194
    <60 117 402
    ≥60 69 292
Gender 0.8426
    Male 124 468
    Female 62 226
Tumor location <0.0001
    Gingiva 14 67
    Tongue 65 237
    Palate 8 40
    Cheek 39 209
    Floor of mouth 20 87
    Lip 5 14
    Pterygomandibular raphe area 2 3
    Pharynx 33 37
Clinical staging 0.1527
    I 36 106
    II 41 141
    III 43 138
    IV 66 309
Pathologic grading <0.0001
    I 64 341
    II 60 223
    III 62 130
Postoperative recurrence, metastasis or death 0.7704
    Yes 8 27
    No 53 203

Figure 1. HPV infection status and 5-year OS in pa-
tients with OSCC.

ent sites were as follows: gingiva, 7.53%; 
tongue, 34.94%; palate, 4.30%; buccal muco-

sa, 20.97%; floor of mouth, 
10.75%; lip, 2.69%; pterygom- 
andibular raphe area, 1.08%; 
and oropharynx, 17.74%. Di- 
fferences in HPV infection  
status among tumor sites 
were statistically significant 
(P<0.0001), indicating a cor-
relation between HPV infec-
tion status and tumor location 
in OSCC.

Furthermore, HPV infection 
status differed significantly 
across pathological grades. 
The proportions of HPV-posi- 
tive cases were 34.41% in 
Grade I, 32.26% in Grade II, 
and 33.33% in Grade III OSCC 
specimens. This stepwise in- 
crease in HPV prevalence wi- 
th advancing tumor grade  
was statistically significant 
(P<0.0001), indicating a posi-
tive association between HPV 
positivity and higher patholog-
ical grade in OSCC.

No statistically significant as- 
sociations were found bet- 
ween HPV infection status 
and age, sex, or clinical stage 
as defined by the AJCC 8th 
edition (P = 0.2194, 0.8426, 
and 0.1527, respectively). 
Likewise, HPV status showed 

no significant correlation with postoperative 
disease progression-defined as recurrence, 
metastasis, or death (P = 0.7704). Collective- 
ly, these findings suggest that in this OSCC 
cohort, HPV infection status is independent of 
age, sex, clinical stage, and post-treatment 
outcomes.

Relationship between HPV infection status and 
5-year OS in OSCC patients

Patients who completed 5 years of postopera-
tive follow-up were selected from the cohort of 
880 patients to analyze the relationship 
between HPV infection status and 5-year OS 
(Figure 1). Statistical analysis revealed that the 
5-year OS rate of HPV-positive OSCC patients 
was significantly higher than that of HPV-
negative OSCC patients (P = 0.0034).
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Figure 2. IHC staining of p53, Cyclin D1 and pRb in OSCC tissues (200×). A. 
p53 positive. B. p53 negative. C. Cyclin D1 positive. D. Cyclin D1 negative. E. 
pRb positive. F. pRb negative.

Table 2. Protein expression of cyclins relative 
to HPV infection status in OSCC
Cell cycle-related 
proteins

HPV
P-value

(+) (-)
P53 0.0006
    (+) 50 228
    (-) 61 131
pRb 0.535
    (+) 6 7
    (-) 12 9
Cyclin D1 0.0155
    (+) 25 143
    (-) 66 203

Molecular pathological correlates of HPV infec-
tion: p53, Cyclin D1, and pRb expression

To elucidate the molecular pathological land-
scape associated with HPV infection in OSCC, 
we evaluated the expression of p53, Cyc- 

lin D1, and pRb, which were 
presented in Figure 2. The 
results demonstrated that 
HPV infection status in OSCC 
was significantly associated 
with their expression (Table 
2). Among HPV-positive OSCC 
cases, 45.05% were p53-pos-
itive and 54.95% were p53- 
negative. Statistical analysis 
indicated a significant associ-
ation between p53 expression 
and HPV infection status in 
OSCC patients (P = 0.0006). 
Similarly, cyclin D1 positivity 
was detected in 27.47% of 
HPV-positive OSCC tissues, 
while 72.53% exhibited nega-
tive staining. Statistical analy-
sis further confirmed that 
Cyclin D1 expression differed 
significantly between HPV-po- 
sitive and HPV-negative OSCC 
patients (P = 0.0155). How- 
ever, no statistically signifi-
cant difference was observed 
in pRb expression levels bet- 
ween HPV-positive and HPV-
negative OSCC patients (P = 
0.535).

Relationship between the change of TIME and 
HPV infection status in OSCC patients

The role of the TIME in OSCC progression has 
attracted increasing attention. Accordingly, we 
further evaluated MDSC and Treg levels in 
peripheral blood and tissue samples from the 
control, precancerous lesion, and OSCC groups 
(Figures 3-6). Prior to intergroup comparisons, 
the distribution and homogeneity of variance of 
MDSC and Treg data were assessed using the 
Shapiro-Wilk and Levenend tests, respectively. 
The normality analysis showed that all blood 
and tissue MDSC measurements deviated sig-
nificantly from a normal distribution (all P<0.05; 
Table S1). For Tregs, non-normal distributions 
were observed for blood Tregs in the control 
group and tissue Tregs in the OSCC group, 
whereas the remaining groups showed no sig-
nificant deviation from normality (Table S2). 
Leveneen test further demonstrated significant 
heterogeneity of variance for both MDSC and 
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Figure 3. MDSC positive rates in the peripheral blood of patients with different oral lesions. A. The representative flow cytometry dot plot of MDSCs in the peripheral 
blood of HPV-negative OSCC patients. B. The representative flow cytometry dot plot of MDSCs in the peripheral blood of HPV-positive OSCC patients. C. The repre-
sentative flow cytometry dot plot of MDSCs in the peripheral blood of precancerous lesions patients. D. The representative flow cytometry dot plot of MDSCs in the 
peripheral blood of healthy individuals.
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Figure 4. MDSC positive rates in tissues of the OSCC, precancerous lesion and control groups. A. The representative flowcytometry dot plot of MDSCs in the tissue of 
HPV-negative OSCC patients. B. The representative flowcytometry dot plot of MDSCs in the tissue of HPV-positive OSCC patients. C. The representative flowcytometry 
dot plot of MDSCs in the tissue of precancerous lesions patients. D. The representative flowcytometry dot plot of MDSCs in the tissue of healthy individuals.
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Figure 5. Treg positive rates in the peripheral blood of patients with differ-
ent oral lesions. A. The representative flow cytometry dot plot of Tregs in the 
peripheral blood of HPV-negative OSCC patients. B. The representative flow 
cytometry dot plot of Tregs in the peripheral blood of HPV-positive OSCC pa-
tients. C. The representative flow cytometry dot plot of Tregs in the peripheral 
blood of precancerous lesions patients. D. The representative flow cytometry 
dot plot of Tregs in the peripheral blood of healthy individuals.

Figure 6. Treg positive rates in tissues of the OSCC, precancerous lesion and 
control groups. A. The representative flow cytometry dot plot of Treg in the 

tissue of HPV-negative OSCC pa-
tients. B. The representative flow 
cytometry dot plot of Treg in the 
tissue of HPV-positive OSCC pa-
tients. C. The representative flow 
cytometry dot plot of Treg in the 
tissue of precancerous lesions 
patients. D. The representative 
flow cytometry dot plot of Treg in 
the tissue of healthy individuals.

Treg measurements in periph-
eral blood and tissue samples 
(all P<0.05; Tables S3 and 
S4). Accordingly, the Kruskal-
Wallis test was used for the 
overall comparisons among 
the three groups. Significant 
overall differences in MDSC 
levels were observed among 
the control, precancerous le- 
sion, and OSCC groups in both 
peripheral blood and tissue 
samples (both P<0.001; Table 
3). Subsequent Dunned for 
the overall comparisons am- 
ong the three groups. Signifi- 
cant overall differences in 
MDSC levels were observed 
and tissue MDSCs (all FDR-
adjusted P<0.05; Table S5), 
with MDSC levels progressive-
ly increasing from the control 
group to the precancerous 
lesion group and then to the 
OSCC group.

Similarly, significant overall dif- 
ferences in Treg levels were 
observed among the three 
groups in both peripheral bl- 
ood and tissue samples (both 
P<0.001; Table 4). Dunn were 
observed among the three 
grTreg levels in the OSCC gro- 
up were significantly higher 
than those in both the control 
and precancerous lesion gro- 
ups (all FDR-adjusted P< 
0.001; Table S6). In contrast, 
no significant differences we- 
re observed between the con-
trol and precancerous lesion 
groups for either blood or tis-
sue Treg levels (FDR-adjusted 
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Table 3. The level of MDSCs in OSCC group, precancerous lesion group and control group

Variable Control (n = 30) Precancerous lesion 
(n = 30) OSCC (n = 200) Kruskal-

Wallis H df P value η2(H)

Blood MDSC 0.580 (0.323-0.950) 3.875 (1.720-4.947) 7.650 (6.680-12.560) 116.396 2 <0.001 0.445 (large)
Tissue MDSC 0.585 (0.335-1.127) 4.345 (3.312-5.567) 9.910 (7.865-14.030) 128.663 2 <0.001 0.493 (large)
Note: Data are presented as median (Q1-Q3). Because the assumptions of normality and/or homogeneity of variance were not satisfied, overall 
differences among the three groups were assessed using the Kruskal-Wallis test. η2(H) represents the Kruskal-Wallis effect size.

Table 4. The level of Tregs in OSCC group, precancerous lesion group and control group

Variable Control (n = 30) Precancerous lesion 
(n = 30) OSCC (n = 200) Kruskal-

Wallis H df P value η2(H)

Blood Treg 0.730 (0.297-1.297) 1.860 (0.295-2.607) 10.395 (9.578-11.280) 138.178 2 <0.001 0.530 (large)
Tissue Treg 0.625 (0.448-0.838) 1.210 (0.405-1.595) 9.650 (8.300-11.067) 138.227 2 <0.001 0.530 (large)
Note: Data are presented as median (Q1-Q3). Because the assumptions of normality and/or homogeneity of variance were not satisfied, overall 
differences among the three groups were assessed using the Kruskal-Wallis test. η2(H) represents the Kruskal-Wallis effect size.

Table 5. The level of MDSCs in HPV-positive group and HPV-negative group
Group N Peripheral blood P-value N Tissue P-value
HPV+ 47 13.84%±1.96% <0.0001 39 15.78%±2.84% <0.0001
HPV- 153 9.14%±0.92% 161 8.45%±0.87%

Table 6. The level of Tregs in HPV-positive group and HPV-negative group
Group N Peripheral blood P-value N Tissue P-value
HPV+ 47 15.74±2.10% <0.0001 39 14.73±1.76% <0.0001
HPV- 153 9.62%±0.64% 161 8.77%±1.18%

MDSCs and Tregs in both peripheral blood and 
tissue samples were significantly higher in HPV-
positive patients than in HPV-negative patients 
(P<0.0001). Detailed statistical analyses and 
comparisons are presented in Tables 5 and 6.

Prediction of potential prognostic targets using 
high-throughput sequencing data combined 
with immune-related databases

A co-expression confidence score threshold  
of 0.4 was applied using the STRING databa- 
se. A total of 15 proteins were identified as 
exhibiting co-expression relationships (Figure 
7). These molecules were ranked in descend-
ing order according to degree centrality values 
as follows: TTN, CSRP3, ACTN2, CASQ2, CMYA5, 
RYR1, APOBEC2, DES, CXCL8, FLNC, IL1B, MB, 
OSM, CACNG1, and MYF6. Among these mole-
cules, CXCL8, IL1B, and OSM were highly 
expressed in OSCC samples, whereas RYR1, 
TTN, MYF6, MB, DES, CSRP3, FLNC, ACTN2, 
CACNG1, CASQ2, CMYA5, and APOBEC2 were 
expressed at low levels. Prognostic analysis 

Figure 7. Network analysis of differential gene-pro-
tein interactions.

P = 0.622 and 0.589, respectively). Further- 
more, when HPV-positive and HPV-negative 
OSCC patients were compared, the levels of 
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Figure 8. Survival analysis of OS-
CC-associated Hub gene.

Figure 9. Survival analysis of hub genes associated with HPV-positive OSCC.

was conducted using the TIMER database.  
Low expression of FLNC, CSRP3, MYF6, DES, 
and CASQ2 was significantly associated with 
improved survival in OSCC patients (P<0.05) 
(Figure 8). Similarly, low expression of FLNC, 
CSRP3, DES, and CASQ2 was significantly 
associated with improved survival in HPV-
positive OSCC patients (P<0.05) (Figure 9).

Pearson correlation analysis of tumor purity 
showed that, in the overall OSCC cohort, CASQ2 
expression exhibited the strongest correlation 
with tumor purity, with a coefficient of r = 
-0.156; DES yielded a coefficient of r = -0.121, 
and both associations were statistically signifi-
cant (P<0.05) (Figure 10A, 10D). Stratified 
analyses further revealed that the correlation 

coefficients for CASQ2 and 
tumor purity were -0.224 in 
HPV-positive OSCC and -0.130 
in HPV-negative OSCC, both  
of which were statistically  
significant (P<0.05) (Figure 
10B, 10C). For DES, signifi-
cant correlation with tumor 
purity was observed only in 
the HPV-positive subgroup (r = 
-0.214, P<0.05), while no sta-
tistical significance was dete- 
cted in HPV-negative OSCC (r 
= -0.082, P>0.05) (Figure 
10E, 10F). The results of RT- 
qPCR and IHC assays con-
firmed that CASQ2 was signifi-
cantly downregulated in HPV-
positive OSCC compared with 

HPV-negative OSCC (Figure 11A, 11B). Collec- 
tively, these findings suggest that CASQ2 plays 
a more prominent regulatory role than DES in 
HPV-related OSCC.

Subsequently, we further predicted the up- 
stream post-transcriptional regulatory network 
governing CASQ2 expression to explore its 
potential regulatory mechanisms in HPV-as- 
sociated OSCC. We intersected the predicted 
miRNA target binding data with miRNA expres-
sion profiles obtained from matched tumor 
datasets. The candidate miRNAs were then 
subjected to intersection analysis with differen-
tially expressed circular RNAs (circRNAs) de- 
tected by high-throughput sequencing (Figure 
12), and circRNAs that co-expressed with the 
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Figure 10. The tumor purity analysis of CASQ2.

Figure 11. The expression levels of CASQ2 in tissues. A. The RT-qPCR analysis of CASQ2 in HPV-positive and HPV-
negative OSCC tissues. B. Representative IHC images of CASQ2 in HPV-positive and HPV-negative OSCC tissues.

target mRNA CASQ2 and exhibited consistent 
expression trends were selected as candida- 
te regulatory molecules. This multi-layered in- 
tegrative analysis ultimately yielded five can- 
didate circRNAs (Table 7) and identified two 
high-confidence regulatory axes: hsa_circ_00- 
58495/hsa-miR-2115-5p/CASQ2 and hsa_
circ_0032029/hsa-miR-2115-5p/CASQ2. The- 
se regulatory axes represent promising bio- 
logical pathways that may shape the immuno-
suppressive tumor microenvironment during 
the initiation and progression of HPV-driven 
OSCC.

Discussion

This retrospective study enrolled a cohort of 
880 patients diagnosed with OSCC to explore 
the correlations between HPV infection status 
and a full panel of clinicopathological indica-
tors, as well as to evaluate the prognostic value 
of HPV positivity. Consistent with previous epi-
demiological and clinical reports, our analyses 
showed that HPV positivity in OSCC was signifi-
cantly associated with tumor anatomical sub-
sites and pathological differentiation grades. In 
contrast, no significant associations were ob- 
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Figure 12. Identification of the miRNA by Wenn analysis.

Table 7. Five circRNAs with differential expression
cirRNA GCP_readcount GCN_readcount log2FoldChange Regulation
hsa_circ_0001977 4.251961151 0 4.5828 Up
hsa_circ_0001236 7.804472456 0.780138649 2.943 Up
hsa_circ_ 0003118 4.457126887 0 4.6539 Up
hsa_circ_0058495 1.439266597 8.383997559 -2.8798 Down
hsa_circ_0032029 1.293719408 8.200062997 -2.4967 Down

Table 8. Primers for qRT-PCR
Gene Forward Reverse
CASQ2 CCTTGCCATCCCCAACAAACCT CGACGTAGAGFGGGTCTTTGGT
GAPDH GGAAGCTTGTCATCAATGGAAATC TGATGACCCTTTTGGCTCCC

served between HPV status and patient age, 
sex, clinical tumor stage, or short-term postop-
erative disease progression [23, 24]. The ele-
vated HPV-positive rate observed in oropharyn-
geal lesions within our cohort recapitulates this 
inherent viral tissue preference and validates 
the anatomical distribution patterns document-
ed in large-scale multicenter clinical cohorts 
[25].

Regarding the correlation between HPV sta- 
tus and pathological differentiation, HPV posi-
tivity was closely linked to poorly differentiated 
tumor histology, yet patients with HPV-positive 
OSCC achieved markedly superior 5-year OS. 
This seemingly contradictory observation aligns 
with the prevailing consensus in the field: histo-
logical grade alone cannot reliably predict prog-
nosis in HPV-associated malignancies. Instead, 
intrinsic tumor molecular signatures and the 
TIME serve as the primary determinants of clini-
cal outcomes [26]. In our cohort, HPV infection 

status bore no statistically sig-
nificant correlation with clini-
cal tumor stage (P = 0.1527), 
postoperative recurrence, dis-
tant metastasis, or tumor-spe-
cific mortality (P = 0.7704). 
This inconsistency with prior 

studies focused solely on oropharyngeal carci-
noma may stem from the greater etiological 
heterogeneity of oral cavity OSCC. Concurrent 
tobacco and alcohol exposure reshapes the 
distribution of clinical stages and attenuates 
stage-based disparities in HPV prevalence 
across patient subgroups [27, 28].

IHC detection demonstrated significantly lower 
expression of p53 and Cyclin D1 in HPV-positive 
OSCC specimens, while pRb expression levels 
were comparable between HPV-positive and 
HPV-negative groups (P = 0.535). Kaplan-Meier 
survival analysis coupled with log-rank testing 
demonstrated that patients with HPV-positive 
OSCC exhibited significantly prolonged 5-year 
OS relative to HPV-negative counterparts (P = 
0.0034). This result corroborates and extends 
existing literature identifying HPV positivity as a 
favorable prognostic biomarker for head and 
neck squamous cell carcinoma (HNSCC). HPV-
associated OSCC exhibits unique oncogenic 
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signaling programs and therapeutic respon-
siveness that collectively confer a survival ad- 
vantage, driven by multi-layered molecular and 
immunological mechanisms. At the molecular 
level, HPV-positive tumors carry no oncogenic 
TP53 missense mutations; cytotoxic DNA-da- 
maging therapies such as cisplatin and radio-
therapy can restore wild-type p53 function and 
enhance tumor treatment sensitivity [29]. Im- 
munologically, HPV-positive tumor cells express 
viral neoantigens encoded by the E6 and E7 
oncoproteins, rendering lesions highly immuno-
genic and susceptible to sustained adaptive 
immune surveillance. In line with this mecha-
nism, abundant intratumoral infiltration of CD8+ 
cytotoxic T lymphocytes is frequently detected 
in HPV-driven HNSCC [30].

Flow cytometric immunophenotyping revealed 
that the proportions of MDSCs and Tregs in 
paired peripheral blood and tumor tissue sam-
ples were significantly higher in patients with 
HPV-positive OSCC relative to those with HPV-
negative OSCC (all P<0.0001). This immuno-
logical phenotype represents the core novel 
finding of the present study, whose underlying 
regulatory mechanisms warrant further in-
depth mechanistic investigation. MDSC accu-
mulation is a well-recognized hallmark of pro-
gressive OSCC. Previously reported that ele- 
vated circulating MDSC levels are accompanied 
by increased Treg frequencies in patients with 
gastrointestinal and pancreatic malignancies, 
and MDSC abundance acts as an independent 
negative prognostic biomarker [31, 32]. Our 
study extends this MDSC-Treg regulatory axis to 
the OSCC setting. In HNSCC patients receiving 
cisplatin-based concurrent chemoradiothera-
py, circulating MDSC frequencies exceeding 
20% correlate with robust Treg expansion and 
impaired anti-tumor effector T cell function, 
supporting a causal mechanistic link between 
MDSC accumulation and Treg induction within 
the HNSCC TIME [33].

Despite the superior long-term survival of 
patients with HPV-positive OSCC, these lesions 
feature expanded MDSC and Treg populations 
- a paradox supported by accumulating eviden- 
ce describing a dual-activated immune land-
scape in HPV-positive HNSCC, where anti-tumor 
effector T cells and immunosuppressive regula-
tory cell subsets are simultaneously enriched 
[34]. We hypothesize that this unique dual 
immune signature develops as a compensatory 

homeostatic response to persistent HPV infec-
tion. Within this regulatory framework, MDSCs 
and Tregs restrict excessive anti-tumor effector 
immunity via negative feedback inhibition; how-
ever, their abundant infiltration also renders 
HPV-positive tumors responsive to immuno-
therapies targeting immunosuppressive cell 
populations. By contrast, MDSCs and Tregs in 
HPV-negative OSCC primarily drive tumor initia-
tion, local invasion and distant metastasis by 
constructing a globally immunosuppressive 
TIME lacking robust CD8+ T cell-mediated anti-
tumor pressure [35]. The divergent immune 
architectures of HPV-positive and HPV-negative 
OSCC subgroups likely underpin their dispari-
ties in histological differentiation and long-term 
clinical prognosis, highlighting that comprehen-
sive immune cell profiling can refine HPV-
stratified molecular subtyping frameworks for 
OSCC.

To pinpoint core molecular mediators driving 
the immunological disparities between HPV-
positive and HPV-negative OSCC, we perform- 
ed integrative multi-omics analyses, including 
high-throughput whole-transcriptome RNA se- 
quencing, PPI network construction, and tumor 
purity-adjusted correlation analysis. Systematic 
bioinformatic screening identified CASQ2 as 
the top candidate gene for subsequent func-
tional and mechanistic validation. Accumulating 
preclinical evidence indicates that CASQ2 func-
tions as a multifunctional, context-dependent 
modulator of the TIME across multiple solid 
tumor types [21, 22]. Our correlation analyses 
revealed a stronger negative correlation bet- 
ween CASQ2 expression and tumor purity in 
HPV-positive OSCC relative to the HPV-nega- 
tive subgroup, indicating that CASQ2 may exert 
potent immunomodulatory effects in HPV-
transformed lesions.

Given CASQ2’s central regulatory role, we con-
structed a ceRNA network to characterize its 
upstream post-transcriptional regulatory me- 
chanisms. By overlapping CASQ2-targeted mi- 
RNA predictions with differentially expressed 
circRNA transcriptomic profiles, we identified 
two high-confidence regulatory axes: hsa_circ_ 
0058495/hsa-miR-2115-5p/CASQ2 and hsa_
circ_0032029/hsa-miR-2115-5p/CASQ2. The 
convergence of two distinct circRNA transcripts 
on a single hub miRNA (hsa-miR-2115-5p) may 
strengthen the biological plausibility of this reg-
ulatory node, suggesting that hsa-miR-2115- 
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5p-mediated repression of CASQ2 could poten-
tially constitute a critical post-transcriptional 
cascade underlying the pathogenesis of HPV-
associated OSCC. These two ceRNA axes may 
provide reliable, testable hypotheses for future 
functional validation, including dual-luciferase 
reporter assays, RNA immunoprecipitation, and 
genetic rescue experiments conducted in HPV-
positive OSCC cell lines and patient-derived 
xenograft models.

Despite the valuable findings reported in the 
present study, several limitations remain to be 
addressed. First, the relatively small RNA-
sequencing cohort may restrict the generaliz-
ability of our conclusions to a certain extent. 
Second, the specific biological functions and 
detailed regulatory mechanisms of the sc- 
reened core target CASQ2 were not compre-
hensively explored in this study. These existing 
limitations provide clear directions for our 
future in-depth investigations.

In summary, the present study confirms that 
HPV infection defines a distinct clinicopatho-
logical OSCC subtype, characterized by higher 
HPV positivity rates in oropharyngeal and poor-
ly differentiated lesions alongside favorable 
long-term survival outcomes. Most importantly, 
we are the first to report that HPV-positive 
OSCC develops a profoundly immunosuppres-
sive TIME marked by synchronous expansion of 
MDSCs and Tregs in both peripheral blood and 
tumor tissue, which mechanistically explains 
the unique dual activation of effector and regu-
latory immune compartments specific to HPV-
associated malignancies. Integrative transcrip-
tomic and PPI network analyses identified 
CASQ2 as the gene with the strongest correla-
tion to tumor purity in HPV-positive OSCC. We 
further delineated two candidate circRNA/hsa-
miR-2115-5p/CASQ2 regulatory axes as critical 
post-transcriptional pathways governing CASQ2 
expression and mediating immunosuppressive 
remodeling of the HPV-associated TIME. Col- 
lectively, our findings provide new mechanistic 
insights into HPV-driven OSCC pathobiology 
and lay a molecular foundation for developing 
novel immune-targeted therapeutic strategies 
tailored to patients with HPV-positive OSCC.
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Table S1. Shapiro-Wilk normality test
Variable Group W P value Distribution
Blood MDSC Control 0.856 <0.001 Non-normal
Blood MDSC Precancerous lesion 0.924 0.035 Non-normal
Blood MDSC OSCC 0.857 <0.001 Non-normal
Tissue MDSC Control 0.794 <0.001 Non-normal
Tissue MDSC Precancerous lesion 0.879 0.003 Non-normal
Tissue MDSC OSCC 0.941 <0.001 Non-normal

Table S2. Shapiro-Wilk normality test
Variable Group W P value Distribution
Blood Treg Control 0.891 0.005 Non-normal
Blood Treg Precancerous lesion 0.932 0.055 Normal
Blood Treg OSCC 0.998 0.993 Normal
Tissue Treg Control 0.974 0.663 Normal
Tissue Treg Precancerous lesion 0.954 0.212 Normal
Tissue Treg OSCC 0.985 0.029 Non-normal

Table S3. Levene’s test for homogeneity of variance
Variable F df1 df2 P value Variance
Blood MDSC 10.867 2 257 <0.001 Unequal
Tissue MDSC 23.077 2 257 <0.001 Unequal

Table S4. Levene’s test for homogeneity of variance
Variable F df1 df2 P value Variance
Blood Treg 4.511 2 257 0.0119 Unequal
Tissue Treg 26.506 2 257 <0.001 Unequal

Table S5. Dunn’s post hoc pairwise comparisons with FDR correction
Variable Comparison Z statistic FDR-adjusted P value Significance
Blood MDSC Control vs. Precancerous lesion 2.505 0.012 *
Blood MDSC Control vs. OSCC 9.541 <0.001 ****
Blood MDSC Precancerous lesion vs. OSCC 6.238 <0.001 ****
Tissue MDSC Control vs. Precancerous lesion 2.006 0.045 *
Tissue MDSC Control vs. OSCC 9.716 <0.001 ****
Tissue MDSC Precancerous lesion vs. OSCC 7.071 <0.001 ****
Note: Dunn’s test was performed for post hoc pairwise comparisons following the Kruskal-Wallis test, with false discovery rate 
(FDR) correction for multiple comparisons. ns, not significant; *, P<0.05; ****, P<0.0001.

Table S6. Dunn’s post hoc pairwise comparisons with FDR correction
Variable Comparison Z statistic FDR-adjusted P value Significance
Blood Treg Control vs. Precancerous lesion 0.493 0.622 ns
Blood Treg Control vs. OSCC 9.155 <0.001 ****
Blood Treg Precancerous lesion vs. OSCC 8.505 <0.001 ****
Tissue Treg Control vs. Precancerous lesion 0.541 0.589 ns
Tissue Treg Control vs. OSCC 9.186 <0.001 ****
Tissue Treg Precancerous lesion vs. OSCC 8.473 <0.001 ****
Note: Dunn’s test was performed for post hoc pairwise comparisons following the Kruskal-Wallis test, with false discovery rate 
(FDR) correction for multiple comparisons. ns, not significant; *, P<0.05; ****, P<0.0001.


