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ARTICLE INFO ABSTRACT
Keywords: Individuals diagnosed with head and neck squamous cell carcinoma (HNSCC) experience a sig-
PANoptosis nificant occurrence rate and are susceptible to premature spreading, resulting in a bleak outlook.
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Non-apoptotic cell death

Pathological malignancy

Therapeutic approaches, such as chemotherapy, targeted therapy, and immunotherapy, may
exhibit primary and acquired resistance during the advanced phases of HNSCC. There is currently
no viable solution to tackle this issue. PANoptosis—a type of non-apoptotic cell death—is a
recently identified mechanism of cellular demise that entails communication and synchronization
among thermal apoptosis, apoptosis, and necrosis mechanisms. However, the extent to which
PANoptosis-associated genes (PRG) contribute to the forecast and immune reaction of HNSCC
remains mostly undisclosed. The present study aimed to thoroughly analyze the potential
importance of PRG in HNSCC and report our discoveries. We systematically analyzed 19 PRG
from previous studies and clinical data from HNSCC patients to establish a PAN-related signature
and assess its prognostic, predictive potential. Afterward, the patient information was separated
into two gene patterns that corresponded to each other, and the analysis focused on the
connection between patient prognosis, immune status, and cancer immunotherapy. The PAN
score was found to correlate with survival rates, immune systems, and cancer-related pathways.
We then validated the malignant role of CD27 among them in HNSCC. In summary, we
demonstrated the effectiveness of PAN.Score-based molecular clustering and prognostic features
in predicting the outcome of HNSCC. The discovery we made could enhance our comprehension
of the significance of PAN.Score in HNSCC and facilitate the development of more effective
treatment approaches.

1. Introduction

Head and neck malignancies are classified as the sixth most prevalent form of cancer globally, with approximately 90% of cases
being head and neck squamous cell carcinomas (HNSCC) [1,2]. HNSCC is recognized for its elevated occurrence of metastasis to
cervical lymph nodes, heightened invasiveness, and tendency to recur, ultimately resulting in an unfavorable prognosis [3]. HNSCC is
usually treated with surgical removal, chemotherapy, radiotherapy, immunotherapy, or a combination of these approaches. However,
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the limited effectiveness of these treatments is attributed to the tumor’s heterogeneity [4,5]. Fortunately, the survival rate of HNSCC
individuals has considerably enhanced compared to previous times because of the progress in chemotherapy and targeted medications.
Several improvements have been made in cancer management over the past few years because of the progress in tumor immuno-
therapy and immune checkpoint blockers. Studies have demonstrated that immune checkpoint therapy, which focuses on PD1/PD-L1,
greatly extends the lifespan of individuals diagnosed with advanced HNSCC [6,7]. Studies have demonstrated that patients with
different forms of cancer, including HNSCC, may experience primary resistance to PD1/PD-L1 inhibitors, with rates reaching as high as
60% [8,9].

HNSCC is a cancer that heavily relies on programmed cell death [10]. However, traditional treatments often lead to problems, such
as restricted toxicity and resistance to therapy. PANoptosis is an innovative type of programmed cell death that occurs when pro-
grammed death pathways combine and work together inside cells. The concept of PANoptosis, which has recently been uncovered,
emphasizes the intercommunication and synchronization among pyroptosis, apoptosis, and necroptosis [11]. Inducing PANoptosis can
trigger the release of cytokines from tumor cells, which in turn stimulate an immune response. These cytokines can activate the body’s
immune system to target and eliminate tumor cells [12]. Moreover, PANoptosis can effectively prevent the development of drug
resistance in tumor cells [13]. The findings indicate that PANoptosis can be an innovative approach for treating head and neck cancer,
offering potential therapeutic benefits.

Extensive functional evaluations of PANoptosis have been conducted in vitro and in vivo mouse models. Tumorigenesis is sup-
pressed by IRF1-induced PANoptosis in a colorectal cancer mouse model [14]. In a mouse melanoma model, Z-DNA binding protein 1
(ZBP1) can kill cancer cells by activating PANoptosis [15]. In the meantime, in cancerous cell lines of humans, PANoptosis can be
triggered by simultaneously treating with TNF-a and IFN-y [16]. Despite these progressions, there is still a lack of comprehension
concerning the predictive effect of PANoptosis on the overall survival (OS) of individuals with different forms of cancer.

Cancer immunotherapy has witnessed a surge of interest in non-apoptotic cell death, particularly PANoptosis [17]. A recently
identified form of cell death known as PANoptosis includes the concurrent activation of several pathways, including apoptosis, nec-
roptosis, and pyroptosis. The implications of this coordinated and comprehensive response to cellular stress extend to a number of
pathological conditions, including cancer. PANoptosis is a cancer immunotherapy that holds a lot of promise for boosting the immune
system’s ability to fight tumors. Through the induction of PANoptosis in cancer cells, the immune system is notified by the release of
danger-associated molecular patterns and pro-inflammatory cytokines that act as “alarms”. As a result, these signals help to mobilize
and energize immune cells, thereby fostering an immune response against tumors.

Researchers have uncovered the suppressive effect of PANoptosis on the development of tumors in various types of cancer, offering
further insights for exploring biomarkers and treatment targets for patients [13,15,17,18]. However, the specific influence of PAN-
optosis on the outcome of HNSCC remains unknown. A few studies have described PANoptosis-related patterns or identified PRG
signatures in HNSCC. Gaining insight into the fundamental processes of PANoptosis may provide new opportunities for advancing
HNSCC immunotherapy by exploring alternative approaches.

HNSCC represents a significant global health burden, with rising prevalence and mortality rates. Despite advances in treatment,
challenges persist, particularly in the context of immunotherapy, where response rates vary widely, underscoring the need for
innovative treatment strategies and predictive tools like PAN.Score. After a comprehensive analysis of the expression of PANoptosis
genes, we identified two distinct PANoptosis patterns (PAN.Clusters) among HNSCC individuals. Both PANoptosis pattern possesses
unique molecular, clinical, and immunological attributes. Furthermore, we established PAN.Score, which is effective in prognosis
prediction and prediction of treatment response in HNSCC. Finally, the malignant role of CD27 in HNSCC was validated among them.
In summary, we demonstrated the effectiveness of PAN score-based molecular clustering and prognostic features in predicting the
outcome of HNSCC. Our discovery could enhance our comprehension of the significance of PAN score in HNSCC and facilitate the
development of more efficient treatment approaches. This study aims to explore the prognostic value of PAN.Score in HNSCC and its
potential to predict immunotherapy response. We hypothesize that PAN.Score can serve as a reliable biomarker, aiding in the
personalized treatment of HNSCC patients.

2. Materials and methods
2.1. Collecting and preparing data

The TCGA (519 samples) [19] and GEO (GSE41613 (97 samples), GSE42743 (103 samples), and GSE65858 (270 samples) provided
comprehensive clinicopathological annotation and genomic data for HNSCC. Gain entry to the Gene Expression Omnibus (GEO) of the
National Library of Medicine [20].

Raw data was generated from the GEO database using the Affymetrix and Illumina platforms. Exclusion was done for patients who
did not have sufficient OS data. For background correction and normalization, the RMA algorithm, which is strong and involves
multiple chips, was utilized. RNA sequencing data and methylation data were provided by the TCGA database. Transcripts per kilobase
(TPM) values were obtained by converting the Fragments per kilobase (FPKM) values using signal intensities comparable to RMA
processing [21].

2.2. Establishment of PAN.Cluster

For subsequent clustering, a collection of 19 PAN-associated genes that are associated with non-apoptotic cell death was acquired
[22]. The list of genes includes CASP8, FADD, CASP6, NLRP3, TAB2, TAB3, PSTPIP2, TNFAIP3, CASP7, IRF1, PARP1, GSDMD, MLKL,
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RIPK1, RIPK3, AIM2, ZBP1, CASP1 and TRADD. Patients with varying gene expression profiles related to PANoptosis in HNSCC were
categorized using ‘Pam’ methodology deciding the best clusting numbers based on these 19 PAN-associated genes, identifying
PAN-related patterns utilizing the R package *ConsensusClusterPlus’ [23].

2.3. Establishment of PAN.Score

The analysis utilized the ‘limma’ package in R to identify genes that showed differential expression with a log fold change exceeding
1 and a p-value below 0.05. For this objective, a grand total of 145 genes were examined. Subsequently, the prognosis of PAN was
further investigated by performing a one-way Cox regression analysis using the ‘survival’ package in R language, aiming to identify
genes associated with it (with a significance level of P < 0.05). A total of 21 genes were successfully recognized. Afterward, we
employed a survival machine learning algorithm with the R ‘randomSurvivalForest’” package to discover more PAN-related genes that
possess prognostic potential (with variable relative importance exceeding 0.2). This screening process successfully identified a total of
3 genes. The PAN.Score was generated by combining PAN genes linked to prognosis and their regression coefficients estimated in the
Lasso regression analysis. In the heat map, asterisks (*) indicate levels of statistical significance, with *p < 0.05, **p < 0.01, and ***p
< 0.001, providing a clear indication of the robustness of the observed associations.

2.4. Validation of the efficacy of PAN.Score

The PAN.Score was computed for 519 individuals in the TCGA-HNSCC dataset. Afterward, the individuals were classified into high
and low PAN.Score groups according to the P value of the best threshold. We analyzed the correlation between OS and PAN.Score by
utilizing Kaplan-Meier curves. The timeROC was used to validate the prognostic prediction efficiency and accuracy of PAN.Score at 1,
3, and 5 years.

2.5. Genomic alteration

Somatic mutations were gathered using TCGA datasets. The analysis of somatic mutations was performed using the *maftools’
package [24].

2.6. Evaluation of the TME immunological profile

The ESTIMATE method utilizes immune scores, stromal scores, and estimated scores to assess the quantity of immune cells and the
level of stromal cell infiltration. To investigate immune infiltrating cells in HNSCC, we employed the web server Tumor Immune
Estimation Resource 2.0 (TIMER2.0). The GSVA tool was employed to analyze genomic variance in the R package, in conjunction with
single sample genomic enrichment analysis, to generate an enrichment score that reflects the extent of infiltration by 28 immune cells.
This score is determined based on their associated characteristics (sSGSEA) [25,26].

2.7. Functional annotation

We acquired various collections of genes from the MSigDB database [27], KEGG, and Gene Ontology (GO). Gene set enrichment
analysis (GSEA) and genomic variation analysis (GSVA) were conducted using the R packages clusterProfiler [28] and GSVA [29].

2.8. Prediction of drug response

The prediction of drug susceptibility was made using the pharmacogenomic data obtained from Genomics of Drug Sensitivity in
Cancer (GDSC). The drug response was calculated by using the oncoPredict R package to determine drug susceptibility [30].

2.9. Cell experiments

2.9.1. Lentiviral vector construction and infection

SCC15 (HNSC cell line) was purchased from the American Type Culture Collection (ATCC), and the cells were cultured as described
in Ref. [31]. SCC15 cells achieved high transfection efficiency and stable knockdown CD27 expression using lentiviral-containing
green fluorescent protein (GFP) (Gene Copoeia Company, Guangzhou, China). Afterward, the previously mentioned lentiviral vec-
tors were employed for infecting SCC15 cells. Initially, 1 x 108 SCC15 cells were placed in a six-well cell plate and allowed to grow for
an additional 12 h until they achieved a 70% confluence. Afterward, lentiviral vectors were added to the infection medium at a ratio of
20 units per cell. The establishment of two groups was done in the following manner: shCD27 (the group with knockdown expression of
CD27) and control (the group with control vector). After 24 h of incubation, the plates were subjected to fresh media devoid of any
viruses. After three days, the lentivirus density containing GFP was measured in order to evaluate the effectiveness of the infection.
Then the total RNA was isolated by TRIzol reagent (ComWin Biotech Co, Suzhou, China). Single-stranded cDNA was generated by a
Super RT cDNA Synthesis kit (ComWin Biotech). The qRT-PCR was performed using an ULtraSYBR Mixture kit (Low ROX) according to
the manufacturer’s protocol. The primer sequences are as follows. CD27, forward 5 - TGTGATCCTTGCATACCGG-3/, reverse 5 -
ACGAGAAGACCAGAGTTACAG-3; and GAPDH, forward 5 - TCAAGATCATCAGCAATGCC-3, reverse 5 -
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Fig. 1. Characteristics of PAN-associated genes in HNSCC. (A) The distribution of 19 PRGs on chromosomes (B) Bar graphs showing the frequency
of CNV of 19 genes in TCGA-HNSCC (C) The mutation frequency of 19 genes in TCGA-HNSCC cohort. (D) Box plots show the expression distribution
of 19 genes between normal and tumor samples in TCGA-HNSCC cohort. *p < 0.05; ***p < 0.005, ****p < 0.001.
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Fig. 2. Establishment of PAN. Cluster (TCGA-HNSCC). (A) Two PAN. Clusters were defined using consensus clustering analyses. (B) Kaplan-Meier
curve showing the correlation between PAN. Cluster and OS (C) Heatmaps showed the relationship between PAN. Clusters and clinical features in
HNSCC patients (D) ssGSEA investigated the differences in immune cell infiltration between two clusters. *p < 0.05; **p < 0.01, ***p < 0.005,
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p < 0.001.
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CGATACCAAAGTTGTCATGGA-3'. Quantification was performed using the AACt method, and the data were normalized to GAPDH
(acting as control).

2.9.2. MTT assay

In order to evaluate cell proliferation, the transfected cells were placed into 96-well plates. After incubating for 24, 48, and 72 h ata
temperature of 37 °C and a CO; concentration of 5%, a solution of 20 L of MTT (Sigma, USA) was added to each well. Afterward, every
well was cultured for one more hour. The microplate reader from Molecular Devices in Sunnyvale, CA was utilized to determine the OD
value at a wavelength of 490 nm.

2.9.3. Detection of plate clones

In order to evaluate the ability of the transfected cells to produce colonies, 1000 cells were evenly distributed on every plate placed
in 60 mm culture dishes. After a culture period of 10 days, the cells were subjected to treatment with a 10% neutral buffer formalin
fixative and then stained with a crystal violet solution (Beyotime, China). We captured images and tallied the settlements.

2.9.4. Scratch migration assay

To evaluate cell migration, 6 well plates were inoculated with transfected cells. After 24 h of cell culture, a pipette tip was used to
create a straight cut in each well. Subsequently, the cells were grown in a culture medium with 2% FBS, while being subjected to 5%
CO-, at a temperature of 37 °C. Wound closure assessment was performed after 24 and 48 h using a microscope (OLYMPUS, Tokyo,
Japan) with a 4 x magnification [32].

3. Results
3.1. Features of PANoptosis-related genes in HNSCC

Information regarding gene expression in HNSCC patients was acquired from the TCGA database, and features of 19 PRGs were
illustrated. Fig. 1A illustrates the distribution of PRGs on chromosomes. Fig. 1B shows bar graphs representing the frequency of CNV
gain (red), loss (blue), and non-CNV (green) in 19 PRGs. The mutation frequency of 19 PRGs in HNSCC patients from the TCGA cohort
(Fig. 1C). Fig. 1C displays the frequency of mutations in 19 PRGs in TCGA cohort patients with HNSCC. Among the 19 PRGs, 17 genes
displayed elevated expression in the tumor samples, whereas the RIPK3, demonstrated reduced expression in the tumor samples (P <
0.05), without any significant change observed in TAB3 (Fig. 1D). Also, we correlated the expression profiles of PRGs with their
promoter methylation status (Fig. S1).

3.2. The process of constructing PAN.Cluster in HNSCC

To examine the association between the PAN genes and their predictive significance, we divided HNSCC patients into Cluster 1 and
Cluster 2 (Fig. 2A). The consensus CDF generated by ConsensusClusterPlus has proved the two clusters are the optimal number of
classifications shown in Fig. S4. Fig. S2 depicts the relationship between PAN. Cluster and PRGs in HNSCC patients. Based on Fig. 2B,
the clusterl group had a notably longer survival time than the cluster2 group (P = 0.024). In HNSCC patients, Fig. 2C exhibits the
association between PAN. Cluster, clinical characteristics, and PAN gene expression. Tumor infiltration and lymph node metastasis
were associated with PAN. Cluster (P < 0.05).

We performed a ssGSEA analysis to assess the difference in immune cell infiltration between the two clusters, indicating that
clusterl exhibited higher levels of immune cell infiltration. Fig. 2D reveals the presence of activated immune cells of various classi-
fications. Also, Fig. S3 depicts the relationship between PAN. Cluster and contribution of different cell death type-specific responses in
HNSCC patients [33,34].

3.3. Establishment of PAN.Score

The GSEA analysis revealed that people with the PAN. Cluster 1 signature in HNSCC exhibited increased activity in various essential
pathways related to the immune system, including activated T-cell pathways and other pathways.

To anticipate the signaling pathways linked to PAN. Cluster, we performed GSVA-KEGG investigations, including enrichment of
antigen processing and presentation, primary immunodeficiency, cytokine-cytokine receptor interaction, natural killer cell-mediated
cytotoxicity, and T cell receptor signaling pathways in HNSCC (Fig. 3A).

We performed univariate Cox regression analysis to discover more PAN. Cluster-related prognostic genes (with a P value less than
0.05). The analysis revealed 21 genes that may hold prognostic importance for HNSCC patients (Fig. 3B). Fig. 3C illustrates a forest plot
that was generated to exhibit the prognostic hazard ratio of each gene. To summarize, the Lasso regression analysis was used to
calculate fresh scores, considering the estimated regression coefficients of the prognostic and PAN. Cluster-associated genes (Fig. 3D).
The PAN.Score signature for prognosis was determined as:

—0.5277*IGHM + —0.07*IGHG3 + —0.8034*CD27
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3.4. Prognostic potential of PAN.Score

The heat map (Fig. 4A) displayed the correlated clinical characteristics with PAN.Score genes, whereas the plotted KM curve
(Fig. 4B) demonstrated the disparities in survival between the two groups. The chance of survival was significantly lower in the high-
PAN.Score group than the low-PAN.Score group (P < 0.001). ROC curves were generated to assess the predictive precision of the risk
score, resulting in AUCs of 0.637, 0.691, and 0.666 for 1-, 3-, and 5-year survival, respectively (Fig. 4C). Furthermore, patients were
classified into high- and low-risk groups according to their risk scores, demonstrating higher mortality rates among patients with
elevated risk scores (Fig. 4D). This finding suggests that our PAN.Score has prognostic significance.

Both single-variable and multiple-variable analyses showed that the PAN.Score independently influenced the prognosis of HNSCC
patients (Fig. 5A). The accuracy of the nomogram prediction was evaluated using a calibration graph (Fig. 5B). The calibration
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Fig. 6. Genomic alterations associated with PAN.Score in HNSCC samples. (A) Forest plot showing the results of somatic mutation difference
analysis between high and low groups of PAN.Score. (B-C) Oncoplot of somatic mutations in HNSCCs between high and low PAN.Score groups. (D)
The heatmap presents the somatic interaction of HNSCCs between PAN.Score high and low groups. *p < 0.05.

graphs—illustrating the differences in predicted survival probabilities by the nomogram and the real survival probabilities of HNSCC
patients—demonstrated a strong similarity between the predicted and actual survival probabilities (Fig. 5B), indicating that the
nomogram model accurately forecasted the survival of HNSCC patients. Based on the findings from three distinct validation cohorts
(GSE41613, GSE42743, and GSE65858), the risk score was determined to be a dependable indicator of patient survival. This
conclusion was supported by the results obtained from these cohorts, with GSE41613 showing a significant correlation (Fig. 5C, P =
0.008), GSE42743 demonstrating a notable association (Fig. 5D, P = 0.018), and GSE65858 displaying a highly significant relationship
(Fig. 5E, P < 0.001).

3.5. Somatic alterations associated with PAN.Score in TCGA-HNSCC

The mutation frequency ratios between the high- and low-PAN.Score groups were compared using Fisher’s exact test, and the
results were sorted according to the ascending p-values. In Fig. 6A, the high PAN.Score group had a higher occurrence of PSG8 and
KRT5 mutations than the low PAN.Score group. To ascertain the correlation between PAN.Score and somatic mutations, we conducted
the Genomic Identification of Important Targets in Cancer (GISTIC) analysis. The examination uncovered that high- or low-PAN.Score
HNSCC patients exhibited distinct genetic mutations, such as TP53, TTN, and FAT1 (Fig. 6B&C). Moreover, Fig. 6D demonstrates the
occurrence of concurrent or independent mutations in the leading 25 frequently mutated genes. The high PAN.Score group demon-
strated a significantly higher amount of concurrent gene modifications than the low PAN.Score group. RYR2 mutations frequently
coexisted with TTN mutations in the high PAN.Score group. The list of mutant loci were NOTCH1 and FAT1; RYR2 and FAT4; PCDH15
and RYR2. In the low PAN.Score group, common co-mutations included TP53 and CDKN2A, along with RYR2 and TTN. By contrast,
the high PAN.Score group revealed dense mutually exclusive gene alteration pairs, such as TP53-PIK3CA, whereas TP53-CASP8 pairs
were discovered in the low PAN.Score group (Fig. 6D).

The correlation between PAN.Score and immune status in the TCGA-HNSCC dataset were examined using the ESTIMATE algo-
rithm. Our results demonstrated that HNSCC patients with low PAN.Score scores had significantly higher ESTIMATE scores, immune
scores, and stromal cells than HNSCC patients with high PAN.Score scores (Fig. 7A). The PAN.Score level in HNSCC patients indicates
an inverse correlation with their immune status. To confirm this phenotype, we used the ssGSEA and TIMER algorithms individually to
assess the frequency of immune infiltrating cell populations based on PAN.Score, tumor stage, tumor grade, gender, and age
(Fig. 7B&C). Therefore, the heat map showed that many immune infiltrating cells were plentiful in HNSCC patients with high PAN.
Score, including CD8 T cells, cytotoxic lymphocytes, NK cells, and neutrophils (Fig. 7B).

3.6. In TCGA cohorts with HNSCC, PAN.Score correlated with immune therapy

The GSVA heat map displayed pathways related to PAN.Score. Furthermore, it unveiled diverse pathways linked to NIFK,
encompassing immune-related functions and tumor-related pathways from GO and KEGG. Significantly, increased NIFK levels
exhibited a robust association with KEGG pathways that control the regulation of the cell cycle, DNA synthesis, and proteasome
function. By contrast, reduced NIFK levels were associated with immune-related pathways, including differentiation of natural killer
cells, proliferation of leukocytes, and immune response (Fig. 8A). Further examination suggested decreased levels of PAN.Score were
relevant to immune checkpoint levels in TCGA (Fig. 8B). Furthermore, a significant association was noted between the expression of
CD27 and specific treatments (such as sapitinib, lbrutinib, and sepantronium bromide), indicating low PAN.Score group reacted better
to targeted therapies (see Fig. 8C). Therefore, these findings suggest that PAN.Score has significant promise as a prognostic marker for
HNSCC patients.

3.7. The PAN.Score gene CD27 plays a key role in HNSCC cells

We examined the function of CD27 in HNSCC by using shRNA lentiviruses containing GFP to suppress CD27 expression in SCC15
cells. Cells that underwent transfection were chosen using puromycin, and the reduction in CD27 expression was assessed using RT-
PCR. Fluorescence microscopy and RT-PCR were used to validate the expression of CD27 (Fig. 9A&B). Functional assays revealed that
reducing CD27 expression in SCC15 cells resulted in a decline in cell proliferation (MTT, Fig. 9E), colony formation (Plate cloning,
Fig. 9C&D), and migration (scratch migration, Fig. 9F&G). The results indicate that the gene CD2 has a significant effect on HNSCC
cells.

4. Discussion

HNSCC patients at intermediate to advanced stages, renowned for their hostile and spreading characteristics, frequently encounter
a bleak outlook primarily because of drug resistance and numerous additional elements [5]. PANoptosis—a novel mode of pro-
grammed cell demise—is an inflammatory cell death controlled by the PANoptosome complex. PANoptosis involves the combination

and cooperation of various programmed cell death pathways [18], including pyroptosis, apoptosis, and/or necroptosis. Nevertheless,
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the association between PANoptosis and HNSCC remains inadequately investigated, and specifically, the precise functions of PARGs in
HNSCC remain undisclosed. To reveal the importance of PANoptosis in HNSCC, we sought to establish a correlation between PAN-
optosis and the prognosis of HNSCC patients. Furthermore, triggering PANoptosis can prompt tumor cells to release cytokines that
stimulate an immune response [35], which activates the body’s immune system to target and eliminate tumor cells, presenting a new
and promising treatment approach for HNSCC.

By inducing PANoptosis in cancer cells, immunotherapy methods can simultaneously activate multiple cell death pathways,
thereby enhancing immunogenic signals and facilitating the activation of immune cells. This process enhances the presentation of
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tumor antigens, facilitating the immune system’s recognition of cancer cells [36,37]. The release of danger-associated molecular
patterns and cytokines during PANoptosis serves as a stimulus for dendritic cells and antigen-presenting cells, leading to the matu-
ration and activation of adaptive immune responses [38]. Furthermore, the interplay between different cell death pathways in
PANoptosis can yield synergistic effects on immune cell activation. For instance, initiating necroptosis may lead to the liberation of
ATP, functioning as a warning sign promoting dendritic cell activation [39]. Following the activation of pyroptosis and the subsequent
release of pro-inflammatory cytokines, there is an additional contribution to the recruitment and activation of immune cells. The
pursuit of PANoptosis in cancer immunotherapy presents hopeful opportunities for the advancement of novel therapeutic approaches.
Through modulation of the cellular signaling pathways associated with PANoptosis, researchers can potentially boost the immuno-
genicity of cancer cells, enhance the presentation of antigens, and strengthen the immune responses against tumors. Nevertheless, it is
essential to recognize that the exact processes and treatment strategies aimed at PANoptosis in cancer are under investigation,
requiring additional research to fully grasp its possibilities and constraints in cancer immunotherapy.

PANoptosis is a coordinated process in which any of the three programmed cell death pathways can work together and cooperate at
different times depending on the stimuli in the tumor microenvironment [40]. In patients undergoing immunotherapy, if the apoptosis
process is obstructed in cancer cells, alternative programmed cell death pathways, such as thermal apoptosis or necrosis, may be
activated to eradicate the cancer cells. Malireddi et al. reported that PANoptosis in cancer cells could trigger strong immune responses
against cancer, resulting in improved efficacy of immunotherapy, even in cancers unresponsive to immune checkpoint inhibitors [41].
By identifying PANoptosis as a vital process for inhibiting tumor growth, the collaboration between TNF-a and IFN-y has been
recognized and could potentially be targeted for innovative treatments [16].

The regulatory mode of PANoptosis has not yet been investigated. The present study examined the expression of PAN-related genes
in HNSCC and identified two separate PANoptosis patterns—PAN cluster 1 and PAN cluster 2 (Figs. 1 and 2). The prognostic, predictive
ability of the PAN.Score, developed with CD27, IGHG3, and IGHM, three PAN genes linked to prognosis, was thoroughly confirmed in
three distinct cohorts (GSE41613, GSE42743, and GSE65858). Moreover, PAN.Score demonstrates effective prediction of immuno-
therapy outcomes. The lower PAN.Score group showed a better reaction to chemotherapy than the higher PAN.Score group. Moreover,
patients with gastric cancer [42,43], or colon cancer [22] might experience PANoptosis, making immunotherapy potentially ad-
vantageous for them.

We presented a study on the characteristics of PANoptosis in HNSCC, including clinical, molecular, and immunological aspects.
With the advancement of our comprehension regarding PANoptosis, we anticipate an increase in research uncovering the potential
mechanisms of PANoptosis in relation to cancer. Naturally, there exist certain constraints within the research. Initially, the data for
analysis were sourced from publicly available databases, seldom comprising randomly selected potential samples. Furthermore, the
molecular biology experiments conducted so far have only obtained initial validation. Nevertheless, no practical tests of relevance
have been conducted. In conclusion, the clinical features provided are insufficient; thus, it is necessary to assess our findings using real-
life clinical cases.

Our findings indicate that PANoptosis pathways may play a critical role in shaping the immune response in HNSCC. Specifically,
the modulation of these pathways could either enhance the efficacy of immunotherapies by promoting an immune-activating tumor
microenvironment or conversely, lead to resistance by fostering immune suppression. Understanding these mechanisms offers
promising avenues for optimizing immunotherapy in HNSCC patients.

In our survival analysis using the Cox proportional hazards model, we focused on assessing the impact of individual PANoptosis-
related genes on patient survival. The fitting of the Cox model allowed us to estimate hazard ratios, providing insights into the relative
risk of death associated with each gene. To evaluate the performance of our model, we employed Harrell’s concordance index and
conducted log-rank tests. These metrics were instrumental in demonstrating the model’s effectiveness and reliability in predicting
survival outcomes in our study population. Additionally, to aid in the interpretation of our findings, we included Kaplan-Meier curves
and hazard ratio plots. These visual representations not only illustrate the survival probabilities over time but also effectively
communicate the influence of specific PRGs on survival outcomes.

The current landscape of immunotherapy in HNSCC primarily revolves around checkpoint inhibitors, such as PD-1/PD-L1 and
CTLA-4 antagonists. These therapies have revolutionized treatment, yet they are effective in only a subset of patients. Herein lies the
distinct potential of targeting PANoptosis in HNSCC. Unlike checkpoint inhibitors that predominantly modulate the immune system’s
ability to recognize and attack cancer cells, PANoptosis-targeted therapies could fundamentally alter the tumor microenvironment. By
inducing a form of cell death that potentially releases more tumor antigens and pro-inflammatory cytokines, PANoptosis might
enhance the overall immunogenicity of HNSCC tumors. This could, in theory, render previously unresponsive tumors more susceptible
to existing immunotherapies, such as checkpoint inhibitors.

To summarize, we have discovered two separate PANoptosis patterns that could offer fresh perspectives on the correlation between
PANoptosis and the clinical, molecular, and immunological characteristics of HNSCC. Furthermore, we developed a PAN.Score that
has the potential to provide a more precise prognosis for HNSCC patients and can serve as a valuable tool in guiding clinical in-
terventions, ultimately enhancing the effectiveness of personalized treatment approaches for HNSCC patients.

Although our study provides significant insights into the prognostic value of PAN.Score in HNSCC, its broader implications warrant
further discussion. The identification of specific PANoptosis-related genes that significantly influence patient outcomes not only ad-
vances our understanding of HNSCC pathophysiology but also opens new avenues for research. Future studies could focus on the
mechanistic role of these genes in HNSCC progression and response to therapy, which may lead to the development of targeted
therapeutic strategies. Furthermore, the clinical implications of our findings are substantial. The integration of PAN.Score into clinical
practice could revolutionize the prognostic assessment and treatment planning for HNSCC patients. It offers a potential tool for cli-
nicians to more accurately predict patient outcomes and tailor treatment approaches accordingly. The use of PAN.Score could be
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particularly impactful in the realm of personalized medicine, where individualized treatment decisions are paramount. Therefore, our
study not only contributes to the scientific understanding of HNSCC but also paves the way for improved patient management
strategies.

Our study highlights the prognostic significance of PAN.Score in HNSCC, but its potential clinical applications extend further.
Integrating PAN.Score into current clinical workflows could significantly enhance patient management in HNSCC. For instance, by
incorporating PAN.Score into routine diagnostic procedures, clinicians could more accurately assess disease prognosis, guiding more
personalized treatment plans. This approach aligns with the principles of personalized medicine, where treatment decisions are
tailored to individual patient profiles. We suggest future studies to explore the feasibility and practicality of implementing PAN.Score
in clinical settings, examining its impact on treatment outcomes and patient quality of life. As we chart the course for future research, it
is imperative to consider several key directions. Firstly, further validation studies are needed to confirm our findings across diverse
patient populations and clinical settings. Additionally, investigating the molecular mechanisms underlying PAN.Score could reveal
new therapeutic targets in HNSCC. Moreover, the potential applicability of our research to other cancer types presents an exciting
avenue for extending the impact of our findings, potentially contributing to a broader understanding of cancer biology and treatment.
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