
1

Vol.:(0123456789)

Scientific Reports |         (2023) 13:3877  | https://doi.org/10.1038/s41598-023-30934-z

www.nature.com/scientificreports

A comprehensive analysis 
of PANoptosome to prognosis 
and immunotherapy response 
in pan‑cancer
Lingling Zhuang 1, Qiran Sun 2, Shenglan Huang 3, Lanyan Hu 1 & Qi Chen 1*

PANoptosis, a programmed cell death, shares key characteristics of apoptosis, pyroptosis, and 
necroptosis. Accumulating evidence suggests that PANoptosis plays a crucial role in tumorigenesis. 
However, the respective regulation mechanisms in cancer are so far unclear. Using various 
bioinformatic approaches, we comprehensively analyzed the expression patterns, genetic alterations, 
prognostic value, and immunological role of PANoptosis genes in pan‑cancer. Expression of the 
PANoptosis gene, PYCARD, was validated based on the Human Protein Atlas database and real‑time 
quantitative reverse transcription polymerase chain reaction (RT‑PCR). We found that PANoptosis 
genes were aberrantly expressed in most cancer types, which was consistent with the validation 
of PYCARD expression. Concurrently, PANoptosis genes and PANoptosis scores were significantly 
associated with patient survival in 21 and 14 cancer types, respectively. Pathway analysis showed 
that PANoptosis score was positively correlated with pathways linked to immune and inflammatory 
responses in pan‑cancer, such as IL6‑JAK‑STAT3 signaling, the interferon‑gamma response, and 
IL2‑STAT5 signaling. In addition, the PANoptosis score was significantly correlated with the tumor 
microenvironment, the infiltration levels of most immune cells (i.e.NK cells, CD8+ T cells, CD4+ T cells, 
DC cells), and immune‑related genes. Furthermore, it was a predictive indicator of immunotherapy 
response in patients with tumors. These insights substantially improve our understanding 
of PANoptosis components in cancers and may inspire the discovery of novel prognostic and 
immunotherapy response biomarkers.

Programmed cell death (PCD) is an evolutionarily conserved process that plays a critical role in organism 
development and tissue  homeostasis1. PCD by apoptosis was suggested to act as a natural barrier against cancer 
progression; however, most tumor cells can develop resistance to apoptosis and thus to  therapy2,3. Pyroptosis 
and necroptosis are two additional well-researched PCDs. Pyroptosis is mediated by the gasdermin family which 
depends on the  inflammasome4, whereas necroptosis is mediated by receptor-interacting serine/threonine-
protein kinase 1 (RIPK1) and RIPK3 as well as the downstream effector of the mixed lineage kinase domain-like 
 pseudokinase5. PANoptosis, which is controlled by a complex termed PANoptosome, shares key characteristics 
of apoptosis, pyroptosis, and necroptosis but cannot be accounted for by any of them  alone6. Further, crosstalk 
among the three PCD types facilitates the conversion from one mode to another, under certain  conditions7–9. 
Therefore, therapeutic strategies trigging PANoptosis may provide an alternative way against cancer, especially 
when apoptosis is inhibited.

As an inflammatory PCD, PANoptosis is generally associated with a cytokine storm and plays negative roles in 
inflammatory or infectious  diseases10. In the context of cancer, it is believed that PANopotosis could be beneficial. 
For example, the combination of TNF-α and IFN-γ can induce inflammatory cell death, i.e., PANoptosis, in 
different human cancer cell lines and suppress the growth of tumors in vivo11, suggesting that PANoptosis might 
be an attractive therapeutic target. Evidence indicated that pyroptosis, necroptosis, and ferroptosis are tightly 
associated with antitumor  immunity12. However, the association between PANoptosis as a whole and anticancer 
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immunity remains unclear. In addition, the function and regulation pattern of PANoptosis components have 
not been comprehensively elucidated so far.

In this study, we performed a systematic bioinformatics analysis of the PANoptosome complex to investigate 
its roles and underlying mechanisms in pan-cancer. We evaluated the expression, genomics, epigenomics, and 
the prognostic value of PANoptosome across 33 cancer types. Moreover, we calculated the PANoptosis score 
and further assessed its association with the tumor immune landscape, including the tumor microenvironment 
(TME), immune cell infiltration, and immunotherapy responses. Our results reveal the potential role of the 
PANoptosome in various cancers, which may facilitate the discovery of novel prognostic and immunotherapeutic 
biomarkers.

Materials and methods
Data collection and processing. RNA sequencing data and clinical information on 33 tumors and 
normal tissues (Supplementary Table  S1) were retrieved from The Cancer Genome Atlas (TCGA) and the 
Genotype-Tissue Expression (GTEx) using USCS Xena (https:// xenab rowser. net). The "RMA"  package13 was 
used to remove not available and duplicates in the expression data; the data were then  log2 (transcripts per 
kilobase million (TPM) + 1) converted for further analysis. Ten genes including NLRP3, CASP1, CASP8, 
TNFAIP3, RIPK1, RIPK3, NR2C2, RBCK1, PSTPIP2, and PYCARD (Supplementary Table S2) were identified 
as components of the PANoptosome, according to a previous  study10.

The data of immune cell infiltration were downloaded from the Tumor Immune Estimation Resource 
(TIMER) (http:// timer. cistr ome. org) and Immune Cell Abundance Identifier (ImmuCellAI) databases (http:// 
bioin fo. life. hust. edu. cn/ ImmuC ellAI).

The dataset GSE35640 (65 metastatic melanoma patients treated with MAGE-A3 immunotherapy)14, GSE 
91061 (65 melanoma patients treated with Anti-CTLA4 and ant-PD1)15, and GSE135222 (27 advanced non-
small cell lung carcinoma patients treated with anti-PD-1/PD-L1)16 were downloaded from the Gene Expression 
Omnibus database (https:// www. ncbi. nlm. nih. gov) to explore the prediction ability of immunotherapy response 
based on PANoptosis scores.

Gene set cancer analysis using GSCALite. The Gene Set Cancer Analysis (GSCALite) server offers an 
integrated database for gene set analysis, including genomic variation, pathway, and drug sensitivity analysis 
(http:// bioin fo. life. hust. edu. cn/ web/ GSCAL ite/)17. In this study, the genomic alterations (mutation, copy 
number variation (CNV), and methylation) associated with the PANoptosome were analyzed using GSCALite.

PANoptosis score analysis. The single sample gene set enrichment analysis (ssGSEA) algorithm of the 
R package ‘GSVA’18 was used to compute the PANoptosis scores of each sample in each cancer type. The score 
reflects the overall expression level of the PANoptosome.

Survival analysis. Survival information associated with the tumor samples was retrieved from TCGA. 
Univariate Cox regression (uniCox) analysis was conducted to test the association of PANoptosome expression 
with survival using the R packages ‘Survival’ and ‘Survminer’19. We further explored the predictive value of 
PANoptosis scores for survival, including overall survival (OS), disease-specific survival (DSS), disease-free 
interval (DFI), and progression-free interval (PFI).

Gene enrichment analysis. Gene set variation analysis (GSVA) was performed to identify biological 
pathways associated with the PANoptosis score. We used the R package ‘GSVA’18 to compute pathway scores of 
HALLMARK term downloading from the MSigDB database (http:// softw are. broad insti tute. org/ gsea/ msigdb/ 
index. jsp). Correlations between PANoptosis scores and these pathways were tested.

TME and immune cell infiltration analyses. The ESTIMATE algorithm was used to calculate the 
immune score, stromal score, and tumor purity of each sample across different cancer types using the R package 
‘estimate’20. The correlation between the PANoptosis score and these scores was analyzed using Spearman’s 
correlation test. In addition, we evaluated the correlation between PANoptosis score and TME-related pathways 
according to a previous  study21. The associations of PANoptosis score with the abundance of immune cells as 
well as immune-related genes were further analyzed through Spearman’s correlation tests.

Human Protein Atlas. Human Protein Atlas (HPA) (https:// www. prote inatl as. org), is a website containing 
the immunohistochemistry-based expression of tumor tissues and normal  tissues22. In the present study, we 
compared the protein level of PYCARD in human normal and three tumor tissues including kidney renal 
clear cell carcinoma (KIRC), glioblastoma (GBM), and pancreatic adenocarcinoma (PAAD) by downloading 
immunohistochemical images from the HPA.

Cell lines and cell culture. Human normal renal tubular epithelial cells (HK-2), human GBM cell lines 
(U87 MG, T98G), human pancreatic duct epithelial cell line (hTERT-HPNE), and human PAAD cell line 
(PANC-1) were cultured in Dulbecco’s modified Eagle’s medium (Gibco, United States) containing 10% Fetal 
Bovine Serum (FBS, Gibco, United States) and 1% penicillin/streptomycin. Human KIRC cell lines (786-O, 
CaKi-1), human normal astrocytes (HA1800), and human PAAD cell line (ASPC-1) were cultured in RPMI-
1640 medium (Gibco, United States) containing 10% and 1% penicillin/streptomycin. Cells were cultured in 
incubator containing 5%  CO2 at 37 °C.

https://xenabrowser.net
http://timer.cistrome.org
http://bioinfo.life.hust.edu.cn/ImmuCellAI
http://bioinfo.life.hust.edu.cn/ImmuCellAI
https://www.ncbi.nlm.nih.gov
http://bioinfo.life.hust.edu.cn/web/GSCALite/
http://software.broadinstitute.org/gsea/msigdb/index.jsp
http://software.broadinstitute.org/gsea/msigdb/index.jsp
https://www.proteinatlas.org
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Quantitative Real‑time PCR analysis. After all cell lines being passaged for three generations, total 
RNA was isolated from cells using Trizol reagent (Invitrogen Carlsbad, CA, USA). The total RNA (1ug) was 
reversed transcribed using a PrimeScript RT Master Mix (TaKaRa Biotechnology, Otsu, Japan). Quantitative 
Real-time PCR was conducted using SYBR Premix EsTaq (Mei5 Biotechnology, Beijing, China) and run in 
real-time PCR detection system (Applied Biosystems, Foster City, CA, USA). The primer sequences were 
as follows: PYCARD (forward:AGC TCA CCG CTA ACG TGC TGC,reverse:GCT TGG CTG CCG ACT GAG 
GAG),GAPDH(forward:GGA AGC TTG TCA TCA ATG GAA ATC ,reverse:TGA TGA CCC TTT TGG CTC CC).

Statistical analysis. Differences between groups were estimated using Student’s t-test. Spearman’s test was 
adopted to analyze the correlation between two variables. All the statistical analyses were performed using R 
software (https:// www.r- proje ct. org/, version 4.0.3). Statistical significance is reported at P < 0.05.

Results
Expression and prognostic value of the PANoptosome. First, we analyzed the differential expression 
of PANoptosome components between tumor and normal samples by combing the data from the TCGA and 
GTEx databases in pan-cancer. Heterogeneous expression patterns of PANoptosis genes were observed across 
different cancer types (Fig. 1A). Among these genes, PYCARD was upregulated in most cancers. In addition, 
PANoptosis genes were significantly upregulated in cholangiocarcinoma (CHOL), GBM, acute myeloid 
leukemia (LAML), lower grade glioma (LGG), PAAD, and stomach adenocarcinoma (STAD), while their levels 

Figure 1.  The expression of PANoptosome components. (A) The differential expression of PANoptosome 
components between tumor and normal tissues in pan-cancer based on TCGA and GTEx databases. Red 
represents high expression, and blue represents low expression in tumor. P value and logFC are presented. 
(B) The correlation analysis of PANoptosome members in TCGA database. Darker shades mean a stronger 
correlation. (C) Protein–protein interaction (PPI) network of PANoptosome.

https://www.r-project.org/
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were downregulated in adrenocortical carcinoma (ACC), lung adenocarcinoma (LUAD), lung squamous cell 
carcinoma (LUSC), prostate adenocarcinoma (PRAD), and uterine carcinosarcoma (UCS). However, most genes 
did not present a significant difference in pheochromocytoma, paraganglioma (PCPG), and sarcoma (SARC). 
The correlation among PANoptosis genes was analyzed based on pan-cancer samples, and positive correlations 
were observed between these genes (Fig. 1B). Figure 1C shows the interaction network of these regulators as 
visualized using the STRING online website (https:// string- db. org/).

To determine the correlation of PANoptosis genes with survival, we performed uniCox regression analysis 
across 33 cancer types (Fig. 2). The results indicated that most PANoptosis genes were tumor risk factors. Among 
them, RBCK1 was associated with the highest number of cancer types. In addition, for skin cutaneous melanoma 
(SKCM), six of ten PANoptosis components predicted better survival, whereas eight of ten genes were predictive 
of poor prognosis in LGG.

Experiments to validate the expression of PYCARD. Based on the expression and survival analysis of 
PANoptosis genes in pan-cancer, we further validated the expression level of PYCARD in KIRC, GBM, and PAAD. 
For protein level from HPA database, we observed a much stronger staining of PYCARD in three tumor tissues 
compared to corresponding normal tissues (Fig. 3A–C). Consistent with the result of immunohistochemistry, 

Figure 2.  The prognostic significance of PANoptosome components.

Figure 3.  Protein and mRNA expression levels of PYCARD. (A–C) The protein expression of PYCARD in (A) 
kidney renal clear cell carcinoma (KIRC); (B) glioblastoma (GBM); (C) pancreatic adenocarcinoma (PAAD). 
(D–F) The mRNA expression of PYCARD in (D) KIRC cells; (E) GBM cells; (F) PAAD cells.

https://string-db.org/
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PYCARD was significantly up-regulated in human KIRC cells (CaKi-1), GBM cells (U87 MG and T98G), and 
PAAD cells (ASPC-1 and PANC-1) (Fig. 3D–F).

Analysis of genetic alteration. Tumorigenesis and progression are strongly associated with genomic 
changes. We assessed single nucleotide variants (SNV), CNV, and methylation alterations of 10 PANoptosis 
genes in cancer patients using the GSCALite database. Figure 4A shows the variant classification, variant type, 
SNV class, variants per sample, variant classification summary, and the frequency of 10 mutated genes in pan-
cancer samples. SNV frequency analysis indicated that NLRP3 had the highest SNV percentage (65%) in LUAD 
(Fig. 4B), and the SNV classification of missense mutation was the predominant type in pan-cancer. The top 
three mutated genes were NLRP3 (39%), CASP8 (27%), and TNFAIP3 (13%), whereas PYCARD exhibited the 
lowest mutation frequency (3%) (Fig. 4C).

CNV types and the proportion of each CNV type in each cancer type are shown in Fig. 5A. Heterozygous 
amplification and deletion were the primary CNV types. Correlation analysis indicated that the CNVs of 
PANoptosis genes were mainly positively associated with their mRNA expression, especially in PIPK1 and 
RBCK1 (Fig. 5B). PANoptosis genes had different levels of CNV alterations in each cancer type, particularly 
regarding heterozygous CNV changes (Fig. 5C,D). We further conducted methylation analysis, indicating that 
the methylation levels of 10 components were inversely correlated with mRNA expression in general (Fig. 5E). 
Figure 5F shows the difference in methylation levels in PANoptosis members between normal and tumor tissues, 
and the differential results varied markedly among cancers.

Differential comparison of PANoptosis scores. The PANoptosis score in pan-cancer was calculated 
using the ssGSEA approach based on the TCGA database. The highest PANoptosis score was found in LAML, 
while the lowest was observed in LGG (Fig. 6A). For tumor and adjacent normal tissues, the PANoptosis score 
was higher in CHOL, esophageal carcinoma (ESCA), head and neck squamous cell carcinoma (HNSC), KIRC, 
kidney renal papillary cell carcinoma (KIRP), SARC, STAD, and thyroid carcinoma (THCA), and it was lower in 
colon adenocarcinoma (COAD), LUAD, LUSC, and PRAD (Fig. 6B).

Figure 4.  The SNV alteration of PANoptosis genes in pan-cancer. (A) The summary of SNV alteration. (B) 
SNV frequency of genes in indicated cancer types. (C) The waterfall plot shows the mutation distribution of 10 
mutated genes across different cancers.
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Figure 5.  The CNV and methylation levels of PANoptosis genes in pan-cancer. (A) Pie plot displays the 
global CNV profile of PANoptosis genes in 33 cancer types. (B) The correlation between CNV and genes 
mRNA expression in TCGA pan-cancer samples. (C) The profile of homozygous CNV shows the percentage 
of amplifications and deletions of homozygous CNV for genes in each cancer. (D) The profile of heterozygous 
CNV shows the percentage of amplifications and deletions of heterozygous CNV for genes in each cancer. 
(E) Methylation difference between tumor and normal samples in indicated tumor types. (F) The correlation 
between methylation and genes mRNA expression in TCGA pan-cancer samples.
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Survival analysis of PANoptosis scores. The association between PANoptosis scores and cancer 
survival outcomes was further investigated with regard to OS, DSS, DFI, and PFI. uniCox analysis indicated that 
the PANoptosis score was a risk factor for OS in LGG, KIRC, PAAD, and LAML, and it was a protective factor in 
SARC, SKCM, mesothelioma (MESO), and breast invasive carcinoma (BRCA) (Fig. 7A). DSS analysis suggested 
that PANoptosis score was a risk factor for patients with LGG, KIRC, and PAAD, and it was a protective factor 
in SKCM, BRCA, SARC, and MESO (Fig. 7B). DFI analysis showed that the PANoptosis score was as a risk 
factor in KIRP and PAAD, while as a protective factor only in BRCA patients (Fig. 7C). Finally, the PFI analysis 

Figure 5.  (continued)
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indicated that PANoptosis score was a risk factor in LGG, GBM, KIRC, PAAD, and thymoma (THYM). And it 
was a protective factor for patients with BRCA, MESO, CHOL, ESCA, and bladder urothelial carcinoma (BLCA) 
(Fig. 7D).

Functional enrichment analysis of PANoptosis scores. To explore the function of PANoptosis scores 
in different cancers, we identified the potential pathways associated with PANoptosis scores through GSVA 

Figure 6.  The distribution of PANoptosis score. (A) The PANoptosis score in each cancer type. (B) Comparison 
of the PANoptosis scores in tumor and corresponding normal tissues based on TCGA cohort.
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based on the HALLMARK terms. The PANoptosis score was positively correlated with many malignant pathways 
in pan-cancer, especially IL6-JAK-STAT3 signaling, interferon-gamma response, inflammatory response, IL2-
STAT5 signaling, and TNF-a signaling via NF-kB signaling (Fig. 8). These results suggest that the PANoptosis 
score markedly affects the inflammatory response and the tumor immune microenvironment.

PANoptosis scores are associated with TME and immune cell infiltration. Increasing evidence 
suggested that the TME plays a critical role in multidrug resistance, tumor progression, and  metastasis23. To 

Figure 7.  The association between PANoptosis score and survival prognosis in pan-cancer. (A) Overall 
survival. (B) Disease-specific survival. (C) Disease-free interval. (D) Progression-free interval.
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explore the connection between PANoptosis and the TME, we applied the ESTIMATE algorithm to evaluate 
the correlation of PANoptosis scores with the composition of TME. The results indicated that the PANoptosis 
score was positively correlated with the immune, stromal, and ESTIMATE scores in pan-cancer (Fig.  9A). 
Furthermore, we investigated 12 TME-related pathways based on published data, including immune, stromal, 
and DNA repair-related pathways. The PANoptosis score was strongly correlated with immune-related pathways, 
such as immune checkpoint, CD8 T effector, and antigen processing machinery pathways (Fig. 9B).

To clarify the relationship between PANoptosis scores and immune cell infiltration in the TME, we conducted 
correlation analysis in pan-cancer. The results based on the TIMER database indicated that the PANoptosis score 
was strongly correlated with most immune cells in pan-cancer (Fig. 10A). Consistent with the above results, the 
same trend was observed from the data of the ImmuCellAI database. It showed that the PANoptosis score was 
positively correlated with the infiltration levels of NK cells, CD8+ T cells, CD4+ T, DC cells, and macrophages, 

Figure 8.  The correlation of PANoptosis score with HALLMARK pathways in pan-cancer.
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and it was negatively correlated with the levels of neutrophil cells, naive CD4+ T cells, and naïve CD8+ T cells 
(Fig. 10B).

In addition, we investigated the correlation of PANoptosis scores and immune-related genes, including 
immune-activation genes, chemokines, chemokine receptors, and MHC genes. Most immunomodulators 
exhibited a strong positive correlation with PANoptosis scores in pan-cancer (Fig. 11).

PANoptosis scores are associated with immunotherapy responses. Based on the established link 
between PANoptosis and immunity, we speculated that patients with high PANoptosis scores should be sensitive 
to immunotherapy. To confirm this, we retrieved information on immunotherapy responses and computed 
PANoptosis scores of patients in three cohort. We discovered that patients in the immunotherapy responder 
group had significantly higher PANoptosis scores than the non-responder group (Fig. 12A). Furthermore, we 
assessed the area under the curve (AUC) for predicting the immunotherapy responses with respect to PANoptosis 
scores, PD-1, PD-L1, and CTLA-4 levels. The receiver operating characteristics curve showed that the AUC of 
PANoptosis score (0.715) was larger than that of three immune checkpoints, which indicated that PANoptosis 
scores had a higher capacity to predict immunotherapy responses (Fig. 12B). The results of other two datasets 
suggested that there was higher percentage of responsive patients in high PANoptosis scores group (Fig. 12C,E). 
Meanwhile, patients with high PANoptosis scores showed longer PFS, even though they were not statistically 
significant (p > 0.05) (Fig. 12D,F).

Figure 9.  TME analysis of PANoptosis score in pan-cancer. (A) Heatmap shows the correlation between 
PANoptosis score and ImmuneScore, ESTIMATEScore, StromalScore, and TumorPurity. (B) Heatmap shows 
the correlation between PANoptosis score and TME-related pathways. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001.
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Figure 10.  Relationship of PANoptosis score with immune cell infiltration analysis. (A) The analysis of immune 
cell infiltration based on TIMER2 database. (B) The analysis of immune cell infiltration based on ImmuCellAI 
database.
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Discussion
PANoptosis, as a newly discovered type of PCD, has the potential to overcome apoptosis resistance and prime 
the immune system by inducing inflammatory cell death in  tumors24,25. Given its critical role in cancer, a better 
understanding of the PANoptotic master regulators is necessary for developing PANoptosis-targeted approaches. 
Using previously published data, we provided a comprehensive and systematic description of PANoptosis 
genes across 33 various cancer types. Our results revealed the potential mechanisms of PANoptosis genes and 
the associated pathways of common PANoptosome in cancers, thus elucidating the overall regulation of the 
PANoptosome complex in pan-cancer.

In the present study, we first evaluated the expression, prognostic value and genomic landscape of PANoptosis 
components. Our results indicated that PANoptosis genes were aberrantly expressed and associated with patient 
survival in a cancer-type-dependent manner. Specifically, most PANoptosis genes served as tumor risk factors in 
pan-cancer. Through genetic analyses, we observed that gene mutation was remarkable in NLRP3, CASP8, and 
TNFAIP3. It has been reported that cells with CASP8 mutation are resistant to extrinsic  apoptosis26, and mutation 
in CASP8 prevents cytolytic T cells from killing tumor cells by FasL-Fas interactions, representing a mechanism 
of immune  evasion27. Regarding CNV analysis, we found that PANoptosis genes, especially NLRP3, RBCK1, 
PSTPIP2, and TNFAIP3, may promote tumor progression via CNV alteration. For example, RBCK1 was highly 
upregulated in HNSC and LUSC and was associated with poor survival in these two cancer types. In addition, 
many reports have explored the oncogenic role of RBCK1 in different  cancers28–30. The NLRP3 inflammasome is 
a key component of the innate immune system and consists of NLRP3, PYCARD/ASC, and pro-CASP131. NLRP3 
activation in tumor-associated macrophages can regulate their polarization, which increases lung metastasis of 
 PDAC32. Inhibition of NLRP3 inflammasome decreases cell invasiveness in  HNSCC33. These results suggested 
that PANoptosis genes play a crucial role in tumor progression.

To further infer the activity of PANoptosome, we calculated the PANoptosis score for each patient in the pan-
cancer dataset. We found that the PANoptosis score was higher in CHOL, ESCA, HNSC, KIRC, KIRP, SARC, 
STAD, and THCA, and it was lower in COAD, LUAD, LUSC, and PRAD, compared to adjacent normal tissues. 
The result of uniCox analysis showed that PANoptosis score was a risk factor in LGG, KIRC, PAAD, LAML, GBM, 
and THYM, and it acted as a protective factor in SARC, SKCM, MESD, BRCA, MESO, CHOL, ESCA, and BLCA, 
which was consistent with previous results (Fig. 2). In the pathway analysis, we found that PANoptosis score 
was positively correlated with IL6-JAK-STAT3 signaling, interferon-gamma response, inflammatory response, 
IL2-STAT5 signaling, and TNF-a signaling via the NF-kB signaling pathway in 33 diverse cancer types. These 
results indicated that PANoptome was a key regulator of immune and inflammatory responses.

Increasing evidence has demonstrated that immune status in tumors is strongly influenced by the composition 
and infiltrating levels of cells in the corresponding  environment34,35. Therefore, we examined the correlation of 

Figure 10.  (continued)
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PANoptosis score with TME as well as the infiltration level of immune cells. As a result, a positive correlation 
of PANoptosis score with the immune, stromal, and ESTIMATE scores was observed in pan-cancer. Moreover, 
we found that the PANoptosis score was closely correlated with most immune cells in pan-cancer. To further 
explore the role of PANoptosis genes in cancer immunity, we analyzed the correlation of PANoptosis score with 
a series of immunomodulators which are important for  immunotherapy36. The result showed that most immune 
regulators had a positive association with the PANoptosis score in pan-cancer.

Immunotherapy is the main choice of systemic therapy for many cancer patients. Growing evidence suggests 
that pyroptosis, necroptosis, and ferroptosis are tightly associated with antitumor  immunity12. PANoptosis is 
a coordinated system in which any one pathway can compensate for another depending on the context and 
the  time37. Cancer cells undergoing pyroptosis and necroptosis can induce robust anticancer immunity, and 
the efficacy can be synergized by immune checkpoint inhibitor (ICI) therapy, even in ICI-resistant  cancers12. 
Based on the results of previous studies and our research, we next investigated whether PANoptosis scores could 
predict the response to immunotherapy. The findings showed that PANoptosis score had a better ability to predict 
immunotherapy response than PD-1, PD-L1, and CTLA-4. In addition, patients in the immunotherapy responder 
group had significantly higher PANoptosis scores than that of a non-responder group in metastatic melanoma, 
which was consistent with the result that high scores displayed a protective role in SKCM (Fig. 7). In another 

Figure 11.  Correlation between PANoptosis score and immune associated genes. (A) immune activated genes. 
(B) Chemokines. (C) Chemokine receptors. (D) MHC genes in pan-cancer. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001.
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Figure 12.  The correlation between PANoptosis score and immunotherapy response. (A) The difference of 
PANoptosis score between immunotherapy responder and non-responder in GSE35640 cohort. (B) ROC 
curve analysis for evaluating the predictive performance on immunotherapy response. (C,E) The percentage of 
responsive and progressive patients in high- and low- PANoptosis score groups in (C) GSE91061; (E) GSE13522 
cohorts. (D,F) The Kaplan–Meier PFS analysis of PANoptosis score in (C) GSE91061 and (E) GSE13522 
cohorts. PFS, progression-free survival. **P < 0.01.
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two immunotherapy datasets, patients with high PANoptosis scores benefited from the immunotherapy and had 
better survival outcome. These results suggest that PANoptosis score could be used as a predictive biomarker 
for immunotherapy response, however, further research is required to verify the prediction value and reveal the 
potential mechanisms.

In summary, we applied a multi-omics approach to characterize the functional role of PANoptosome 
complex and its association with the immune landscape in pan-cancer. Our results indicated that PANoptosis 
genes play a crucial role in tumor progression. They were associated with patients’ survival in a cancer-type-
dependent manner. Elevated PANoptosis score was closely correlated with TME and the infiltration level of most 
immune cells in pan-cancer. In addition, PANoptosis score could act as a biomarker for predicting response 
to immunotherapy in patients with cancers. The results of the study deepen our understanding of PANoptosis 
components in cancers and provide insights into the discovery of novel prognostic and immunotherapy response 
biomarkers.

Data availability
The datasets analyzed during the current study are available in the TCGA database (https:// tcgad ata. nci. nih. gov/ 
tcga/), GTEx database (https:// commo nfund. nih. gov/ GTEx), TIMER (http:// timer. cistr ome. org), ImmuCellAI 
database (http:// bioin fo. life. hust. edu. cn/ ImmuC ellAI), GEO database (https:// www. ncbi. nlm. nih. gov), GSCALite 
(http:// bioin fo. life. hust. edu. cn/ web/ GSCAL ite/), and MSigDB database (http:// softw are. broad insti tute. org/ gsea/ 
msigdb/ index. jsp).
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