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Background


The immune microenvironment of head and neck squamous cell carcinoma (HNSCC) is highly complex, and the mechanisms underlying interactions between natural killer (NK) cells and tumor-associated macrophages (TAMs) remain unclear. This study investigates the cellular heterogeneity, interaction patterns, and prognostic significance of NK-TAM crosstalk through multi-omics analyses.







Methods


A total of 58 HNSCC tissue samples were analyzed. NK and TAM subsets were identified using immunohistochemistry (CD16, CD64, CD163), single-cell RNA sequencing (GSE139324), and public databases (TCGA-HNSC, GSE65858). CellChat was used to infer ligand-receptor interactions, while spatial proximity was assessed via the CSOmap algorithm and validated by immunofluorescence. A prognostic model was constructed using LASSO Cox regression and validated in an immunotherapy cohort (PRJEB23709, phs000452.v2.p1).







Results


High CD16/CD64 expression correlated with favorable prognosis, while CD163 indicated poor outcomes (P < 0.05). NK cells were divided into IL32+NK (antiviral, T cell–activating), NFKBIA+NK (ribosome-related), and STMN1+NK (DNA repair–related) subsets. TAMs included APOE+TAM (M2-like), IL1B+/CXCL10+TAM (M1-like), and HSP+TAM (stress-responsive). IL32+NK interacted most strongly with APOE+TAM and CXCL10+TAM via SPP1, MIF, and ITGB2 pathways. Spatial mapping and immunofluorescence confirmed proximity and a positive correlation between IL32 and CXCL10 (R = 0.641, P < 0.001), and a negative correlation with APOE (R=–0.686, P < 0.001). A 23-gene NK-TAM interaction–related signature (CINT) effectively stratified patient risk in both training and validation cohorts (P < 0.05) and predicted survival benefit in immunotherapy-treated patients.







Conclusion


This study uncovers subtype-specific NK-TAM interactions in HNSCC and introduces CINT as a robust prognostic and immunotherapy response model, offering a new strategy for immune microenvironment–targeted therapy.
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Introduction


Head and neck cancer (HNC) is the seventh most prevalent cancer worldwide, with approximately 890,000 new cases and 450,000 deaths annually (1). Among HNCs, head and neck squamous cell carcinomas (HNSCCs) are the predominant histological subtype (2), representing over 90% of all cases. The incidence and prevalence of HNSCC vary considerably across different countries and regions. These disparities are primarily linked to factors such as tobacco exposure, excessive alcohol consumption, and human papillomavirus (HPV) infection (3, 4). Standard treatment options for head and HNSCC currently encompass surgery, radiotherapy, chemotherapy, immunotherapy, or a combination of these modalities. Immunotherapy, in particular, has gained attention as a promising therapeutic avenue for HNSCC (5). The immune microenvironment significantly influences the pathophysiology of the disease (6). To improve patient prognosis and the effectiveness of immunotherapy for HNSCC, it is crucial to conduct in-depth exploration of the tumor immune microenvironment.


NK cells, a key component of the innate immune system, play a vital role in eliminating virally infected, stressed, and malignant cells. Human NK cells are classified into two subsets based on their surface expression of CD56: CD56bright and CD56dim, each exhibiting distinct phenotypic traits (7). CD16 is a key functional marker of NK cells, particularly highly expressed in the CD56dim subset, which mediates antibody-dependent cellular cytotoxicity (ADCC). It serves as a central target for enhancing the anti-tumor activity of NK cells. Activation of NK cells occurs through various molecular signals relayed by stimulatory or inhibitory receptors found on a range of immune cells, including macrophages, dendritic cells, eosinophils, and T cells. This activation not only enables NK cells to execute their cytotoxic functions but also facilitates communication and co-stimulation, allowing them to modulate both innate and adaptive immune responses effectively (8, 9).


TAMs are functionally categorized into classically activated M1 and alternatively activated M2 types (10). Human M1 macrophages, marked by CD86 and CD64, act as the first line of defense against microbial infections, exhibiting strong antigen-presenting capacity and eliciting robust Th1 responses. M2 macrophages, characterized by the expression of surface markers such as CD206 and CD163 (11), play a crucial role in modulating immune responses. As a result, M2-type TAMs are frequently associated with pro-tumor activities, whereas M1-type TAMs are linked to anti-tumor effects (10, 12). This functional dichotomy highlights the importance of understanding the balance between these macrophage subsets within the tumor microenvironment, as it influences both tumor progression and therapeutic outcomes.


Emerging evidence highlights the complex crosstalk between TAMs and NK cells, a critical determinant of anti-tumor immune responses. IL-10 secreted by TAMs suppresses the local production of IL-12, a cytokine essential for inducing a Th1 response and enhancing NK cell cytotoxicity (13). Young et al. (14) also demonstrated that macrophages can inhibit NK cell function, showing that prostaglandin E2 (PGE2) released by alveolar macrophages suppressed NK cell activity in a murine lung carcinoma model. Both M2-polarized macrophages and TAMs inhibited NK cell CD27 expression and cytotoxicity in a contact-dependent manner, with TGF-β being essential for the suppressive effect of M2 macrophages. Additionally, TAMs promoted a CD27low CD11bhigh exhausted NK cell phenotype (15). However, the functional interactions between specific subsets of NK and TAMs and their prognostic significance in the microenvironment of HNSCC remain unclear. This study aims to focus on the key cell interaction groups in the microenvironment of head and neck squamous cell carcinoma, especially the NK and TAM cell subpopulations with special status, and explore the special status and prognostic efficacy of cell subpopulations from the perspective of cell interaction.







Materials and methods






Patients and specimens


A total of 58 primary HNSCC specimens were collected from the tissue bank of our affiliated hospital from 2014 to 2019. All patients underwent radical surgical resection according to the NCCN guidelines and did not receive chemotherapy or radiotherapy before surgery. Follow-up was performed by telephone interview or medical record review. Clinical pathological parameters, including tumor stage, degree of differentiation, smoking and drinking history, were retrieved from medical records and follow-up data. The present study was approved by the Medical Research Ethics Committee of The Fourth Military Medical University.







Immunohistochemical staining


Paraffin-embedded tumor tissue samples were collected for immunohistochemical (IHC) analysis. Primary antibodies included rabbit polyclonal anti-CD16 (Servicebio, GB113963), rabbit polyclonal anti-CD163 (Servicebio, GB115709), and rabbit monoclonal anti-CD64 (Abcam, ab302901). Peroxidase-conjugated goat anti-rabbit IgG antibodies were used as secondary antibodies. All stained sections were independently and blindly evaluated by two experienced pathologists. Tumor samples exhibiting positive staining rates above the median were classified as having high expression, while those with staining rates at or below the median were classified as having low expression.







Data collection


FPKM expression profiles for TCGA-HNSC were downloaded using the R package TCGAbiolinks, followed by log transformation. Survival data and clinical information were also collected, retaining 494 tumor samples with both expression and survival information for signature construction.


The GEO database (https://www.ncbi.nlm.nih.gov/geo/) was used to download bulk expression profile data from GSE65858 along with corresponding clinical information for signature validation. The data processing standards for GEO bulk datasets involved converting probes to symbols based on the correspondence of each platform. Probes corresponding to multiple genes were removed, while for multiple probes corresponding to the same symbol, the median value was taken.


Additionally, the GSE139324 single-cell dataset for HNSCC was downloaded from the GEO database. This dataset includes expression profiles from 32 peripheral blood samples (26 tumor + 6 normal) and 31 tissue samples (26 tumor + 5 normal). Among these, 31 tissue samples were selected for this project analysis, focusing exclusively on immune cells (specifically NK cells and TAMs) as required by the study design.


Clinical and transcriptomic data from two cohorts of tumor patients undergoing PD-1/PD-L1 blockade therapy (PRJEB23709 and phs000452.v2.p1, Van Allen et al.) were downloaded to evaluate the predictive efficacy of the signature in immunotherapy cohorts. Details of the data types, actual sample sizes used in the analysis, and their respective purposes are summarized in the 
Table 1
.



Table 1 | 
Datasets used in this study.





	Dataset ID

	Data Type

	Number of Tumor Samples Used

	Purpose of Analysis






	TCGA-HNSC
	bulk
	494
	Signature construction; training set



	GSE65858
	bulk
	270
	Signature validation; validation set



	PRJEB23709
	bulk
	90
	Evaluation of signature predictive performance in immunotherapy cohorts



	phs000452.v2.p1
	bulk
	41
	Evaluation of signature predictive performance in immunotherapy cohorts



	GSE139324
	scRNA
	26 tumor / 5 normal
	Identification of NK cell subpopulations, TAM subpopulations, and their marker genes















Single-cell transcriptomic data quality control


Quality control of the 31 single-cell samples was performed using the R package Seurat (v4.1.0). To exclude low-quality cells and low-expressed genes, the following thresholds were set: (1) each gene must be expressed in at least 3 cells; (2) the number of features per cell was restricted to between 500 and 2000, and the number of counts per cell was set between 1000 and 7500; (3) the proportions of mitochondrial genes and red blood cell genes in each cell were both limited to less than 10%.


Subsequently, the NormalizeData function was used for normalization, and the FindVariableFeatures function was employed to identify highly variable genes based on an average expression value (greater than 0.1 and less than 8) and dispersion (greater than 0.5). Batch correction between samples was conducted using the R package Harmony to avoid batch effects interfering with downstream analyses. The data were then scaled, and dimensionality reduction was performed using principal component analysis (PCA), selecting the top 50 principal components for downstream analysis. Visualization was accomplished using the RunTSNE function, and cell clustering was conducted using the FindClusters function. Cell types were annotated based on the expression of known markers.







Identification of NK cell subpopulations


NK cells were extracted from tumor samples, and following standardization, normalization, identification of highly variable genes, batch effect correction, and PCA (with parameters consistent with the data quality control section), the top 50 principal components were selected with a resolution set to 0.3. Clustering and subgroup identification were performed to recognize NK cell subpopulations. Characteristic genes for each subpopulation were identified using the FindAllMarkers function (with avg_log2fc > 0.25 and p_val_adj < 0.05).







Identification of TAM cell subpopulations


Myeloid cells were extracted from tumor samples, and similar procedures of standardization, normalization, identification of highly variable genes, batch effect correction, and PCA were applied (with parameters consistent with the data quality control section). The top 50 principal components were selected, and a resolution of 0.3 was set for clustering and subgroup identification. Based on cell type markers, four TAM subpopulations, two DC subpopulations, and two monocyte subpopulations were identified. Characteristic genes for each subpopulation were identified using the FindAllMarkers function (with avg_log2fc > 0.25, p_val_adj < 0.05, and min.pct > 0.5).







Cell communication analysis


To investigate the potential interactions between NK cell subpopulations and TAM cell subpopulations, cell communication analysis was performed on single-cell data using the R package CellChat. The specific steps are as follows: the CellChat object was constructed using the create CellChat function, and cell subpopulations were set as the default cell identifiers using the setIdent function. The CellChatDB.human database was configured as the ligand-receptor interaction database. Overexpressed genes were identified using the identifyOverExpressedGenes function, and overexpressed ligand-receptor interactions were identified using the identify OverExpressedInteractions function. The gene expression data were projected onto the protein-protein interaction (PPI) network using the projectData function. Communication probabilities were calculated and the CellChat network was inferred using the computeCommunProb function. Filtering was performed with the filterCommunication function, setting min.cells = 10 as the threshold. Cell-cell communication was inferred at the signaling pathway level using the computeCommunProbPathway function, and the communication network was aggregated using aggregateNet. Subsequently, the interaction counts among different cell groups were visualized using the netVisual_circle function. Additionally, the network centrality scores were calculated using netAnalysis_computeCentrality, and the visualization of the centrality scores was conducted with the netAnalysis_signalingRole_network function.







Immunofluorescence analysis


Immunofluorescence (IF) staining was performed on 58 paraffin-embedded HNSCC tissue sections (4 μm thick) using the tyramide signal amplification (TSA) system. Sections were deparaffinized in xylene, rehydrated in graded ethanol, and antigen-retrieved via microwave heating in EDTA buffer (pH 8.0). Endogenous peroxidase was quenched with 3% H2O2 for 10 min, followed by blocking with 5% BSA or 10% goat serum for 30 min. The slides were then incubated overnight at 4°C with primary antibodies, including anti-APOE monoclonal antibody (66830-1-Ig,Proteintech,1:400), anti-IL-32 polyclonal antibody (11079-1-AP, Proteintech,1:400), and anti-CXCL10 polyclonal antibody (10937-1-AP, Proteintech,1:500). The next day, sections were washed in PBS and incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies, followed by TSA fluorophore development according to the manufacturer’s instructions. Nuclear staining was performed using 4′,6-diamidino-2-phenylindole (DAPI). For multiplex staining, antigen retrieval and antibody incubation steps were repeated for each target protein. After autofluorescence quenching, slides were mounted with anti-fade medium. Images were captured using a Nikon Eclipse C1 fluorescence microscope and analyzed with Fiji ImageJ software.







Spatial organization and communication of cells


The spatial organization of cells is closely related to various cellular functions and behaviors, including cell-to-cell interactions. However, scRNA-seq data typically lack such spatial information, as cells must be separated prior to sequencing. The CSOmap algorithm developed by Zhang Zemin’s team enables the spatial reconstruction of gene expression using only scRNA-seq data (16). Specifically, CSOmap can not only predict cell interactions but also infer cellular spatial organization from scRNA-seq data, construct spatial expression patterns of ligands and receptors, and infer intercellular communication information, revealing signaling mechanisms of cell behaviors such as tumor progression, development, and differentiation. Therefore, the CSOmap algorithm was utilized to infer the three-dimensional proximity and communication information between NK cell subpopulations and TAM cell subpopulations.







Construction and validation of prognostic biomarkers based on cellular interaction mechanisms


Based on the characteristic genes of NK cell subpopulations, the ssGSEA algorithm from the R package GSVA was used to calculate the enrichment scores of each cell subpopulation for TCGA-HNSC samples as subpopulation features. Univariate Cox regression analysis was performed to determine the hazard ratios (HR) and prognostic significance of the characteristics of each NK cell subpopulation.


We integrated cell communication and spatial data to identify TAM populations that significantly interact with prognosis-related NK cell subpopulations (p < 0.05) and are spatially accessible. The characteristic genes of these interacting TAM-NK cell groups were then selected as candidate genes for further analysis.


Univariate Cox regression analysis was then used to determine the HR and prognostic significance of the candidate genes, filtering for genes with p < 0.05 to identify prognostic-related genes. LASSO regression analysis (using the R package glmnet) was employed to further select key prognostic factors. A risk score signature for predicting patient survival was constructed by weighting the expression of each key prognostic factor with its corresponding LASSO regression coefficient (where “exp” represents gene expression levels and “coef” represents LASSO regression coefficients):
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Samples were divided into high and low groups based on their scores. Kaplan-Meier survival curves were generated for prognostic analysis, and the log-rank test was utilized to determine the significance of differences between the two groups, further analyzing the correlation of these two categories with OS. The predictive capability of the scoring system was evaluated using receiver operating characteristic (ROC) curves, with the area under the curve (AUC) visualized using the R package timeROC. Additionally, both univariate and multivariate Cox analyses were conducted to explore the independent prognostic value of the score.







GSVA (gene set variation analysis) and functional enrichment


GSVA is a non-parametric, unsupervised method primarily used to estimate variations in pathway and biological process activity within samples. Gene sets from the KEGG and GOBP sub-libraries of the MSigDB database were downloaded for GSVA analysis. The R packages GSVA and GSEABase were utilized to compare functional differences among different cell subpopulations.







Statistical analysis


All in vitro experiments were independently repeated three times. Intergroup comparisons and associations between protein expression and clinicopathological parameters were analyzed using the χ² test. Correlations between protein expression levels were assessed using Pearson correlation analysis. Survival analyses were conducted using the Kaplan–Meier method, with differences compared using the log-rank test. Statistical analyses were performed using SPSS software (version 24.0; IBM Corp., Armonk, NY, USA), and a two-tailed P value < 0.05 was considered statistically significant.


Bioinformatics analyses were carried out using R software (version 4.1.2). For comparisons of expression levels, invasion rates, and other characteristics, the Wilcoxon rank-sum test was used for two-group comparisons, while the Kruskal–Wallis test was applied for comparisons among multiple groups. In the figures, “ns” indicates P > 0.05, * indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001, and **** indicates P < 0.0001.








Results






Correlation between CD16, CD64 and CD163 expressions and patient prognosis


As summarized in 
Table 2
, CD16, CD64, and CD163 exhibited no significant association with the evaluated clinicopathological parameters, encompassing gender, age, smoking history, alcohol history. CD16 and CD64 exhibit high expression in early-stage disease and well-differentiated tumors, in contrast to CD163, which is upregulated in advanced stages and poorly differentiated tumors.



Table 2 | 
Clinicopathological correlates of CD16, CD64, and CD163 expression.





	Variables

	N

	CD16

	χ²

	P-value

	CD64

	χ²

	P-value

	CD163

	χ²

	P-value




	High(n=31)

	Low(n=27)

	High(n=30)

	Low(n=28)

	High(n=26)

	Low(n=32)






	Gender




	Male
	25
	13
	12
	0.037
	0.847
	14
	11
	0.007
	0.933
	12
	13
	0.179
	0.672



	Female
	33
	18
	15
	 
	 
	16
	12
	 
	 
	14
	19
	 
	 



	Age




	≤50
	30
	16
	14
	0.000
	0.849
	15
	15
	0.074
	0.786
	12
	18
	0.586
	0.444



	>50
	28
	15
	13
	 
	 
	15
	13
	 
	 
	14
	14
	 
	 



	Stage




	I + II
	24
	17
	7
	4.973
	0.026*

	17
	8
	5.107
	0.024*

	7
	17
	4.060
	0.044*




	III + IV
	34
	14
	20
	 
	 
	13
	21
	 
	 
	19
	15
	 
	 



	Smoking history




	Nonsmoker
	41
	22
	19
	0.002
	0.960
	21
	20
	0.025
	0.874
	19
	22
	0.130
	0.719



	Smoker
	17
	9
	8
	 
	 
	9
	8
	 
	 
	7
	10
	 
	 



	Alcohol history




	Nondrinker
	45
	25
	20
	0.358
	0.549
	22
	23
	0.014
	0.905
	21
	24
	0.275
	0.600



	Drinker
	13
	6
	7
	 
	 
	8
	5
	 
	 
	5
	8
	 
	 



	Pathological differentiation




	Well
	23
	17
	6
	6.416
	0.011*

	18
	5
	10.75
	0.001*

	6
	17
	5.142
	0.020*




	Moderately/poorly
	35
	14
	21
	 
	 
	12
	23
	 
	 
	20
	15
	 
	 










All patients were followed until death or for a maximum of 60 months. By the end of the follow-up period, 4 patients (6.9%; 4/58) were lost to follow-up, 29 patients (50.0%; 29/58) were alive, and 25 patients (43.1%; 25/58) had died. The overall survival rate of patients with HNSCC was analyzed based on the expression levels of CD16, CD64, and CD163. As shown in 
Figure 1
, high expression of CD16 and CD64 was significantly associated with better prognosis in HNSCC patients (P < 0.05; 
Figures 1A1, A2, C1, C2
), whereas high expression of CD163 correlated with poorer prognosis (P < 0.05; 
Figures 1B1, B2, E
).


[image: Microscopic images of tissue samples are shown in three rows with corresponding survival probability graphs. The top row compares CD16 Low and High expressions, the second row compares CD163 Low and High, and the third row compares CD64 Low and High expressions. Graphs on the right show survival probability over months with CD expressions marked as Low or High. Scale bars of 200 micrometers and 100 micrometers indicate magnification levels.]
Figure 1 | 
Analysis of the impact of CD16, CD64, and CD163 expression on survival in HNSCC patients. (A1–C1) Representative immunohistochemical images showing low-level expression of CD16, CD64, and CD163 in HNSCC patients; (A2–C2) Representative immunohistochemical images showing high-level expression of CD16, CD64, and CD163 in HNSCC patients; (D, F) High-level expression of CD16 and CD64 is significantly associated with improved overall survival in HNSCC patients (P < 0.05); (E) High-level expression of CD163 is significantly associated with poorer overall survival in HNSCC patients (P < 0.05).








Microenvironment cell landscape


After quality control of the single-cell data, a total of 60,951 cells were retained, detecting
20,641 genes (quality control results are shown in 
Supplementary Figure S1
). Among these, 656 genes were defined as highly variable genes (
Figure 2A
), including IGHG2, IGHG3, and IGHG1. The top 50 principal components (PCs) were selected for subsequent t-SNE visualization analysis (
Figure 2B
), and Harmony was used to remove batch effects between samples (
Figures 2C, D
). At a resolution of 2, 32 + 5 cell clusters were identified (
Supplementary Figure S2
). Cell types for each cluster were annotated based on known markers (
Figure 2E
; marker expression t-SNE distribution is shown in 
Supplementary Figure S2
). The identified cell populations included 11,069 B cells, 1,287 cycling cells, 290 mast cells, 4,778 myeloid cells, 1,747 NK cells, 16,570 NKT cells, 206 plasma cells, 24,409 T cells, and 595 unknown cells (
Figure 2F
; t-SNE distribution maps of the two sample groups are shown in 
Supplementary Figure S3
). The cell proportions in the two sample groups were statistically analyzed (
Supplementary Table S1
), revealing that the proportions of myeloid, NKT, NK, and mast cells were higher in tumor samples compared to normal samples, while the proportion of B cells was lower in tumor samples (
Figure 2G
; see 
Supplementary Figure S4
). Subsequently, characteristic genes for different cell types were identified based on
FindAllMarkers (
Supplementary Table S2
), sorted by avg_log2FC in descending order, and filtered to retain genes expressed in at least 50% of the target subpopulation. The top 5 characteristic genes for each cell group included LYZ, MS4A1, GNLY, among others (
Figure 2H
).
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Figure 2 | 
Microenvironment cell landscape. (A) scatter plot of highly variable genes; (B) ElbowPlot of principal component analysis; (C) TSNE distribution of sample cells before removing batch effect; (D) TSNE distribution of sample cells after removing batch effect; (E) bubble plot of marker gene expression; (F) TSNE distribution of cell types; (G) distribution ratio of sample cells; (H) bubble plot of top5 characteristic gene expression.









Identification of NK cell subpopulations


NK cells were extracted and re-normalized for clustering analysis, resulting in the
identification of three cell clusters (
Supplementary Figure S5A
). Characteristic genes for each cluster were identified using FindAllMarkers, and
subpopulations were named based on the highly expressed genes of each cluster (
Supplementary Figure S5B
; 
Figure 3B
). The identified subpopulations included IL32+NK (n=904), NFKBIA+NK (n=675), and STMN1+NK (n=112; 
Figure 3A
), with varying proportions of cell subpopulations across samples (
Figure 3C
; 
Supplementary Table S3
). Characteristic genes for each NK cell subpopulation were identified using FindAllMarkers
(
Supplementary Table S4
). The IL32+NK subpopulation exhibited high expression of genes such as ISG15, TRAC, and ISG20, with its characteristic genes enriched in biological processes related to responses to viruses and exogenous stimuli, as well as T cell activation regulation (
Figure 3D
; 
Supplementary Table S5
). The NFKBIA+NK subpopulation expressed high levels of AREG, XCL1, and XCL2, with characteristic genes enriched in biological processes related to cytoplasmic translation, nucleolar assembly, and ribonucleoprotein complex biogenesis (
Figure 3E
; 
Supplementary Table S5
). The NFKBIA+NK subset exhibited concomitant elevation of XCL1 and XCL2, chemokines critical for recruiting cDC1 to bridge innate and adaptive immunity (17), together with AREG, a factor involved in tissue repair and immune regulation (18). This expression profile suggests that these cells may function as an immunoregulatory NK population specialized in coordinating antitumor immunity and modulating the tumor microenvironment.The STMN1+NK subpopulation showed high expression of TYMS, DUT, and PCNA, with characteristic genes enriched in biological processes such as DNA replication, DNA recombination, and repair mechanisms (
Figure 3F
; 
Supplementary Table S5
). The concomitant high expression of PCNA (a canonical marker of cell proliferation (19)), along with TYMS and DUT (key enzymes involved in deoxyribonucleotide synthesis and genomic fidelity (20, 21)), indicates that the STMN1+NK subset may represents a proliferative NK cell population poised for clonal expansion, potentially contributing to the maintenance and renewal of NK cells within the tumor microenvironment.


[image: Panel A shows a UMAP plot with colored clusters representing different NK subtypes: IL32+NK in red, NFKBIA+NK in blue, and STMN1+NK in green. Panel B displays a dot plot illustrating expression levels and the percentage of expressed features across the subtypes. Panel C offers a stacked bar chart indicating the subtype composition across samples. Panels D, E, and F are bubble charts illustrating Gene Ontology Biological Process enrichment for IL32+NK, NFKBIA+NK, and STMN1+NK, respectively, with varying bubble sizes and colors signifying rich factor, count, and statistical significance.]
Figure 3 | 
NK cell subset identification. (A) UMAP distribution of cells in each subpopulation; (B) bubble chart of top5 characteristic gene expression; (C) distribution ratio of cell subpopulations in each sample; (D–F) GOBP enrichment analysis bubble chart of characteristic genes in each subpopulation.




Using TCGA-HNSC samples, feature scores for each NK cell subpopulation were calculated, and
samples were stratified into high and low feature groups based on these scores. The results indicated that the high feature group of IL32+NK was associated with better prognosis (
Supplementary Figure S6
).







Identification of TAM cell subpopulations


Myeloid cells were extracted and re-normalized for clustering analysis, resulting in the identification of 9 cell clusters at a resolution of 0.3 (
Figure 4A
). Cell types for each cluster were annotated based on myeloid subpopulation markers and highly expressed genes (
Figures 4B, C
). This analysis identified four TAM subpopulations (APOE+TAM, IL1B+TAM, CXCL10+TAM, and HSP+TAM), two monoocyte subpopulations (CD14+Mono and CD16+Mono), and two dendritic cell subpopulations (cDC and LAMP3+DC; 
Figure 4D
). Characteristic genes for each cell subpopulation were identified using FindAllMarkers
(
Supplementary Table S6
). The APOE+TAM subpopulation exhibited high expression of APOE, APOC1, C1QB, and C1QA, with specific expression of M2 macrophage markers MRC1, CD163, and MSR1, indicating an M2 bias. The IL1B+TAM subpopulation showed high expression of IL1B, CCL3, and CXCL12, indicating an M1 bias. The CXCL10+TAM subpopulation expressed high levels of CXCL10, ISG15, and CCL2, also indicating an M1 bias. The HSP+TAM subpopulation exhibited high expression of HSPB1, HSPA6, and HSPA1A, with no clear bias (
Figure 4E
). The distribution proportions of cell subpopulations varied among samples (
Figure 4F
; 
Supplementary Table S7
). In patients aged 60 and above, the proportion of APOE+TAM cells (within the myeloid cell population) was significantly higher compared to those under 60. The proportion of IL1B+TAM cells was higher in alcohol-consuming patients than in non-drinkers, while the proportions of CXCL10+TAM and HSP+TAM cells showed no significant differences across different clinical feature groups (
Figure 4G
).


[image: The image consists of multiple panels depicting data visualization on cell clustering and gene expression. Panel A shows a UMAP plot displaying cell clusters. Panel B features a dot plot of gene expression across different cell identities, with dot size representing percent expressed and color indicating expression level. Panel C includes UMAP plots highlighting APOE and LAMP3 expression. Panel D displays a subtype UMAP plot with colored clusters. Panel E is another dot plot with detailed gene expression data. Panel F features a stacked bar chart showing subtype proportions. Panel G presents box plots comparing various features such as age, tobacco use, and HPV status with gene expression levels.]
Figure 4 | 
Identification of myeloid cell subsets. (A) UMAP distribution of different cell clusters; (B) Bubble diagram of marker gene expression; (C) UMAP distribution diagram of marker gene expression; (D) UMAP distribution of cells in each subpopulation; (E) Bubble diagram of top5 characteristic gene expression; (F) Proportion of cell subpopulation distribution in each sample; (G) Comparison of the proportion of TAM subpopulation cells in different clinical feature groups.




Gene set enrichment analysis (GSEA) for KEGG and GOBP pathways was performed on each myeloid cell
subpopulation. The pathways related to tyrosine metabolism, galactose metabolism, and pyruvate metabolism, as well as biological processes such as receptor-mediated endocrine signaling and organic hydroxy compound metabolism, were significantly activated in the APOE+TAM cells. In contrast, biological processes related to wound healing, response to injury, and leukocyte migration were significantly activated in IL1B+TAM cells. The CXCL10+TAM cells exhibited significant activation of biological processes related to the response to viruses, negative regulation of viral genome replication, and modulation of responses to biological stimuli. Additionally, biological processes such as protein folding, response to temperature stimuli, and response to heat were significantly activated in HSP+TAM cells (
Supplementary Figure S7
; 
Supplementary Table S8
).







Characterization of NK cell interactions with TAM cells based on ligand-receptor interactions


To further elucidate the communication differences between cell subpopulations, communication analysis was performed using the CellChat package. A broad spectrum of cell communication was observed among the various cell groups (
Figures 5A-D
). We focused on the TAM subpopulations communicating with IL32+NK cells, finding that the interactions primarily concentrated on signaling pathways such as SPP1, MIF, and ITGB2 (
Figure 5E
). We extracted the number of ligand-receptor pairs and communication strength between IL32+NK and the four TAM subpopulations. The results revealed that both as signal senders and receivers, IL32+NK cells exhibited more extensive interactions with the APOE+TAM and CXCL10+TAM subpopulations (
Figure 5F
).


[image: Complex data visualization with multiple panels showing cellular interactions in various formats. Panel A displays circular network graphs comparing number and strength of interactions between cell types. Panel B includes heatmaps illustrating outgoing and incoming signaling patterns. Panel C is a scatter plot of interaction strengths, with dot sizes representing counts. Panel D features bubble charts comparing communication patterns of secreting and target cells, with bubble sizes indicating contribution levels. Panel E showcases signaling pathway networks with circular graphs highlighting different pathways. Panel F presents heatmaps showing incoming and outgoing interaction weights.]
Figure 5 | 
Cell communication analysis. (A) Receptor-ligand pairs/communication strength between different cell populations, the size of the dot represents the corresponding cell number, the more cells the bigger the dot, the thickness of the line represents the receptor-ligand pairs/communication strength between different cell populations, the more the number of ligands/communication strength the thicker the line, the color of the line is consistent with the color of the signal sender; (B) signaling dominant statistical heat map, heat map of the outgoing signal contribution of each pathway in the outgoing/incoming mode; (C) signaling dominant statistical dot map, the color of the dot represents the different cell populations, the size of the dot is proportional to the number of ligands and receptors inferred for each cell population, the x-axis and y-axis represent the strength of the cell population as a signal sender and receiver, respectively; (D) dot map of the outgoing signal contribution of each pathway in the outgoing/incoming mode, the horizontal axis represents each signaling pathway, the vertical axis represents each type of cell, and the contribution of each type of cell to the outgoing/incoming signal of a certain pathway; (E) network diagram of the signaling pathway; (F) heat map of the receptor-ligand pairs/communication strength between IL32+NK cells and TAM cell subsets.









Validation of proximity of interactive cells in three-dimensional space


Using CSOmap, we explored the three-dimensional spatial proximity of NK cell subpopulations and TAM cell subpopulations inferred from transcriptomic data (
Figures 6A-C
). This analysis further confirmed the extensive interactions between NK cell subpopulations and TAM cell subpopulations, with particularly high proximity observed between IL32+NK and the APOE+TAM and IL1B+TAM subpopulations (
Figure 6D
).


[image: Scatter plot (A) with colored dots representing different cell types. Heatmap (B) showing density distribution of data points with a gradient from yellow to orange. Bar chart (C) displaying log density values for each cell type. Matrix plot (D) visualizes pairwise comparisons with pie charts indicating the proportion of specific cell types, accompanied by a color intensity scale on the right.]
Figure 6 | 
CSOmap verifies the accessibility of cells in three-dimensional space. (A) distribution of cells in three-dimensional space; (B) distribution density of cells on a two-dimensional plane; (C) statistical box plot of cell population distribution density; (D) heat map of accessibility of cell populations inthree-dimensional space (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).









Immunofluorescence validation of protein expression levels


To further validate the interaction between IL32+NK cells and the APOE+ and CXCL10+TAM subpopulations, we performed immunofluorescence analysis to assess the expression patterns of the corresponding proteins. The results revealed a significant positive correlation between IL32 and CXCL10 expression in the majority of HNSCC tissue samples (P < 0.001, R = 0.641; 
Figures 7A, B, E
), indicating a potential cooperative relationship. Conversely, IL32 expression was significantly negatively correlated with APOE expression (P < 0.001, R = –0.686; 
Figures 7C, D, F
), suggesting a mutually exclusive expression pattern between IL32+NK cells and APOE+TAM.


[image: Panels A and B show tissue samples stained for IL32 and CXCL10, illustrating high and low expression levels. Panels C and D depict IL32 and APOE staining, indicating expression variations. Panel E displays a scatter plot with a positive correlation between IL32 and CXCL10 expression. Panel F shows a negative correlation between IL32 and APOE expression. Both plots indicate significant correlations with R and P values noted.]
Figure 7 | 
Representative immunofluorescence images and correlation analysis. (A, B) Representative immunofluorescence images showing high-level (A) and low-level (B) co-expression of IL32 and CXCL10; (C) Scatter plot demonstrating a significant positive correlation between IL32 and CXCL10 expression in HNSCC tissue samples. (P < 0.001, R = 0.641). (D, E) Representative immunofluorescence images showing high-level IL32 with low-level APOE and low-level IL32 with high-level APOE; (F) Scatter plot demonstrating a significant negative correlation between IL32 and APOE expression in HNSCC tissue samples. (P < 0.001, R = –0.686).









Construction of prognostic signature based on cell interaction mechanisms


Based on the results of cell communication and three-dimensional spatial proximity analysis, we selected 620 characteristic genes from the APOE+TAM subpopulation that had significant interactions with the IL32+NK subpopulation and were spatially accessible as candidate genes. Univariate Cox regression analysis conducted on these 620 candidate genes revealed that 69 of them were significantly associated with the prognosis of HNSC patients, including KDELR2, ITGB7, KDELR1, TMED2, PDIA3, and ALG5 (
Figure 8A
; 
Supplementary Table S9
). Subsequently, LASSO-Cox regression analysis was performed on these 69 genes. Using 10-fold cross-validation under optimal conditions, we determined the penalty parameter (λ) for the model, identifying 23 key prognostic factors that influence patient survival (
Figures 8B-D
; 
Supplementary Table S10
). Based on the expression levels of these 23 key prognostic factors and their corresponding weights, we constructed a signature to evaluate the prognosis of each patient, represented by the following formula:


[image: Panel A shows Kaplan-Meier survival curves with different genes comparing survival probabilities between low and high expression groups over time. Panels B and C display Lasso regression plots with log lambda against coefficients and partial likelihood deviance, respectively. Panel D is a bar chart illustrating gene coefficients, with some positive and some negative.]
Figure 8 | 
Construction of prognostic signature. (A) KM survival curve of top6 prognostic genes; (B) LASSO regression independent variable change track, the horizontal axis represents the logarithm of the independent variable Lambda, and the vertical axis represents the coefficient of the independent variable; (C) LASSO regression confidence interval of each Lambda; (D) LASSO regression coefficient of key prognostic factors.




Score = ITGB7 * (-0.164) + KDELR1 * (0.006) + ALG5 * (0.118) + ERP44 * (0.099) + BRI3 * (0.077) + TMBIM6 * (0.311) + BCAP31 * (0.120) + ATP6V0E1 * (0.119) + PLAU * (0.005) + NDUFA4 * (0.010) + IGFLR1 * (-0.175) + PSMD7 * (0.209) + PSMC1 * (0.115) + NDFIP1 * (0.253) + SNX6 * (0.001) + PSMB5 * (0.020) + TCEAL4 * (0.092) + ARL6IP1 * (0.010) + TRPV2 * (-0.017) + P4HA1 * (0.120) + TPP1 * (0.144) + ATP2C1 * (-0.083) + IDH1 * (0.012).


Using the constructed prognostic signature, we calculated the risk scores for each patient in the training set and divided them into high-risk and low-risk groups. Kaplan-Meier curve analysis and log-rank tests indicated that patients in the high-risk group had a significantly shorter OS (p < 0.05, 
Figure 9A
). The predictive AUC values for the samples at 1 year, 3 years, and 5 years were 0.665, 0.746, and 0.737, respectively (
Figure 9B
), suggesting that the score can effectively characterize the OS of the samples. We then explored the independence of the prognostic signature within the training set. Cox regression models, both univariate and multivariate, were constructed based on the prognostic signature and clinical characteristics. The results indicated that the prognostic signature is an independent prognostic factor (p < 0.05, 
Figure 9C
).To assess the reliability of the prognostic signature, we used GSE65858 as an independent validation cohort. Patients were divided into high-risk and low-risk groups based on the prognostic signature risk scores. The overall survival rate of the high-risk group was also significantly lower than that of the low-risk group (
Figure 9D
). The predictive AUC values for the GSE65858 samples at 1 year, 3 years, and 5 years were 0.623, 0.617, and 0.699, respectively (
Figure 9E
). Consistent results were obtained from the Cox regression models based on the prognostic signature and clinical characteristics, further supporting the notion that the prognostic signature is an independent prognostic factor (
Figure 9F
).


[image: The composite image consists of six panels depicting medical data analyses. Panel A shows a Kaplan-Meier survival curve comparing high and low-score groups with a hazard ratio of 2.78. Panel B presents a ROC curve with AUC values for one, three, and five years. Panel C is a forest plot illustrating hazard ratios for variables like stage, sex, and lifestyle factors. Panel D is another Kaplan-Meier curve for a different dataset with a hazard ratio of 2.04. Panel E displays a similar ROC curve. Panel F is a forest plot for a separate analysis with variables like score and stage.]
Figure 9 | 
Predictive efficacy of prognostic signature. Training cohort (TCGA-HNSC): (A) Kaplan–Meier survival analysis comparing high- and low-risk groups; (B) time-dependent ROC curves at 1, 3, and 5 years; (C) univariate and multivariate Cox regression analyses of the risk score and clinical variables; Validation cohort (GSE65858): (D) Kaplan–Meier survival analysis; (E) time-dependent ROC curves; (F) univariate and multivariate Cox regression analyses.









Potential applications of the cell interaction prognostic signature


Furthermore, we explored the predictive efficacy of the prognostic signature for sample prognosis in the immunotherapy cohorts PRJEB23709 and phs000452.v2.p1. Similarly, patients with a high score had a significantly lower overall survival rate compared to those with a low score (
Figures 10A-D
). Although not statistically significant, patients in the responder group to immunotherapy had lower scores than those in the non-responder group (
Figure 10E
). The proportion of patients responding to immunotherapy was higher in the low score group compared to the high score group (
Figure 10F
).


[image: Kaplan-Meier survival and box plots are shown alongside bar charts for two datasets: PRJEB23709 (top) and phs000452.v2.p1 (bottom). Images A and D are Kaplan-Meier plots comparing high versus low score groups, with significant survival differences in A (p=0.009) and not significant in D (p=0.048). Images B and E are box plots showing score distributions by response, without significant differences. Images C and F are bar charts displaying response percentages by group, with C showing significant differences (Fisher p=0.001), and F showing none (Fisher p=0.47).]
Figure 10 | 
The efficacy of prognostic signature in immune data set. PRJEB23709 cohort: (A) Kaplan–Meier survival curves comparing overall survival between high- and low-risk groups, with statistical significance assessed by the log-rank test (P < 0.05). (B) Distribution of risk scores across different immunotherapy response groups. (C) Distribution of immunotherapy response status between high- and low-risk groups. phs000452.v2.p1 cohort: (D) Kaplan–Meier survival curves comparing overall survival between high- and low-risk groups, with statistical significance assessed by the log-rank test (P < 0.05). (E) Distribution of risk scores across different immunotherapy response groups. (F) Distribution of immunotherapy response status between high- and low-risk groups.










Discussion


HNSCC is one of the most common malignant tumors, characterized by extremely high malignancy, poor prognosis, and a low 5-year survival rate (22). The emergence of cancer immunotherapy has transformed treatment models and is receiving increasing attention (5, 23). In the HNSCC patients analyzed, elevated expression of CD16 and CD64 in tumor tissue was associated with improved prognosis, whereas high CD163 expression correlated with reduced five-year survival. CD16, CD64, and CD163 are markers of NK cells and TAMs in the tumor microenvironment, respectively. This study found that CD16 and CD64 were highly expressed in early-stage disease and well-differentiated tumors, whereas CD163 was upregulated in late-stage and poorly differentiated tumors. These findings suggest that NK cells and TAMs in the tumor immune microenvironment may be closely associated with patient prognosis.


NK cells are a key component of the innate immune system and serve as the first line of defense against cancer cell invasion (24). M1 macrophages, another crucial part of the innate immune system, exhibit versatile functions. They can phagocytize and kill tumor cells, contributing to immune defense, immune homeostasis, immune surveillance, and antigen presentation. However, the tumor microenvironment is primarily dominated by M2 macrophages, which suppress immune responses and promote tumor progression (25). Although there have been many studies on NK cells or TAMs, research on their comprehensive effects and potential clinical applications remains limited.


The resulting 23-gene prognostic signature, termed the NK and TAM Composite Index (CINT), effectively stratified patients into high- and low-risk groups across multiple cohorts. The area under the curve (AUC) values for overall survival prediction (0.62–0.74 across time points and datasets) indicate moderate predictive accuracy, comparable to other recently reported immune-related prognostic models in HNSCC (26). While this performance is encouraging for a biologically driven signature grounded in cellular crosstalk, its clinical utility would benefit from further refinement and validation. Although the immunotherapy cohorts used for validation were relatively small, the consistent performance of CINT across independent datasets (PRIEB23709 and phs000452.v2.p1) highlights its potential generalizability and supports the need for evaluation in larger, multi-center immunotherapy-specific cohorts. Moreover, future studies incorporating calibration and decision-curve analyses will be essential to rigorously assess its net benefit relative to established clinical parameters and prognostic tools. Importantly, the CINT signature is uniquely grounded in the specific ligand–receptor crosstalk between NK cells and TAM subsets, moving beyond purely correlative associations to provide a more mechanistic explanation of tumor microenvironment dysfunction. This biological foundation not only strengthens its prognostic relevance but also offers deeper insights into actionable immune escape pathways and potential therapeutic targets.


Our study identifies the IL32+NK–APOE+TAM axis as a potential therapeutic target in head and HNSCC. Reprogramming immunosuppressive APOE+TAM toward an antitumor phenotype—for example, with CSF1R inhibitors or CD40 agonists (27, 28)—may help restore immune surveillance. Conversely, boosting the activity and recruitment of beneficial IL32+NK cells through IL-15 (29) superagonists or approaches that enhance IL-32 signaling could shift the balance toward antitumor immunity. Furthermore, emerging strategies such as chimeric antigen receptor-engineered NK (CAR-NK) cells represent a promising avenue to enhance NK cell cytotoxicity and persistence within the tumor microenvironment, potentially acting synergistically with TAM-targeted therapies to overcome immunosuppression (30, 31).


Numerous studies have highlighted the diverse roles of IL-32 in various cancers. In some tumors, IL-32 contributes to cancer progression by modulating key signaling pathways, including NF-κB, STAT3, and MAPK (32, 33). In contrast, in other cancers, IL-32 can promote tumor cell apoptosis and enhance the toxicity of NK cells, thereby exerting an inhibitory effect on tumor growth (32–34). One study reported that elevated expression of IL-32 is correlated with a worse prognosis in patients with HNSCC (35). In our research, we found that the characteristic score of the IL32+NK cell subpopulation is associated with prognosis, where patients in the high-feature group experienced better outcomes. The gene expression profile of this subpopulation revealed that high expression is linked to genes involved in responses to viruses and external stimuli, as well as the regulation of T cell activation. This suggests that IL32+NK cells may play a crucial role in immune surveillance and regulation within the immune microenvironment of head and neck squamous cell carcinoma. Their enhanced ability to respond to viral and external challenges likely enables them to more effectively recognize tumor cells, while their role in T cell activation may bolster the overall immune response, thereby inhibiting tumor progression and leading to improved prognosis.


Conversely, the TAM subpopulations exhibited functional heterogeneity, including subtypes with differing tendencies, such as APOE+TAM (M2-like) and IL1B+TAM (M1-like). Notably, certain TAM subpopulations showed variation in proportion among patients with different clinical characteristics. For instance, the proportion of APOE+TAM cells was significantly higher in patients aged 60 and above compared to those under 60, and the IL1B+TAM cell proportion was greater in alcohol-consuming patients than in non-drinkers. These findings suggest that clinical characteristics may influence the distribution of TAM subpopulations, which, in turn, can impact tumor progression and patient prognosis. For instance, in elderly patients, chronic inflammatory states accumulated over time may lead TAMs to shift predominantly toward the M2 subtype (36, 37), potentially increasing the risk of tumor progression. Notably, several studies have shown that prolonged alcohol exposure activates monocytes and macrophages, leading to an increased production of pro-inflammatory cytokines, including TNF-α, IL-1, IL-6, and the chemokine IL-8 (38). This may explain the higher ratio of IL1B+TAM observed in alcohol consumers. The complex mechanisms underlying this effect could indirectly influence tumor development and prognosis, warranting further investigation to confirm these hypotheses.


The spatial organization of cells is closely linked to their functions and behaviors, including cell-to-cell interactions. In our study, we characterized the interactions between NK cells and TAM cells based on ligand-receptor interactions. Using the CSOmap algorithm, we inferred the three-dimensional accessibility and communication information between NK cell subpopulations and TAM cell subpopulations, demonstrating extensive interactions. The results revealed that IL32+NK cells interacted more broadly with APOE+TAM and CXCL10+TAM subpopulations, primarily focusing on signaling pathways involving SPP1, MIF, and ITGB2. Our immunofluorescence results further confirmed that IL32 expression in HNSCC was positively correlated with CXCL10 expression and negatively correlated with APOE expression. SPP1, also known as osteopontin (OPN), is highly expressed in various malignant tumors (39). In head and neck squamous cell carcinoma, it binds to specific receptors, activating the PI3K/Akt and MAPK signaling pathways. This activation promotes the transformation of normal cells into malignant ones, enhances the aggressive behavior of tumor-related cells, and ultimately contributes to tissue infiltration and distant metastasis (40, 41). Tumor cells also express high levels of MIF, which enables malignant tumors to evade immune surveillance by inhibiting NK cell-mediated detection and clearance (8, 42). Furthermore, MIF promotes tumorigenesis by preventing ferroptosis in macrophages and driving them toward an M2-like phenotype, further supporting tumor progression (43, 44). In tumors, β2 integrin plays a key role in cell adhesion, stromal remodeling, and signal transduction, facilitating interactions among tumor cells and between tumor cells and the tumor microenvironment (45). These activities promote infiltration, angiogenesis, and tumor-specific immune responses. Likewise, ITGB2 is closely associated with tumor progression, contributing to cancer development, metastasis, and invasion (46). For example, one study demonstrated that ITGB2 promotes OSCC proliferation by enhancing glycolytic activity in cancer-associated fibroblasts (CAFs) through the PI3K/AKT/mTOR pathway (47). In summary, prior experimental studies have already demonstrated that TAMs can directly suppress or reprogram NK cells via contact-dependent mechanisms and soluble mediators, and that molecules such as MIF and SPP1 are implicated in shaping tumor-promoting myeloid phenotypes and inhibiting anti-tumor lymphocyte functions (15, 48, 49).


Despite the comprehensive nature of our analysis, several limitations should be noted. The experimental validation cohort was relatively small (n = 58) and derived from a single institution, which may introduce selection bias, although this was partly mitigated by validation in large public datasets. Future multicenter prospective studies with larger cohorts are needed to reduce bias and validate the robustness of our conclusions. The 23-gene CINT signature, while demonstrating robust prognostic performance, presents practical challenges for clinical translation due to the complexity and cost of multi-gene detection. Future optimization should therefore focus on developing streamlined formats, such as a reduced core-gene panel identified by machine learning, or simplified detection platforms (e.g., NanoString, targeted RT-qPCR, or minimal gene/protein classifiers), to maintain comparable prognostic value while improving feasibility in routine diagnostics. In addition, the immunotherapy validation cohorts (n = 90 and n = 41) were modest in size, potentially limiting the generalizability of our findings across diverse patient populations and treatment settings, highlighting the need for validation in larger multi-center cohorts. Finally, our computational analyses suggested that NK cells interact with TAMs and exhibit spatial correlation; however, the underlying mechanisms still require functional validation. Future studies, including co-culture and blocking experiments, will be conducted to further confirm these NK–TAM interactions. Moreover, although this study primarily focused on NK–TAM interactions, we do not exclude the potential contributions of other immune cell populations within the tumor microenvironment.
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Supplementary Figure 1 | 
GSEA enrichment analysis of myeloid cell subsets. A KEGG enrichment analysis NES heat map of each subpopulation; B GOBP enrichment analysis NES heat map of top5 subpopulations; C GOBP enrichment analysis rank map of top5 subpopulations.








References

	

 Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. (2018) 68:394–424. doi: 10.3322/caac.21492, PMID: 30207593



	

 Lydiatt WM, Patel SG, O'Sullivan B, Brandwein MS, Ridge JA, Migliacci JC, et al. Head and Neck cancers-major changes in the American Joint Committee on cancer eighth edition cancer staging manual. CA Cancer J Clin. (2017) 67:122–37. doi: 10.3322/caac.21389, PMID: 28128848



	

 Johnson DE, Burtness B, Leemans CR, Lui VWY, Bauman JE, Grandis JR. Head and neck squamous cell carcinoma. Nat Rev Dis Primers. (2020) 6:92. doi: 10.1038/s41572-020-00224-3, PMID: 33243986



	

 Chow LQM. Head and neck cancer. N Engl J Med. (2020) 382:60–72. doi: 10.1056/NEJMra1715715, PMID: 31893516



	

 Borel C, Jung AC, Burgy M. Immunotherapy breakthroughs in the treatment of recurrent or metastatic head and neck squamous cell carcinoma. Cancers (Basel). (2020) 12. doi: 10.3390/cancers12092691, PMID: 32967162



	

 Peltanova B, Raudenska M, Masarik M. Effect of tumor microenvironment on pathogenesis of the head and neck squamous cell carcinoma: a systematic review. Mol Cancer. (2019) 18:63. doi: 10.1186/s12943-019-0983-5, PMID: 30927923



	

 Cooper MA, Fehniger TA, Caligiuri MA. The biology of human natural killer-cell subsets. Trends Immunol. (2001) 22:633–40. doi: 10.1016/S1471-4906(01)02060-9, PMID: 11698225



	

 Myers JA, Miller JS. Exploring the NK cell platform for cancer immunotherapy. Nat Rev Clin Oncol. (2021) 18:85–100. doi: 10.1038/s41571-020-0426-7, PMID: 32934330



	

 Mujal AM, Delconte RB, Sun JC. Natural killer cells: from innate to adaptive features. Annu Rev Immunol. (2021) 39:417–47. doi: 10.1146/annurev-immunol-101819-074948, PMID: 33902312



	

 Dallavalasa S, Beeraka NM, Basavaraju CG, Tulimilli SV, Sadhu SP, Rajesh K, et al. The role of tumor associated macrophages (TAMs) in cancer progression, chemoresistance, angiogenesis and metastasis - current status. Curr Med Chem. (2021) 28:8203–36. doi: 10.2174/0929867328666210720143721, PMID: 34303328



	

 Boutilier AJ, Elsawa SF. Macrophage polarization states in the tumor microenvironment. Int J Mol Sci. (2021) 22. doi: 10.3390/ijms22136995, PMID: 34209703



	

 Allavena P, Sica A, Solinas G, Porta C, Mantovani A. The inflammatory micro-environment in tumor progression: the role of tumor-associated macrophages. Crit Rev Oncol Hematol. (2008) 66:1–9. doi: 10.1016/j.critrevonc.2007.07.004, PMID: 17913510



	

 Sica A, Saccani A, Bottazzi B, Polentarutti N, Vecchi A, Jv D, et al. Autocrine production of IL-10 mediates defective IL-12 production and NF-kappa B activation in tumor-associated macrophages. J Immunol (Baltimore Md: 1950). (2000) 164:762–7. doi: 10.4049/jimmunol.164.2.762, PMID: 10623821



	

 Young MR, Endicott RA, Duffie GP, Wepsic HT. Suppressor alveolar macrophages in mice bearing metastatic Lewis lung carcinoma tumors. J leukocyte Biol. (1987) 42:682–8. doi: 10.1002/jlb.42.6.682, PMID: 3500255



	

 Krneta T, Gillgrass A, Poznanski S, Chew M, Lee AJ, Kolb M, et al. M2-polarized and tumor-associated macrophages alter NK cell phenotype and function in a contact-dependent manner. J Leukoc Biol. (2017) 101:285–95. doi: 10.1189/jlb.3A1215-552R, PMID: 27493241



	

 Ren X, Zhong G, Zhang Q, Zhang L, Sun Y, Zhang Z. Reconstruction of cell spatial organization from single-cell RNA sequencing data based on ligand-receptor mediated self-assembly. Cell Res. (2020) 30:763–78. doi: 10.1038/s41422-020-0353-2, PMID: 32541867



	

 BöTtcher JP, Bonavita E, Chakravarty P, Blees H, Cabeza-Cabrerizo M, Sammicheli S, et al. NK Cells Stimulate Recruitment of cDC1 into the Tumor Microenvironment Promoting Cancer Immune Control. Cell. (2018) 172:1022–37. doi: 10.1016/j.cell.2018.01.004, PMID: 29429633



	

 Zaiss DMW, Gause WC, Osborne LC, Artis D. Emerging functions of amphiregulin in orchestrating immunity, inflammation, and tissue repair. Immunity. (2015) 42:216–26. doi: 10.1016/j.immuni.2015.01.020, PMID: 25692699



	

 Strzalka W, Ziemienowicz A. Proliferating cell nuclear antigen (PCNA): a key factor in DNA replication and cell cycle regulation. Ann botany. (2011) 107:1127–40. doi: 10.1093/aob/mcq243, PMID: 21169293



	

 Mannherz W, Agarwal S. Thymidine nucleotide metabolism controls human telomere length. Nat Genet. (2023) 55:568–80. doi: 10.1038/s41588-023-01339-5, PMID: 36959362



	

 Saxena S, Nabel CS, Seay TW, Patel PS, Kawale AS, Crosby CR, et al. Unprocessed genomic uracil as a source of DNA replication stress in cancer cells. Mol Cell. (2024) 84:2036–2052.e7. doi: 10.1016/j.molcel.2024.04.004, PMID: 38688279



	

 Li H, Wang J, He L, Zhang F, Meng Q, Huang J, et al. Construction of a combined hypoxia and EMT index for head and neck squamous cell carcinoma. Front Cell Dev Biol. (2022) 10:961858. doi: 10.3389/fcell.2022.961858, PMID: 36046345



	

 Bhatia A, Burtness B. Treating head and neck cancer in the age of immunotherapy: A 2023 update. Drugs. (2023) 83:217–48. doi: 10.1007/s40265-023-01835-2, PMID: 36645621



	

 Koehl U, Kalberer C, Spanholtz J, Lee DA, Miller JS, Cooley S, et al. Advances in clinical NK cell studies: Donor selection, manufacturing and quality control. Oncoimmunology. (2016) 5:e1115178. doi: 10.1080/2162402X.2015.1115178, PMID: 27141397



	

 Yang YL, Yang F, Huang ZQ, Li YY, Shi HY, Sun Q, et al. T cells, NK cells, and tumor-associated macrophages in cancer immunotherapy and the current state of the art of drug delivery systems. Front Immunol. (2023) 14:1199173. doi: 10.3389/fimmu.2023.1199173, PMID: 37457707



	

 Chi H, Xie X, Yan Y, Peng G, Strohmer DF, Lai G, et al. Natural killer cell-related prognosis signature characterizes immune landscape and predicts prognosis of HNSCC. Front Immunol. (2022) 13. doi: 10.3389/fimmu.2022.1018685, PMID: 36263048



	

 Pyonteck SM, Akkari L, Schuhmacher AJ, Bowman RL, Sevenich L, Quail DF, et al. CSF-1R inhibition alters macrophage polarization and blocks glioma progression. Nat Med. (2013) 19:1264–72. doi: 10.1038/nm.3337, PMID: 24056773



	

 Winograd R, Byrne KT, Evans RA, Odorizzi PM, Meyer ARL, Bajor DL, et al. Induction of T-cell immunity overcomes complete resistance to PD-1 and CTLA-4 blockade and improves survival in pancreatic carcinoma. Cancer Immunol Res. (2015) 3:399–411. doi: 10.1158/2326-6066.CIR-14-0215, PMID: 25678581



	

 Wrangle JM, Velcheti V, Patel MR, Garrett-Mayer E, Hill EG, Ravenel JG, et al. ALT-803, an IL-15 superagonist, in combination with nivolumab in patients with metastatic non-small cell lung cancer: a non-randomised, open-label, phase 1b trial. Lancet Oncol. (2018) 19:694–704. doi: 10.1016/S1470-2045(18)30148-7, PMID: 29628312



	

 Wu N, Yang N, Zhang S, Wu H, Fang X, Lin W, et al. Chimeric antigen receptor NK cells for breast cancer immunotherapy. Cancer Treat Rev. (2025) 137:102943. doi: 10.1016/j.ctrv.2025.102943, PMID: 40305951



	

 Gong Y, Wolterink RGJK, Wang J, Bos GMJ, Germeraad WTV. Chimeric antigen receptor natural killer (CAR-NK) cell design and engineering for cancer therapy. J Hematol Oncol. (2021) 14:73. doi: 10.1186/s13045-021-01083-5, PMID: 33933160



	

 Hong JT, Son DJ, Lee CK, Yoon DY, Lee DH, Park MH. Interleukin 32, inflammation and cancer. Pharmacol Ther. (2017) 174:127–37. doi: 10.1016/j.pharmthera.2017.02.025, PMID: 28223235



	

 Han S, Yang Y. Interleukin-32: frenemy in cancer? BMB Rep. (2019) 52:165–74. doi: 10.5483/BMBRep.2019.52.3.019, PMID: 30638183



	

 Park MH, Song MJ, Cho MC, Moon DC, Yoon DY, Han SB, et al. Interleukin-32 enhances cytotoxic effect of natural killer cells to cancer cells via activation of death receptor 3. Immunology. (2012) 135:63–72. doi: 10.1111/j.1365-2567.2011.03513.x, PMID: 22043900



	

 Guenin S, Mouallif M, Hubert P, Jacobs N, Krusy N, Duray A, et al. Interleukin-32 expression is associated with a poorer prognosis in head and neck squamous cell carcinoma. Mol Carcinog. (2014) 53:667–73. doi: 10.1002/mc.21996, PMID: 23359495



	

 Wang H, Tian T, Zhang J. Tumor-associated macrophages (TAMs) in colorectal cancer (CRC): from mechanism to therapy and prognosis. Int J Mol Sci. (2021) 22. doi: 10.3390/ijms22168470, PMID: 34445193



	

 Li X, Li C, Zhang W, Wang Y, Qian P, Huang H. Inflammation and aging: signaling pathways and intervention therapies. Signal Transduct Target Ther. (2023) 8:239. doi: 10.1038/s41392-023-01502-8, PMID: 37291105



	

 Ratna A, Mandrekar P. Alcohol and cancer: mechanisms and therapies. Biomolecules. (2017) 7. doi: 10.3390/biom7030061, PMID: 28805741



	

 Kumari A, Kashyap D, Garg VK. Osteopontin in cancer. Adv Clin Chem. (2024) 118:87–110. doi: 10.1016/bs.acc.2023.11.002, PMID: 38280808



	

 Yu X, Du Y, Liang S, Zhang N, Jing S, Sui L, et al. OPN up-regulated proliferation and invasion of head and neck squamous cell carcinoma through the p38MAPK signaling pathway. Oral Surg Oral Med Oral Pathol Oral Radiol. (2023) 136:70–9. doi: 10.1016/j.oooo.2023.03.003, PMID: 37286411



	

 Qin X, Yan M, Wang X, Xu Q, Wang X, Zhu X, et al. Cancer-associated fibroblast-derived IL-6 promotes head and neck cancer progression via the osteopontin-NF-kappa B signaling pathway. Theranostics. (2018) 8:921–40. doi: 10.7150/thno.22182, PMID: 29463991



	

 Zhang Y, Xie J, Wu H, Huang J, Zheng D, Wang S, et al. NK cell based immunotherapy against oral squamous cell carcinoma. Front Immunol. (2024) 15:1440764. doi: 10.3389/fimmu.2024.1440764, PMID: 39192980



	

 Cuadrado-Vilanova M, Liu J, Paco S, Aschero R, Burgueno V, Sirab N, et al. Identification of immunosuppressive factors in retinoblastoma cell secretomes and aqueous humor from patients. J Pathol. (2022) 257:327–39. doi: 10.1002/path.5893, PMID: 35254670



	

 Chen W, Zuo F, Zhang K, Xia T, Lei W, Zhang Z, et al. Exosomal MIF derived from nasopharyngeal carcinoma promotes metastasis by repressing ferroptosis of macrophages. Front Cell Dev Biol. (2021) 9:791187. doi: 10.3389/fcell.2021.791187, PMID: 35036405



	

 Bednarczyk M, Stege H, Grabbe S, Bros M. beta2 integrins-multi-functional leukocyte receptors in health and disease. Int J Mol Sci. (2020) 21. doi: 10.3389/fcell.2021.791187, PMID: 32092981



	

 Xu H, Zhang A, Han X, Li Y, Zhang Z, Song L, et al. ITGB2 as a prognostic indicator and a predictive marker for immunotherapy in gliomas. Cancer Immunol Immunother. (2022) 71:645–60. doi: 10.1007/s00262-021-03022-2, PMID: 34313821



	

 Zhang X, Dong Y, Zhao M, Ding L, Yang X, Jing Y, et al. ITGB2-mediated metabolic switch in CAFs promotes OSCC proliferation by oxidation of NADH in mitochondrial oxidative phosphorylation system. Theranostics. (2020) 10:12044–59. doi: 10.7150/thno.47901, PMID: 33204328



	

 Noe JT, Mitchell RA. MIF-dependent control of tumor immunity. Front Immunol. (2020) 11:609948. doi: 10.3389/fimmu.2020.609948, PMID: 33324425



	

 Yang Y, Li S, To KKW, Zhu S, Wang F, Fu L. Tumor-associated macrophages remodel the suppressive tumor immune microenvironment and targeted therapy for immunotherapy. J Exp Clin Cancer research: CR. (2025) 44:145. doi: 10.1186/s13046-025-03377-9, PMID: 40380196











Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.




Copyright © 2025 Zhao, Han, Hu, Li, He, Wang, Yao, Li and Wei. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OEBPS/Images/fimmu-16-1676878-g002.jpg





OEBPS/Images/fimmu-16-1676878-g007.jpg
A _IL32/DAPI b B _IL32/0AP CXCL10/OAPI E
T

R=0641
P<0001

10 J .

L S .

o 0 2 3 4
1L32 Exprossion (%Area)

CXCL10 Expression (%Area)

1L32/CXCL10/DAPI

1L32 Low/CXCL10 Low

1L32 High/CXCLL0 High

1L32/DAPI APOE/DAPI D IL32/DAPI APOE/DAPI F
T | reosss
g P<0001

3

&

APOE Expres:

1L32/APOE/OAPY
1L32/APOE/DAPI

IL32 Expression (%Area)

1L32 Low/APOE High

1L32 High/APOE Low





OEBPS/Images/fimmu.2025.1676878_cover.jpg
& frontiers | Frontiers in Immunology

Subtype-specific NK cell-TAM interactions
drive a novel prognostic signature in
HNSCC





OEBPS/Images/fimmu-16-1676878-g005.jpg
T
[

oot S
e I.,

e

- l;
o

[





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-16-1676878-g009.jpg
e R
== i

e o L

e nE ot
L nes

= a2 i e

= Emon

2 i

rrvo

Reteconca. |

Sl

L] s
T e e

_ ot oo ssfe
= o= s 2 v

——— 2

e

203034300 0o

o





OEBPS/Images/fimmu-16-1676878-g003.jpg
Percent Expressed o

o5 o






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-16-1676878-g001.jpg
LT
'CD64 High





OEBPS/Images/fimmu-16-1676878-g004.jpg
Average Exprossion

lz
I':

Porcent Expressed

EF .@"rﬁf

Featues

Features

Tovczause £ § 8 w
Y L
ol *n






OEBPS/Images/fimmu-16-1676878-g010.jpg
PRJEBZ23709

95
A Score o Low - Hgn B s c Response g 19
B T
z
3
8 075
e
< E
]
g 8
s £ 050
5 &
@
0 400 800 1200 1600 025
Time (Day
ime (Days) -
Number at risk - 0.00
lowig 17 9 2 0 No Yes Low
High72 44 18 5 1 Response Group
phs000452.v2.p1
D Soore == Low = Hgh . F Response B8 o,
8 Finerp=047
1.00 100
z
gors 7
€ oo R 075
8050 --hg----- 2
D 3s H
2 025] L1 Sos0
s HR=232 T 8
0.00{ 95% C1=098-547
0 400 800 1200 1600 025
Time (Days)
Number at risk 4 0.00
Low1s 10 8 2 1 No Yes Low High

Hgh28 10 7 2 0 Response Group





OEBPS/Images/fimmu-16-1676878-g006.jpg
bob IO IbD

66 - 066-E6HE

b6 b ~bob rbb






OEBPS/Images/fimmu-16-1676878-g008.jpg
SE e
A L rpensedd L frepaand L penond
o - e
4 £ £
o §or o
L [ [
P <0001 =00013 3
e e
v e o
e e T T
- T = A =% 3 i i
eon 3 - oons - nes -
s =] s
- o o
g z £z
o f. £
p<0001 p=00015 H p=00022
e e e ——
poven o
e

esssssorises s a0 11820

ol






