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A B S T R A C T   

Nasopharyngeal carcinoma (NPC) and oropharyngeal carcinoma (OPC) are subtypes of head and neck cancer 
with different treatment effects due to the heterogeneity of tumor microenvironments. This study was to 
investigate the distinctive tumor microenvironments of NPC and OPC. Analyzing single-cell data from 10 cases of 
each subtype, we reveal significant differences in cellular composition, with NPC microenvironment dominated 
by T/NK and B cells, and OPC characterized by prevalent epithelial cells and fibroblasts. Dynamic transitions of 
CD8 T cells are observed in both tumor types, involving shifts from naivety to cytotoxicity, proliferation, and 
eventual exhaustion/exhausted states. Additionally, Tregs exhibit heightened proliferative abilities in later 
developmental stages, concomitant with exhaustion. These highly proliferative T cells and Tregs manifest 
elevated glycolysis and lactate metabolism activities. Furthermore, we explore intercellular communication 
between glycolytic malignant epithelial cells and these proliferative T cells. These findings offer comprehensive 
insights into the heterogeneity of tumor microenvironments and provide a solid foundation for future therapeutic 
strategies and targeted interventions.   

1. Introduction 

Head and neck cancers (HNCs) encompass a heterogeneous group of 
malignancies that arise in the upper aerodigestive tract, with nasopha
ryngeal carcinoma (NPC) and oropharyngeal carcinoma (OPC) being 
prominent subtypes. Despite advancements in diagnosis and treatment, 
HNCs remain a significant global health burden due to their complex 
etiology, aggressive nature, and limited therapeutic options [1]. The 
tumor microenvironment (TME) plays a pivotal role in shaping cancer 
progression and therapeutic responses, particularly through its in
teractions with immune cells [2]. Recent advances in single-cell 
sequencing technologies have provided unprecedented insights into 
the cellular and molecular intricacies of the TME, offering an opportu
nity to unravel the underlying mechanisms governing tumor-immune 
interactions in HNCs. 

In the realm of HNCs, NPC and OPC present captivating subjects for 
investigation due to their unique anatomical locations, distinct risk 
factors, and varying clinical behaviors. While NPC is endemic in specific 
regions and closely linked to Epstein-Barr virus infection [3], OPC has 
garnered attention for its association with human papillomavirus [4]. 
Despite these differences, both subtypes share commonalities in treat
ment challenges and potential immune evasion mechanisms. Conven
tionally, surgery and chemoradiotherapy are used for early-stage NPC 
and OPC patients, yielding favorable efficacy and prognosis. However, 
delayed diagnosis often leads to advanced stages [3,5]. For advanced 
cases, chemoradiotherapy extends survival but with notable side effects. 
Precision medicine has introduced immune checkpoint inhibitors 
(anti-PD-1/PD-L1) in clinics, showing promise when combined with 
traditional treatments [6,7]. Yet, varying individual responses limit ef
ficacy [8]. 
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NPC and OPC originate from anatomically adjacent sites, yet they are 
driven by distinct viral oncogens and different cancer stem cells [9]. This 
underscores the need to explore both their similarities and differences in 
detail. As immunotherapy emerges as a promising modality for cancer 
treatment, elucidating the differential immune cell composition and 
function between NPC and OPC may provide valuable clues for opti
mizing therapeutic strategies. In this study, we performed a compre
hensive analysis of single-cell sequencing data to characterize the 
immune landscapes of NPC and OPC tumors. By delineating the distinct 
immune cell populations and their functional attributes within these 
tumors, we aim to uncover the intricate interplay between tumor cells 
and the immune cells in the context of HNCs. Through this investigation, 
we seek to enhance our understanding of the immune dynamics within 
the TME of NPC and OPC, facilitating the development of more specific 
and effective immunotherapeutic interventions. Our findings may 
inform the design of novel treatment approaches tailored to the unique 
immunological profiles of these HNC subtypes. Ultimately, the insights 
gained from this study may pave the way for improved clinical outcomes 
and a brighter future for patients afflicted with NPC and OPC. 

2. Materials and methods 

2.1. Data acquisition and quality control 

We obtained the single-cell sequencing data of 10 NPC (GSE162025) 
and 10 oropharyngeal squamous cell carcinoma (OPSCC) (GSE182227, 
cell number per sample > 1000) tumor tissue samples from the GEO 
database (https://www.ncbi.nlm.nih.gov/geo/). The expression 
matrices of NPC and OPC were merged and converted into Seurat objects 
using the Seurat package (v4.3.0). Low-quality cells and potential dou
blets were filtered out, with the criteria: nFeature_RNA > 300 & nFea
ture_RNA < 6000 & percent.mt < 10 & percent.HB < 1. After filtering, 
122891 cells were used for subsequent data normalization and scaling. 
The gene expression matrix was log-transformed using NormalizeData. 
VariableFeatures (n=3000) were identified using FindVariableFeatures. 
The data was scaled using ScaleData. PCA was performed on the scaled 
gene expression matrix of highly variable genes for dimensionality 
reduction. Harmony (v0.1.1) was used for batch correction. 

2.2. Cell clustering 

The FindNeighbors and FindClusters functions were used for cell 
clustering. The clustered cells were reduced to a 2D UMAP plot for 
visualization using RunUMAP. Based on known marker genes, the 
clusters were identified as B cells, endothelial cells, epithelial cells, fi
broblasts, mast cells, myeloid cells, and T/NK cells. Next, clusters of 
interest (T/NK cells and epithelial cells) were selected for a second 
round of clustering (data normalization, highly variable gene identifi
cation, data scaling, batch correction, and re-clustering) to obtain 
refined subgroups. 

2.3. Functional enrichment and scoring 

Gmt files (h.all.v2022.1.Hs.symbols.gmt and c2.cp.kegg.v2022.1.Hs. 
symbols.gmt) were obtained from the Molecular Signatures Database 
(https://www.gsea-msigdb.org/gsea/msigdb/index.jsp). GSVA (v1.46.0) 
was used to perform functional enrichment analysis on the cell clusters. 
Differential analysis of pathway activity scores between NPC and OPC was 
performed using limma (v3.54.0). Pathways with adjusted P < 0.05 and 
absolute logfc > 0.15 were selected and visualized as a heatmap using 
ComplexHeatmap (v2.14.0). AddModuleScore function was used to 
calculate module scores for each cell. Score differences between NPC and 
OPC were compared using Wilcoxon test (P < 0.05 as significant). Module 
scores included Exhaustion, Cytotoxicity, Proliferation, Naivety, IL2R, and 
Co-stimulatory. AUCell was used to obtain the glycolysis (MODULE_306) 
and lactate metabolism (GOBP_LACTATE_METABOLIC_PROCESS) activity 

of each cell, which was visualized on the UMAP plots. MODULE_306. 
v2022.1.Hs.gmt and GOBP_LACTATE_METABOLIC_PROCESS.v2023.1.Hs. 
gmt were obtained from the Molecular Signatures Database. Subsequently, 
the AUC values were extracted, and the functional activity differences 
between NPC and OPC were compared using Wilcoxon test. 

2.4. Differential expression and transcription factors 

The FindMarkers function in Seurat (default parameters) was used to 
identify differentially expressed genes between NPC and OPC for each 
cell cluster. The differentially expressed genes were visualized using 
scRNAtoolVis (v0.0.5). Top3 highly expressed markers (adjusted P <
0.05 and logfc > 0.25) of each epithelial subgroup were identified using 
FindAllMarkers and tidyverse (v1.3.2), with Wilcoxon test as the sta
tistical test. SCENIC (v1.3.1) was used to infer cell transcription factor 
activity based on the RcisTarget database. Heatmaps were generated to 
show the transcription factor activities of each cell cluster using 
pheatmap (v1.0.12). 

2.5. Cell trajectory inference 

Monocle (v2.26.0) was used to infer pseudotime trajectories of T cell 
subgroups to explore T cell differentiation trajectories in NPC and OPC. 
The counts matrix was extracted from the Seurat object and converted 
into a CellDataSet. Differentially expressed genes between cell clusters 
were identified using the differentialGeneTest function, with q < 0.01. 
Cells were ordered based on the differentially expressed genes, followed 
by trajectory reconstruction. 

2.6. Chromosomal copy number variation and intercellular 
communication 

To assess the malignancy of epithelial cells, we utilized the infercnv 
package (v1.14.2) to infer chromosomal copy number variations in 
epithelial cells. We extracted counts matrices and clustering information 
from the Seurat object, utilizing endothelial cells as reference for copy 
number variation inference, followed by denoising. For analyzing 
intercellular interactions, we employed CellPhoneDB software (v4.1.0). 
We focused on glycolysis-enhanced epithelial cells and lactate- 
metabolizing T cells, inferring intercellular communication networks 
based on their gene expression levels. 

3. Results 

3.1. Characterization of cellular heterogeneity and composition in NPC 
and OPC microenvironments 

We obtained single-cell sequencing data for 10 cases of NPC and 10 
cases of oropharyngeal squamous cell carcinoma (OPSCC) from the GEO 
database. The overall workflow of this study is depicted in Fig. 1A. After 
removing low-quality cells and potential doublets, a total of 122,891 
cells were included in the subsequent analysis. Based on established 
markers from previous studies, we classified these 122,891 cells into 
seven distinct cell types, as depicted in the UMAP plot (Fig. 1B). These 
seven cell clusters comprise T/NK cells (marked by PTPRC, CD3D/E, 
CD4, CD8A, FCGR3A, NCAM1, and KLRF1), B cells (marked by CD19, 
CD79A, and MS4A1), myeloid cells (marked by CD68, LYZ, CD14, 
ITGAX, LAMP3, and CD163), mast cells (marked by TPSAB1), fibroblasts 
(marked by COL1A1, COL3A1, FGF7, and MME), epithelial cells 
(marked by EPCAM, KRT5, KRT18, and KRT19), and endothelial cells 
(marked by FLT1, VWF, and PECAM1). 

Additionally, the UMAP plot (Fig. 1B) provides insight into the origin 
of these cells from specific patients and tumor types. The aggregation 
pattern of these cell types reveals inter-patient and intra-tumor hetero
geneity, indicating varying compositions of the same tumor subtype 
among different patients. The expression distribution of marker genes 
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for these seven cell clusters is illustrated in Fig. 1C and D and Supple
mentary Fig. 1. Notably, substantial variations in the proportions of 
these seven cell clusters exist among individual patients, underscoring 
the presence of individual heterogeneity in both NPC and OPC and 
suggesting significant variability in the response to immune-targeted 
therapies among patients (Fig. 2A). 

Distinct differences are observed in the cellular composition pro
portions between NPC and OPC. In NPC, T/NK cells and B cells are 
dominant, while in OPC, epithelial cells, endothelial cells, and fibro
blasts predominate (Fig. 2B). Specifically, the proportion of T/NK cells 
(P = 7.6e− 05) is higher in NPC compared to OPC. Conversely, the 
proportion of epithelial cells (P = 4.3e− 05), myeloid cells (P = 0.029), 
fibroblasts (P = 0.00017), and endothelial cells (P = 0.00016) is higher 
in OPC compared to NPC (Fig. 2C). 

3.2. Dynamic trajectory analysis of T cell development and transcription 
factors regulation in NPC and OPC microenvironments 

Based on established markers from previous studies, we divided 
65,253 T/NK cells into 19 clusters. One cluster labeled as ’unknown’ 
was excluded as it potentially represented doublets (Fig. 3A and B). 
These 18 cell clusters encompass CD4_C1_ICOS/KLRB1, CD4_C2_CCR7, 
CD4_C3_KLRB1/CXCL13, Treg, CD8_C1_NKG7/HAVCR2, CD8_C2_NK 
G7/LAG3, CD8_C3_GZMK, CD8_C4_KLRD1, CD8_C5_NKG7/CD69, 
CD8_C6_GZMK/CD69, CD8_C7_GZMA/LAG3, CD8_C8_IL7R/NKG7, 
CD8_C9_STMN1/GZMB, CD8_C10_MKI67/GZMB, CD8_C11_GZMK/CX 
CL13, CD8_C12_TNFRSF9/TIGIT, NK, and CD4/CD8_DN. 

These cell sources were visualized on a UMAP plot based on patient 
and tumor type (Fig. 3A). We then analyzed the expression profiles of 
specific CD4, CD8, and NK cell subgroups between NPC and OPC and 
identified five highly expressed and five low-expressed genes for each 

Fig. 1. Single-cell profiles of the NPC and OPC microenvironments. (A) Schematic representation of the research workflow. (B) UMAP plots depicting cell clusters 
(left), patients (center), and tumor types (right). Each dot represents a cell, and colors indicate different cell clusters (left), patients (center), and tumor types (right). 
(C) UMAP plots illustrating marker gene expression; color depth represents marker expression levels. (D) Marker expression of identified cell clusters; dot size in
dicates the percentage of cells highly expressing the marker, and color depth represents expression levels. 
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cell cluster in NPC compared to OPC (Fig. 3C). Subsequently, we con
ducted Gene Set Variation Analysis (GSVA), revealing that in OPC, these 
cells exhibit higher activity in the focal adhesion and metabolism of 
xenobiotics by cytochrome P450 pathways, while glyco
sylphosphatidylinositol GPI anchor biosynthesis, adipocytokine, and T 
cell receptor signaling pathways are more active in NPC. The aminoacyl 
TRNA biosynthesis pathway in the CD8_C12_TNFRSF9/TIGIT cell clus
ter remained active in both NPC and OPC (Fig. 3D). 

We quantified the Cytotoxicity, Exhaustion, Naivety, and Proliferation 
scores for each cell using the AddModuleScore function. Notably, the 
CD8_C1_NKG7/HAVCR2, CD8_C2_NKG7/LAG3, and NK cell clusters 
showed higher cytotoxicity scores. CD8_C3_GZMK and CD8_C8_IL7R/ 
NKG7 displayed higher cytotoxicity scores in NPC compared to OPC. In 
contrast, CD8_C1_NKG7/HAVCR2, CD8_C2_NKG7/LAG3, CD8_C4_KLRD1, 
CD8_C5_NKG7/CD69, and NK exhibited higher cytotoxicity scores in OPC 
than in NPC (Fig. 3E). 

The CD8_C1_NKG7/HAVCR2 and CD8_C2_NKG7/LAG3 cell clusters 
exhibit higher exhaustion scores. CD8_C3_GZMK, CD8_C9_STMN1/ 

GZMB, CD8_C10_MKI67/GZMB, and CD8_C12_TNFRSF9/TIGIT display 
higher exhaustion scores in NPC compared to OPC. In contrast, 
CD8_C2_NKG7/LAG3 and CD8_C4_KLRD1 exhibit higher exhaustion 
scores in OPC compared to NPC. The CD4_C2_CCR7 and CD8_C8_IL7R/ 
NKG7 cell clusters show higher naïve scores. CD8_C9_STMN1/GZMB 
and CD8_C10_MKI67/GZMB cell clusters exhibit higher proliferation 
scores, with CD8_C9_STMN1/GZMB showing higher proliferation scores 
in OPC than in NPC, while CD8_C10_MKI67/GZMB exhibits higher 
proliferation scores in NPC than in OPC (Fig. S2A). 

We conducted AUCell analysis using glycolysis and lactate-related 
genes. The CD8_C9_STMN1/GZMB and CD8_C10_MKI67/GZMB cell 
clusters actively participate in glycolysis and lactate metabolism pro
cesses. CD8_C9_STMN1/GZMB demonstrates lower activity in glycolysis 
(P = 0.018) and lactate metabolism (P = 0.04766) in NPC compared to 
OPC. CD8_C10_MKI67/GZMB exhibits higher activity in glycolysis (P =
8.1e-12) and lactate metabolism (P = 8.6e-08) in NPC compared to OPC 
(Fig. 4A). Distinct gene regulatory patterns exist among different cell 
clusters in different tumors, while similarities also emerge. In NPC, the 

Fig. 2. Proportions of various cells in the NPC and OPC microenvironments. (A) Percentages of different cell types in each patient. (B) Cell composition percentages 
in NPC and OPC. (C) Proportional differences of cell clusters between NPC and OPC. 
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active transcription factors in CD8_C9_STMN1/GZMB are ENO1, 
whereas in CD8_C10_MKI67/GZMB, RAD21 and EZH2 are prominent. In 
OPC, active transcription factors in CD8_C9_STMN1/GZMB include 
YBX1, TFDP1, EZH2, BRCA1, and E2F1, while in CD8_C10_MKI67/ 
GZMB, YBX1, CEBPD, RAD21, ID1, MAFB, NFIB, TFDP1, EZH2, BRCA1, 
E2F1, NFE2L2, and EGR1 are active (Fig. 4B). In NPC, STAT1 and IRF7 
may exhibit co-expression, as might LEF1 and TCF7. In OPC, IRF7 and 
STAT1 may also demonstrate co-expression (Fig. 4C). 

To elucidate the developmental trajectory of CD8 T cells within the 
NPC and OPC microenvironments, we selected CD8 T cell clusters with 
distinctive features and employed the monocle package for trajectory 
inference. Both in NPC and OPC, the CD8 T cell development begins with 
the double-negative T cell (CD4/CD8_DN) state, progressing to a ter
minal state with combined exhaustion and cytotoxicity (CD8_C1_NKG7/ 

HAVCR2) and a cytotoxic proliferative state (CD8_C10_MKI67/GZMB). 
The trajectory analysis reveals a general progression of CD4/CD8_DN- 
immature T cells transitioning to cytotoxic (CD8_C8_IL7R/NKG7 or 
CD8_C3_GZMK) cells, followed by exhaustion (CD8_C4_KLRD1 or 
CD8_C5_NKG7/CD69 or CD8_C12_TNFRSF9/TIGIT), and subsequently, 
the abundant proliferation of cytotoxic T cells accompanied by 
exhaustion (CD8_C1_NKG7/HAVCR2 or CD8_C10_MKI67/GZMB) 
(Fig. 5A). We present heatmap depictions of the dynamic changes in the 
top 50 gene expression levels over time in NPC and OPC (Figs. 5B and 
S2C). Building upon our prior research indicating the impact of COPS5 
expression on NPC patient prognosis[10,11], we investigated the tem
poral dynamics of the COPS gene family in both NPC and OPC. In NPC, 
the expression of COPS2, COPS5, and COPS6 initially increases and 
subsequently decreases over time, while COPS3 expression gradually 

Fig. 3. Heterogeneity of T/NK cells in NPC and OPC. (A) UMAP plots illustrating T/NK cell clusters (left), patients (center), and tumor types (right). (B) Marker 
expression of identified T/NK cell clusters; dot size indicates the percentage of cells highly expressing the marker, and color depth represents expression levels. (C) 
Differential analysis (NPC vs OPC) of T/NK cells’ gene expression. (D) Gene Set Variation Analysis (GSVA) depicting functional activity; yellow for NPC, green for 
OPC, dark blue to dark red for low to high functional activity. (E) Functional score comparison for cytotoxicity, with red indicating NPC and blue indicating OPC. 
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rises. In OPC, the expression of COPS3, COPS4, COPS5, COPS6, and 
COPS8 steadily increases over time (Figs. 5C and S2B). 

3.3. Diverse developmental trajectories and functional heterogeneity of 
treg cell subsets in NPC and OPC microenvironments 

We classified 11,728 Treg cells into five distinct clusters based on 
established markers from previous studies, including Treg_C1_DNAJB1, 
Treg_C2_ICOS, Treg_C3_SELL, Treg_C4_CD69, and Treg_C5_STMN1 
(Fig. 6A). The origin of these cell clusters from specific patients and 
tumor types is depicted in Fig. 6A. The expression levels of marker genes 
in these cell clusters are illustrated in Fig. 6B. These Treg cell clusters 
exhibit heterogeneity among different patients, particularly evident in 
patient OP17 where Treg_C1_DNAJB1 and Treg_C5_STMN1 cell clusters 
predominate (Fig. S3A). In the context of NPC, the majority of Treg cells 
are classified as Treg_C2_ICOS, while in OPC, Treg_C1_DNAJB1 cells are 
more predominant (Fig. 6C). Specifically, the proportion of Treg_C1_D
NAJB1 (P = 0.00026) is lower in NPC compared to OPC, whereas the 
proportion of Treg_C2_ICOS (P = 0.00028) is higher in NPC than in OPC 
(Fig. S3B). 

Treg_C2_ICOS and Treg_C5_STMN1 cell clusters demonstrate strong 
glycolytic and lactate activity, with Treg_C2_ICOS exhibiting higher 
glycolysis (P = 0.0068) and lactate production (P = 0.0218) in OPC 
compared to NPC. Conversely, Treg_C5_STMN1 shows higher glycolysis 
activity (P = 1.9e-05) in NPC compared to OPC (Fig. 6D and E). Treg_
C2_ICOS cell cluster exhibits elevated IL2R and exhaustion scores. In 
NPC, these five Treg cell clusters have higher IL2R and co-stimulation 
scores compared to OPC (Figs. 6F and S3C). The proliferative capacity 
of Treg_C5_STMN1 is higher, particularly in NPC (P = 0.00026). 

Treg_C3_SELL cell cluster shows higher naivety scores in NPC compared 
to OPC (P = 0.0052) (Fig. S3C). STAT1, IRF7, and REL are highly active 
in the Treg_C2_ICOS cell cluster, both in NPC and OPC microenviron
ments. Treg_C5_STMN1 cell cluster exhibits elevated activity of BRCA1 
in both NPC and OPC (Fig. S3D). Co-regulation of IRF7 and STAT1 is 
suggested in both NPC and OPC Treg cell clusters. Additionally, in NPC, 
co-regulation of KLF2 and KLF3 is possible in Treg cell clusters 
(Fig. S3E). 

The developmental trajectory of Treg cells in both NPC and OPC 
microenvironments initiates with Treg_C3_SELL, transitions through 
intermediate states represented by Treg_C1_DNAJB1, Treg_C2_ICOS, and 
Treg_C4_CD69, and culminates in the terminal state characterized by 
Treg_C5_STMN1 (Figs. 6G and S4A). The dynamic expression of the top 
50 genes in Treg cells over time is displayed in Supplementary Fig. 4B for 
both NPC and OPC. In NPC, the expression of COPS3 increases over time, 
while the expression of COPS2, COPS5, COPS6, and COPS8 increases 
initially and then stabilizes. In contrast, in OPC, the expression of 
COPS3, COPS4, COPS6, and COPS8 increases over time, while COPS5 
expression initially increases and then stabilizes (Fig. S4C). 

3.4. Delineating heterogeneity of malignant epithelial cells in NPC and 
OPC microenvironments 

We utilized endothelial cells as a reference to determine 17,103 
malignant epithelial cells with chromosomal copy number variations in 
NPC and OPC. These cells were further categorized into 14 distinct 
clusters through unsupervised clustering (Fig. 7A and C). The origin of 
these cells from patients and tumors is illustrated in Fig. 7A. Consider
able heterogeneity is observed in the composition and types of 

Fig. 4. Functional activity and transcription factors. (A) UMAP plots indicating glycolysis and lactate metabolic activity (left); differences in activity within each cell 
cluster (right). (B) Transcription factor activity in NPC and OPC. (C) Co-expression of transcription factors in NPC and OPC. 
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malignant epithelial cells across individual patients, indicative of strong 
variability (Fig. S5A). Notably, in NPC, clusters 0 and 1 are dominant 
among malignant epithelial cells, whereas in OPC, a greater diversity of 
malignant epithelial cells is evident, with cluster 0 being more promi
nent (Fig. 7B). Top 3 highly expressed genes (Adjusted P-value < 0.05) 
were selected for each cluster of malignant epithelial cells based on 
avg_log2FC, as depicted in Fig. 7D. The differential gene expression 
profiles of these 14 clusters of malignant epithelial cells in NPC and OPC 
can be observed in Supplementary Fig. 5B." 

Metabolic analysis reveals a general upregulation of glycolytic ac
tivity in all 14 clusters of malignant epithelial cells, with cluster 8 
exhibiting particularly elevated glycolytic activity. Interestingly, cluster 
8 in NPC demonstrates higher glycolytic activity than in OPC, although 
statistically insignificant (Fig. 7E and F). Pathway analysis indicates that 
unfolded protein response, mTORC1 signaling, MYC targets V2, and 
PI3K-AKT-mTOR signaling show increased activity in NPC compared to 
OPC. Cluster 12 of malignant epithelial cells exhibits robust activation of 
interferon gamma response and interferon alpha response, which is 
consistent in both NPC and OPC. Additionally, clusters 4, 7, and 9 show 
higher activity of interferon gamma response and interferon alpha 
response in NPC than in OPC (Fig. 8A). 

3.5. Cell-cell interactions and metabolic signatures of malignant epithelial 
cells and immune cell subpopulations in NPC and OPC microenvironments 

Enhanced glycolytic activity in cluster 8 malignant epithelial cells, 
while cluster CD8_C9_STMN1/GZMB and cluster CD8_C10_MKI67/ 
GZMB exhibit elevated lactic acid metabolism. In both NPC and OPC, 
cluster 8 malignant epithelial cells engage in extensive interactions with 

CD8_C9_STMN1/GZMB and CD8_C10_MKI67/GZMB, as well as active 
interactions with Treg_C2_ICOS, Treg_C4_CD69, and Treg_C5_STMN1 
(Fig. 8B). In both NPC and OPC, cluster 8 malignant epithelial cells 
interact with CD8_C9_STMN1/GZMB and CD8_C10_MKI67/GZMB 
through MIF-TNFRSF14. The interaction involves CD74 from 
CD8_C10_MKI67/GZMB and CD8_C9_STMN1/GZMB with MIF and APP 
from cluster 8 malignant epithelial cells in both NPC and OPC. In NPC, 
cluster 8 malignant epithelial cells interact with CD8_C9_STMN1/GZMB 
and CD8_C10_MKI67/GZMB via TNFSF15-TNFRSF25, which is absent in 
OPSCC. Additionally, in OPC, cluster 8 malignant epithelial cells 
interact with CD8_C9_STMN1/GZMB and CD8_C10_MKI67/GZMB via 
CXCL14-CXCR4, whereas this interaction is absent in NPC. 
CD8_C9_STMN1/GZMB in OPC engages with cluster 8 malignant 
epithelial cells through CD94:NKG2C-HLA-E and CD94:NKG2A-HLA-E 
interactions, which are not evident in NPC (Fig. 8C). In OPC, active 
interactions between cluster 8 malignant epithelial cells and Treg cell 
clusters are mediated by CD2-CD58, CD27-CD70, CD74-COPA, and 
CD74-MIF (Fig. S5C). 

4. Discussion 

Tumor heterogeneity is a critical factor contributing to the vari
ability in therapeutic responses observed among different tumor pa
tients[12]. Consequently, the significance of tumor microenvironments 
in diagnosis and treatment has garnered increasing attention, prompting 
the application of single-cell sequencing to unravel their intricate 
compositions. While preliminary studies have separately depicted cell 
atlases for NPC and OPC[13,14], a comprehensive exploration of the 
commonalities and heterogeneities between these anatomically 

Fig. 5. Cell developmental trajectories inferred. (A) Developmental trajectory of representative CD8 T cell clusters. (B) Heatmap of dynamic expression of Top 50 
genes over time in NPC. (C) Dynamic expression of COPS family genes over time in NPC and OPC. 
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adjacent tumors remains largely unaddressed. Our study sought to 
bridge this gap by elucidating the heterogeneity, metabolic signatures, 
and intercellular interactions that contribute to the distinct character
istics of these two types of head and neck cancers. 

Our analysis revealed distinct cellular landscapes within the NPC and 
OPC microenvironments. Tumor microenvironment composition 
exhibited considerable variations, reflecting the inherent heterogeneity 
among individual patients. Notably, the dominance of T/NK and B cells 
in NPC, in contrast to the prevalence of epithelial cells, endothelial cells, 
and fibroblasts in OPC, underscores the intricate interplay between 
tumor origin and microenvironmental dynamics. 

The observed transition of CD8 T cells from a naive state to cyto
toxicity, accompanied by the gradual onset of exhaustion, holds pivotal 
implications. In both NPC and OPC, the coexistence of cytotoxic and 
exhausted CD8 T cell subsets signifies a dynamic process of immune 
response. This phenomenon, wherein activated T cells shift towards 
exhaustion without complete loss of function, aligns with prior reports 
in NPC [15]. Moreover, the heightened proliferative capacity of Tregs in 
the terminal states, accompanied by exhaustion, suggests their intricate 
role in shaping the microenvironment. In our investigation, we observed 
heightened proliferation of CD8 T and Treg cell clusters in both NPC and 
OPC, characterized by enhanced glycolysis and lactate metabolism ac
tivities. Tumor microenvironments often experience hypoxia, prompt
ing tumor cells to engage in glycolysis for energy production and 
resulting in substantial lactate generation. This lactate, in turn, exerts 
regulatory effects on immune cell activity and functionality [16]. 
Despite the initial presence of ample oxygen during early tumor for
mation, tumor cells, including rapidly proliferating cells like effector T 
cells, can also undergo aerobic glycolysis [17]. Prior research has indi
cated that activated T cells can fulfill their nutritional demands by 
converting glucose to lactate through glycolysis or aerobic glycolysis 

[18]. Notably, extracellular lactate levels closely correlate with T cell 
proliferation [19]. Tregs utilize lactate for proliferation to sustain their 
immunosuppressive functions, induce PD-1 expression, and potentially 
inhibit the cytotoxicity of effector T cells[20,21]. 

A fascinating hypothesis emerges from our findings, suggesting that 
malignant epithelial cells and T cells may resort to glycolysis or aerobic 
glycolysis to meet their energy requirements and generate substantial 
lactate. Over time, glucose depletion due to extensive consumption by 
these cells may lead to low glucose concentrations in the microenvi
ronment, consequently resulting in substantial lactate accumulation. 
Furthermore, as both malignant epithelial cells and T cells necessitate 
energy for their metabolic processes, they might rely on the accumulated 
lactate within the microenvironment. Within the context of our study, 
we have unveiled that highly glycolytic malignant epithelial cells 
interact with lactate-producing and glycolysis-enriched proliferative 
effector T cells through MIF-TNFRSF14, MIF-CD74, and APP-CD74 in
teractions in both NPC and OPC. Interestingly, these proliferative 
effector T cells are concurrently marked by exhaustion. 

Previous studies have indicated that the MIF/CD74 axis in murine 
hepatocellular carcinoma promotes tumor proliferation while exerting 
anti-apoptotic effects[22]. Activation of the MIF-CD74 axis induces 
highly proliferative, low-differentiated, and low-activity memory B cells 
in hepatocellular carcinoma [23]. In the microenvironment of Cuta
neous T cell lymphoma, interactions between CCL13+
monocyte-derived macrophages and LAMP3+cDC cells through 
MIF-CD74 contribute to immune suppression by engaging malignant T 
cells [24]. Moreover, interactions involving APP-CD74 have been 
documented between malignant epithelial cells and T cells in adenoid 
cystic carcinoma [25]. In the context of NPC and OPC, strongly glyco
lytic malignant epithelial cells interact with lactate-producing and 
glycolysis-enriched proliferative T cells through MIF-TNFRSF14, 

Fig. 6. Diversity of Treg cells in NPC and OPC. (A) UMAP plots depicting Treg cell clusters (left), patients (center), and tumor types (right). (B) Marker expression of 
identified Treg cell clusters; dot size indicates the percentage of cells highly expressing the marker, and color depth represents expression levels. (C) Proportional 
differences of Treg cell clusters between NPC and OPC. (D) UMAP plots indicating glycolysis and lactate metabolic activity. (E) Differences in glycolysis activity in 
each Treg cell cluster. (F) Functional score comparison for IL2R, with red indicating NPC and blue indicating OPC. (G) Developmental trajectory of Treg cell clusters 
in NPC. 
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Fig. 7. Heterogeneity of malignant epithelial cells in NPC and OPC. (A) UMAP plots depicting malignant cell clusters (left), patients (center), and tumor types (right). 
(B) Proportional differences of malignant epithelial cell clusters between NPC and OPC. (C) Copy number variation inferred with reference to endothelial cells. (D) 
Top3 gene expression of each malignant cell cluster. (E) Glycolysis activity in each malignant cell cluster. 
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MIF-CD74, and APP-CD74 interactions. The exploration of the re
lationships between these metabolites and their respective ligands 
warrants further investigation. Furthermore, the potential co-expression 
of IRF7 and STAT1 in CD8 T cells, NK cells, and Tregs within NPC and 
OPC microenvironments necessitates deeper molecular investigations. 

In conclusion, our single-cell sequencing analysis offers a compre
hensive exploration of the cellular heterogeneity, metabolic signatures, 
and intercellular communication networks within the tumor microen
vironments of NPC and OPC. The distinct characteristics observed in 
these two types of head and neck cancers provide valuable insights into 
their underlying biology and potential therapeutic avenues. 
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