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Nasopharyngeal carcinoma (NPC), featured by Epstein-Barr virus (EBV) infection and regional epidemiology, is curable when detected early, but highly lethal at an advanced stage. The molecular mechanism of NPC progression toward a clinically uncontrollable stage remains elusive. In this study, we developed a novel computational framework to conduct multiscale transcriptomic analysis during NPC progression. The framework consists of four modules enabling transcriptomic analyses spanning from single-cell, bulk, microenvironment, to cohort scales. The bulk-transcriptomic analysis of 133 NPC or normal samples unraveled leading functional enrichments of cell-cycle acceleration, epithelial-mesenchymal transition, and chemokine-modulated inflammatory response during NPC progression. The chemokine CXCL10 in the NPC microenvironment, discovered by single-cell RNA sequencing data analysis, recruits cytotoxic T cells through interacting with its receptor CXCR3 at early but late stages. This T-cell mistrafficking was featured by the decline of cytotoxic T cells and the increase of regulatory T cells, accompanied with B-cell depletion confirmed by immunohistochemistry staining. The featured immunomodulatory chemokines were commonly upregulated in the majority of cancers associated with viral or bacterial infections.
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INTRODUCTION
Nasopharyngeal carcinoma (NPC) is a special type of head and neck cancers, mostly associated with Epstein-Barr virus (EBV) infection. The worldwide incidence rate of NPC is lower than one per 100,000 persons, whereas the rate in certain regions is extremely high, including countries at southeastern Asia, north Africa and Alaska in the US (Chua et al., 2016; Tang et al., 2016; Chen et al., 2019). Remarkably, the incidence rate in Southern China ranges from 12.8 to 25 per 100,000, accounting for over a half of the total patients in the world (Tsang et al., 2020). This regional epidemic might be interpreted in part by a recent study demonstrating that the EBV isolates from China frequently carried two unique variants strongly associated with the regional infection (Xu et al., 2019).
Most low-grade NPCs are curable, whereas high-grade NPCs have significantly worse survival, and those with distant metastasis are often out of clinical control and extremely lethal (Li et al., 2014). The records at the American Joint Committee on Cancer (AJCC) between 2009 and 2015 have shown significant differences in the 5-year survival rates among different histological groups of NPC patients: 82% for low-grade primary tumors, 73% for high-grade with invasion at lymph nodes and peripheral tissues, and only 48% for those with distant metastasis. Therefore, understanding the underlying molecular and immunological features driving NPC progression is on high demand, which may help discover novel drug targets to prevent this deadly progression.
To understand the molecular landscape of NPC, several studies have used next-generation sequencing to explore genomic alterations (Lin et al., 2014; Li et al., 2017) and transcriptional dysregulation (Sengupta et al., 2006; Bose et al., 2009; Leek et al., 2012; Tang et al., 2018) between NPC tissues and health nasopharynx samples. Major molecular variation in NPC includes but not limited to chromosome 3p loss, CDKN2A/B loss in cell cycle control, and hyperactivation of NF-kB pathway driven by either loss-of-function somatic mutation of CYLD or overexpression of EBV oncoprotein LMP1 (Tsang et al., 2020). In addition, through transcriptional comparison of 31 NPC samples and 10 healthy tissues, a previous study found that NPC tumor cells achieve immune evasion via EBV-mediated suppression of MHC-I type HLA genes (Sengupta et al., 2006). Recently, one study has identified 13 highly predictive biomarkers of metastatic risk of NPC, including WSB2, FNDC3B and CXCL10, and consolidated the clinical utility of these biomarkers in 937 patients in Southern China (Tang et al., 2018). The potential biological implication of these predictive biomarkers is worth further investigation.
In this study, we aim to investigate transcriptional and immunological signatures associated with NPC progression from low to high grades and distant metastasis. Through integration of four datasets of bulk microarrays comprising 116 NPC at different stages and 17 adjacent normal samples, we develop a novel computational framework based on statistical trend analysis to dissect immunological components in microenvironment and molecular hallmarks in NPC progression. Besides signatures of cell cycle acceleration, epithelial–mesenchymal transition and B-cell depletion, we discover an inflammation-associated signature, featured by the chemokine CXCL10, is in fact secreted by tumor-associated macrophages using single-cell RNA sequencing data. Finally, we demonstrate by independent pan-cancer omics datasets that these featured chemokines are pervasive in multiple viral-associated cancers.
METHODS
Data Preparation and Integration
The microarray data of 116 NPC samples and 17 adjacent healthy nasopharynx samples used in the present study were downloaded from Gene Expression Omnibus (GEO) with accession code GSE12452 (Sengupta et al., 2006), GSE13597 (Bose et al., 2009), GSE64634 (Bo et al., 2015) and GSE103611 (Tang et al., 2018). The expression data were measured by different platforms and protocols and have strong batch effects that would affect downstream analysis. We therefore used sva package (Leek et al., 2012) to remove the batch effect, and then merged the four datasets by removing the genes that were not present in any of the four studies. Afterward, a quantile normalization was performed to avoid the influence of outlier data points. Principal component analysis (PCA) was performed to visualize at low dimensions whether the batch effect was removed.
For clinical information, we used the grades of lymph node spread (N) and diagnosis of overt metastasis (M) to split the tumors into three progression stages: Stage 1 includes the patients with N0M0 or N1M0; Stage 2 includes the patients with N2M0, N3M0, N0M1 or N1M1; and Stage 3 includes N2M1 or N3M1. The overall survival data from the dataset GSE64634 (Bo et al., 2015) were used to analyze survival difference among the three patient groups using survival package (Therneau, 2020), and was visualized using Kaplan-Meier plot (K-M plot).
Statistical Trend Analysis
Given the stage variable x = 1, 2, 3, four denoting normal (Stage 0) and progression Stage 1, 2 and 3, respectively, and expression of each gene y, we estimated the trend of expression in different stages (x,y) in each sample using least squares fit [image: image]. The null hypothesis is [image: image] denoting no trend, and we performed a permutation test by shuffling the group variable 10,000 times at random to generate a Gaussian distribution centered at zero. An empirical p value was calculated to denote how likely the fitted [image: image] is sampled from the distribution generated by the random shuffling. We selected the genes with p < 0.05 as the set associated with NPC progression. And the gene was sorted by the corresponding [image: image] value and the ranking list was input into GSEA (Subramanian et al., 2005) under “pre-rank” mode to query enriched cancer hallmarks curated by the Molecular Signatures Database (MSigDB) (Liberzon et al., 2015).
Single-Cell RNA-Sequencing Data Analysis
We downloaded the raw data of single-cell RNA sequencing of NPC samples at different progression stages from one previous study (Chen et al., 2020) under accession code CNP0000428 from the China National GeneBank Sequence Archive. The raw data were aligned and processed into count tables using CellRanger (Zheng et al., 2017) developed by 10x Genomics Inc. Further downstream analysis was performed using Seurat R package (Satija et al., 2015; Butler et al., 2018).
Bulk Deconvolution of Bulk Expression Data
We used ConsensusTME (Jiménez-Sánchez et al., 2019) to computationally deconvolve the expression profiles of the 133 samples into 18 immunological components and one prognostic metric termed immunoscore. The parameters used in the ConsensusTME are “cancer = HNSC” and “statMethod = ssgsea”.
Immunohistochemistry Staining of B Cells in NPC Samples
The formalin-fixed paraffin-embedded (FFPE) tissue slides were sectioned at 4 μm thick from the tumor specimens resected at Department of Otolaryngology, People’s Hospital of Haining, and were mounted on coated glass slides for immunohistochemistry (IHC) staining. The slides were stained by Ultra60-1,600 automatic IHC stainer (ZSGB-BIO, Beijing, China). Anti-CD20 antibodies (L26, dilution 1:2000, #ZM-0039, ZSGB-BIO, Beijing, China) were used for staining. Digital pathological images were scanned using digital whole slide scanning (HS6, 190,,011-6, SOPTOP, Ningbo, China), and were analyzed using the software Aperio-ImageScope (Leica, Version: 12.4.3). We obtained the digital images of the stained tissue sections at ×10 magnification.
Pan-Cancer Analysis
We used Oncomine (Rhodes et al., 2007) to test whether inflammation-associated signature genes are significantly differentially expressed in multiple cancer transcriptomic datasets. Given one input gene symbol, Oncomine performed differential expression analyses using 715 datasets from the datasets of over 20 cancer types, and returned the number of analyses within which the input gene is significantly expressed between cancer and normal samples. In this study, the significant expression was defined as p value <0.001, log fold change >3 and p-value ascending ranking list of top 5% out of all the genes.
RESULTS
Survival Difference at Different NPC Progression Stages
To identify genes associated with NPC progression, we collected the microarray data of 133 NPC at different pathological grades and normal samples from four previous studies: GSE12452 (Sengupta et al., 2006), GSE13597 (Bose et al., 2009), GSE64634 (Bo et al., 2015) and GSE103611 (Tang et al., 2018). Using the measures of lymph node spread (N) and overt metastasis (M) in TNM system, we split the 133 samples into four progression stages (Figure 1A). To rationalize our strategy in progression staging, we used the strategy to split a cohort of 112 NPC patients with survival data available from GSE64634 (Bo et al., 2015) using the same criteria, which has shown to have different overall survivals (p = 0.21 between Stage 1 and 2, p = 0.0098 between Stage 2 and 3, and p = 0.001 between Stage 1 and 3, log-rank test, Figure 1B). Unexpectedly, we found that splitting the NPC patients using solely tumor size did not yield significant difference in overall survival (p = 0.38, log-rank test, Supplementary Figure 1A), and some patients with T4-tumors exhibit better survival than those with T1-tumors.
[image: Figure 1]FIGURE 1 | Analytic framework of multiscale transcriptomic integration for nasopharyngeal carcinoma (NPC) progression. (A) Schematic view of multi-center microarray data integration. The number n in the brackets denotes the sample size of each dataset. The lymph node spread (N0, N1, N2 and N3) and overt metastasis (M0 and M1) in the TNM system are used in the staging step. (B) Kaplan-Meier plot of NPC patients in Stage one, two and three of the integrated cohort. Pairwise p values between two different stages are derived from two-sided log-rank test.
Overview of Multiscale Analytical Framework
To enhance statistical power, we collected a large dataset of NPC progression by integrating the microarray expression data from the four studies and removing the batch effect generated by different sequencing protocols. Using Principal Component Analysis (PCA) to project all the 133 samples into a 2D dimensions, we showed a well-mixed distribution among different batches of expression data (Supplementary Figure 1B). In addition, we found that the expression profiles of NPC and normal nasopharynx samples are remarkably different, while the expression of NPCs at different stages are not well-separated (Supplementary Figure 1C). To further investigate the expression changes between different stages, we developed a multiscale analytic framework consisting of four modules (Supplementary Figure 1D): 1) trend analysis for comparison of different patients at cohort scale that captures key progression modulators with increasing average expression at sequential order of progression stages, 2) single-cell analysis for comparison of different molecules at single-cell scale which identifies crucial cell-cell communications via chemokine-receptor interactions, 3) bulk-deconvolution for comparison of different immune cell compositions at patient scale that consolidate significant changes of immune cell fractions observed at single-cell scale during NPC progression, and 4) pan-cancer analysis for comparison of different cohorts at population scale that investigate common aberrant gene expressions in multiple types of cancers.
Transcriptional Signatures in NPC Progression
To identify the expression patterns associated with NPC progression, we developed an empirical statistical method to test whether the expression of one gene exhibits a linear trend at progressive stage order (see Methods). Using the trend statistic beta and its empirical significance, we prioritized 12,746 genes based on their increasing/decreasing trends during NPC stage progression, and identified 2,698 genes with significant trends (p < 0.05). To demonstrate the rationale of the trend analysis, we showed the expression of MKI67, a prominent histological biomarker of cellular proliferation, in different stages and observed a remarkably increasing trend from Stage 0, a healthy control, to Stage 3, the final stage with distant metastasis (Figure 2A). Visualizing the trend statistics of all the genes in Figure 2B, we discovered that the genes with top increasing trends are CXCL11, MMP1, CXCL10 and CXCL9, while the genes with the top decreasing trends are MSMB, LTF, SCGB1A1 and GSTA2. Notably, CXCL10, a chemokine responsible for chemoattraction, has been demonstrated in an independent large-scale study as a significant prognostic biomarker of distant metastasis in locoregional advanced NPC patients (Tang et al., 2018).
[image: Figure 2]FIGURE 2 | Trend analysis identifies transcriptional signatures in nasopharyngeal carcinoma progression. (A) Boxplot of MKI67 expression in different NPC progression stages. (B) Scatter plot of trend statistic of each gene, sorted by ascending order. Colors denote trend significance, derived by 10,000 permutation tests. (C) Bar plot of Normalized Enriched Score (NES) derived from GSEA (Gene Set Enrichment Analysis) using 50 cancer-hallmark gene sets. The gene sets with FDR <0.05 are shown. Positive/negative NES denotes increasing/decreasing trend in NPC progression. Colors denote the functional category of each gene set. (D) Enriched score ranked by trend statistics. Four representative gene sets in different functional categories are shown.
To uncover biological insights of the prioritized genes by the trend analysis, we performed the Gene Set Enrichment Analysis (GSEA) using the trend statistic as a pre-rank metric. Remarkably, the GSEA revealed 24 significantly enriched cancer hallmarks (FDR <0.05, Figure 2C), among which the top functional hallmarks are mainly from four categories of biological processes: cellular proliferation (E2F targets, MYC targets v1 and v2, G2M checkpoint, Mitotic spindle, dark green bars in Figures 2C, D), immunity (interferon alpha, gamma responses, IL6-JAK-STAT3 signaling, and inflammatory response, yellow bars in Figures 2C, D), development (epithelial mesenchymal transition and angiogenesis, red bars in Figures 2C,D), and signaling (MTORC1 signaling and TNFA signaling via NFkB, light green bars in Figures 2C,D). Strikingly, epithelial mesenchymal transition (EMT) as a predominant phenotype of cancer metastasis, were found to be significantly associated with NPC progression (FDR <0.0001) with MMP1 as the leading gene in the EMT gene set. In addition, another notable enriched hallmark is interferon gamma response (FDR <0.0001) with CXCL9/10/11 as the leading genes in the set. These findings suggest that beside accelerated cell proliferation, NPC progression involved the activation of EMT program in which malignant nasopharyngeal epithelial cells undergo a morphological transition into a mesenchymal-like phenotype with strong invasive and migratory potentials, and the activation of immune response to recruit lymphocytes by upregulating CXCL9/10/11.
Single-Cell RNA-Sequencing Analysis
Evidenced by the trend analysis (Figure 2B), the functional enrichment (Figures 2C, D) and previous prognostic study (Tang et al., 2018), we inferred that the chemokine CXCL10 might play a crucial role in tumor microenvironment of NPC progression. However, its biological role and dynamics in NPC progression remain largely unknown. To first investigate the cellular origin of CXCL10 in NPC progression, we collected single-cell RNA sequencing (scRNA-seq) data from a recent study with NPC patients at different stages (Chen et al., 2020). From the scRNA-seq dataset, we selected and integrated four samples from normal nasopharynx and NPC tumors at Stage 1, 2 and 3, respectively. The integrated expression profiles of 20,841 cells were projected into a 2D space (Figure 3A) using UMAP by Seurat package, and were further categorized into 14 cell types based on regular cell markers (Figure 3B). Similar to the microenvironment of other cancer types (Puram et al., 2017; Zhang et al., 2020), the NPC microenvironment consists primarily of T cells, B cells and myeloid cells (Figure 3A).
[image: Figure 3]FIGURE 3 | Single-cell RNA sequencing analysis uncovers cellular origin of progression-associated modulators. (A) Scatter plot of each cell at 2D UMAP space. Colors denote different cell types. (B) Scatter plot of average expression of biomarker genes in different cell types. Color intensity denotes expression level and dot size denotes percentage of cells expressing the biomarker. (C) Scatter plot of each cell at 2D UMAP space. Colors specify the cells highly expressing CXCL10 or its receptor CXCR3 (normalized expression >2). (D) Cell fractions, defined by the cell number highly expressing CXCL10 or CXCR3 divided by the total cell number in the cell type, at different NPC progression stages. Shaded area indicates 99% Confidence Interval. (E) B-cell fractions, defined by the B cell numbers divided by the total cell number in the sample, at different NPC progression stages. Shaded area indicates 99% Confidence Interval.
Highlighting the cells with highly expressed CXCL10 and its binding receptor CXCR3, we uncovered that CXCL10 is predominantly expressed by macrophages and its receptor CXCR3 is mainly expressed by T cells, indicating macrophages attract T cells through CXCL10-CXCR3 communication (Figure 3C). Notably, the cell proportion of CXCL10 + macrophages exhibit a significantly increase (z-test, Supplementary Figure 2A) from Stage 0 (normal) toward Stage 3 (metastasis) during NPC progression (Figure 3D), which is consistent with the trend identified by the trend analysis (Figure 2B). However, the CXCL10 + macrophages do not keep recruiting CXCR3+ effector T cells: the proportion of CXCR3+ effector T cells dramatically declines from 5.14% at Stage 2 to 0.98% at Stage 3 (z-test, Figure 3D and Supplementary Figure 2A). In contrast, the cell proportion of CXCR3+ regulatory T cells (Treg), which play a suppressive role in immune response, shows a significantly ascending trend from 0.84% at Stage 2 toward 1.97% at Stage 3 (z-test, Figure 3D and Supplementary Figure 2A). These results imply that macrophages recruit CXCR3+ effector T cells through CXCL10 expression at early stage of NPC progression, but at late stage, the NPC microenvironment might undergo a reprogramming from an active into a suppressive state, evidenced by the decline of CXCR3+ effector T cells and the increase of CXCR3+ regulatory T cells. In addition, we observed significant depletion of B cells during NPC progression (z-test, Figure 3E and Supplementary Figure 2B). Especially, memory B cells dramatically drop from 25.11% at Stage 0–0.72% at Stage 3, which suggests that like EBV-associated B-cell lymphomas, the B cells in NPC are vulnerable under EBV infection.
Deconvolved Immunological Composition and Biomarkers in NPC Progression
To further validate the dynamic changes of NPC microenvironment during progression discovered by the scRNA-seq analysis, we computationally estimated 22 immune cell proportions in the bulk microarray data of 133 NPC and normal samples (Figure 4A) using ConsensusTME (Jiménez-Sánchez et al., 2019). One of the apparent changes among the 22 immune cells is B cell depletion during the progression (Figure 4B), which is consistent with the observation of scRNA-seq analysis (Figure 3E). Estimating the cytotoxic T lymphocyte (CTL) level of each sample using the average expression of five marker genes (CD8A, CD8B, GZMA, GZMB and PRF1) (Rooney et al., 2015), we showed that the CTL levels boost up at the early stage but slightly drop at the late stage during NPC progression (Figure 4C). Similarly, the proportion of anti-tumor M1 macrophages display a trend of “increase first, decrease later” (Figure 4D). Consistent with the scRNA-seq analysis (Figure 3D), we also observed an increasing trend of Treg cell proportion in the deconvolution analysis (Figure 4E). All the evidence of the analyses pointed to a unique trend of tumor microenvironment during NPC progression: from active immune surveillance at the early stage to immunosuppressive’ at the late stage.
[image: Figure 4]FIGURE 4 | Bulk deconvolution analysis reveals immunological variation during nasopharyngeal carcinoma progression. (A) Cell-type fractions deconvolved from bulk expression data measured by microarray from 113 samples in the integrated cohort. (B) B-cell fraction from bulk deconvolution at different NPC progression stages. (C) Cytotoxic T lymphocyte level, estimated by average expression of CD8A, CD8B, GZMA, GZMB and PRF1, at different NPC progression stages. (D) M1 macrophage fraction from bulk deconvolution at different NPC progression stages. (E) Treg (regulatory T) cell fraction from bulk deconvolution at different NPC progression stages.
Validation of B-Cell Depletion via Immunohistochemistry Staining
Enlightened by the consistent trends of B-cell depletion observed in the scRNA-seq and bulk deconvolution analyses, we conducted hematoxylin and eosin (HE) staining (Figure 5A) and anti-CD20 immunohistochemistry staining (Figure 5B) of three NPC samples at Stage 1, 2 and 3, and one adjacent normal sample collected by the Department of Otolaryngology, People’s Hospital of Haining, Zhejiang, China. Consistently, we observed a decreasing trend of the number of CD20-positive cells from Stage 1 to Stage 3 NPC samples (Figure 5C), which consolidates the computational results of B-cell depletion during NPC progression.
[image: Figure 5]FIGURE 5 | Validation of B-cell depletion via immunohistochemistry staining. (A) Hematoxylin and eosin (HE) staining images of Stage one, two and three NPCs and non-NPC adjacent normal samples. (B) Corresponding anti-CD20 immunohistochemistry (IHC) staining images of Stage one, two and three NPCs and non-NPC adjacent normal samples. (C) Fraction of IHC positive staining shown in (B) with significance estimated by t-test.
Chemokine Upregulation at Pan-Cancer Scale
Commonly, the chemokines CXCL9, CXCL10 and CXCL11 are thought to be induced by interferon (IFN)-γ against inflammation (Metzemaekers et al., 2017). Using Oncomine (Rhodes et al., 2007), we investigated what types of cancers are associated with the upregulation of the three chemokines observed in NPC progression. Consistent with the observation in NPC, we found that the three chemokines are upregulated in 11 transcriptomic studies of head and neck cancer (Supplementary Figure 3A). Interestingly, the cancers in which the three chemokines are upregulated are significantly enriched with viral or bacterial infections (p < 0.05, z-test, Supplementary Figure 3A). Within the 10 cancers with the chemokine upregulation, six cancers (lymphoma, head and neck cancer, liver cancer, colorectal cancer, cervical cancer and bladder cancer) are associated with viral or bacterial infection. In contrast, only one cancer (gastric cancer) out of the other 10 cancers without chemokine upregulation is associated with bacterial infection. This suggests that the upregulation of CXCL9, CXCL10 and CXCL11 is a common event in the cancers with viral or bacterial association.
DISCUSSION
To investigate the dynamic patterns of NPC transcriptomes in progression, we developed a computational model to perform multiscale transcriptomic analysis. The entire analytic framework spans from the single-cell RNA-sequencing analysis at cellular scale, the trend analysis at molecular scale, the deconvolution analysis at immunological-component scale, and the pan-cancer analysis at cohort scale. Using this multiscale analytic pipeline, we have discovered that the expression trend during NPC progression is significantly enriched in the biological processes of cell-cycle acceleration, elevated invasiveness, and chemokine-modulated inflammatory response. In particular, the leading chemokine is CXCL10 that interacts with its receptor CXCR3 to modulate cytotoxic T cell trafficking from high to low levels during NPC progression. Pan-cancer analysis independently verified the prevalence of CXCL10 upregulation in other cancers with viral or bacterial association. In addition, B cell depletion is another hallmark event during NPC progression. Taken together, our multiscale transcriptomic analytic framework pinpointed CXCL10 as a crucial immune modulator in NPC microenvironment during progression.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by The research ethical committee of the People’s Hospital of Haining, Zhejiang, China. The patients/participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
WZ and JZ contributed to the conception and design of the study; XS and FQ performed the data analysis, interpretation and manuscript drafting; JP and LW conducted experimental validation; XZ, YF, and XG provided the clinicopathological data. All authors contributed to manuscript revision and approved the submitted version.
FUNDING
This work is supported by the Jiaxing Science and Technology Program Project (Grant Nos. 2016BY58083 and 2016BY58084).
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.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2022.857137/full#supplementary-material
REFERENCES
 Bo, H., Gong, Z., Zhang, W., Li, X., Zeng, Y., Liao, Q., et al. (2015). Upregulated Long Non-coding RNA AFAP1-AS1 Expression Is Associated with Progression and Poor Prognosis of Nasopharyngeal Carcinoma. Oncotarget 6, 20404–20418. doi:10.18632/oncotarget.4057
 Bose, S., Yap, L.-F., Fung, M., Starzcynski, J., Saleh, A., Morgan, S., et al. (2009). The ATM Tumour Suppressor Gene Is Down-Regulated in EBV-Associated Nasopharyngeal Carcinoma. J. Pathol. 217 (3), 345–352. doi:10.1002/path.2487
 Butler, A., Hoffman, P., Smibert, P., Papalexi, E., and Satija, R. (2018). Integrating Single-Cell Transcriptomic Data across Different Conditions, Technologies, and Species. Nat. Biotechnol. 36 (5), 411–420. doi:10.1038/nbt.4096
 Chen, Y. P., Chan, A. T. C., Le, Q. T., Blanchard, P., Sun, Y., and Ma, J. (2019). Nasopharyngeal Carcinoma. Lancet 394 (10192), 64–80. Published online. doi:10.1016/S0140-6736(19)30956-0
 Chen, Y.-P., Yin, J.-H., Li, W.-F., Li, H.-J., Chen, D.-P., Zhang, C.-J., et al. (2020). Single-cell Transcriptomics Reveals Regulators Underlying Immune Cell Diversity and Immune Subtypes Associated with Prognosis in Nasopharyngeal Carcinoma. Cell Res. 30 (11), 1024–1042. doi:10.1038/s41422-020-0374-x
 Chua, M. L. K., Wee, J. T. S., Hui, E. P., and Chan, A. T. C. (2016). Nasopharyngeal Carcinoma. Lancet 387 (10022), 1012–1024. doi:10.1016/S0140-6736(15)00055-0
 Jiménez-Sánchez, A., Cast, O., and Miller, M. L. (2019). Comprehensive Benchmarking and Integration of Tumor Microenvironment Cell Estimation Methods. Cancer Res. 79, 6238–6246. doi:10.1158/0008-5472.CAN-18-3560
 Leek, J. T., Johnson, W. E., Parker, H. S., Jaffe, A. E., and Storey, J. D. (2012). The SVA Package for Removing Batch Effects and Other Unwanted Variation in High-Throughput Experiments. Bioinformatics 28 (6), 882–883. doi:10.1093/bioinformatics/bts034
 Li, J., Zou, X., Wu, Y.-L., Guo, J.-C., Yun, J.-P., Xu, M., et al. (2014). A Comparison between the Sixth and Seventh Editions of the UICC/AJCC Staging System for Nasopharyngeal Carcinoma in a Chinese Cohort. PLoS One , 9, e116261. Published online. doi:10.1371/journal.pone.0116261
 Li, Y. Y., Chung, G. T. Y., Lui, V. W. Y., To, K.-F., Ma, B. B. Y., Chow, C., et al. (2017). Exome and Genome Sequencing of Nasopharynx Cancer Identifies NF-Κb Pathway Activating Mutations. Nat. Commun. 8, 14121. doi:10.1038/ncomms14121
 Liberzon, A., Birger, C., Thorvaldsdóttir, H., Ghandi, M., Mesirov, J. P., and Tamayo, P. (2015). The Molecular Signatures Database Hallmark Gene Set Collection. Cel Syst. 1 (6), 417–425. doi:10.1016/j.cels.2015.12.004
 Lin, D.-C., Meng, X., Hazawa, M., Nagata, Y., Varela, A. M., Xu, L., et al. (2014). The Genomic Landscape of Nasopharyngeal Carcinoma. Nat. Genet. 46 (8), 866–871. doi:10.1038/ng.3006
 Metzemaekers, M., Vanheule, V., Janssens, R., Struyf, S., and Proost, P. (2017). Overview of the Mechanisms that May Contribute to the Non-redundant Activities of Interferon-Inducible CXC Chemokine Receptor 3 Ligands. Front. Immunol. 8, 1970. doi:10.3389/fimmu.2017.01970
 Puram, S. V., Tirosh, I., Parikh, A. S., Patel, A. P., Yizhak, K., Gillespie, S., et al. (2017). Single-Cell Transcriptomic Analysis of Primary and Metastatic Tumor Ecosystems in Head and Neck Cancer. Cell 171 (7), 1611–1624.e24. doi:10.1016/j.cell.2017.10.044
 Rhodes, D. R., Kalyana-Sundaram, S., Mahavisno, V., Varambally, R., Yu, J., Briggs, B. B., et al. (2007). Oncomine 3.0: Genes, Pathways, and Networks in a Collection of 18,000 Cancer Gene Expression Profiles. Neoplasia 9, 166–180. Published online. doi:10.1593/neo.07112
 Rooney, M. S., Shukla, S. A., Wu, C. J., Getz, G., and Hacohen, N. (2015). Molecular and Genetic Properties of Tumors Associated with Local Immune Cytolytic Activity. Cell 160 (1-2), 48–61. doi:10.1016/j.cell.2014.12.033
 Satija, R., Farrell, J. A., Gennert, D., Schier, A. F., and Regev, A. (2015). Spatial Reconstruction of Single-Cell Gene Expression Data. Nat. Biotechnol. 33 (5), 495–502. doi:10.1038/nbt.3192
 Sengupta, S., Den Boon, J. A., Chen, I.-H., Newton, M. A., Dahl, D. B., Chen, M., et al. (2006). Genome-Wide Expression Profiling Reveals EBV-Associated Inhibition of MHC Class I Expression in Nasopharyngeal Carcinoma. Cancer Res. 66 (16), 7999–8006. doi:10.1158/0008-5472.CAN-05-4399
 Subramanian, A., Tamayo, P., Mootha, V. K., Mukherjee, S., Ebert, B. L., Gillette, M. A., et al. (2005). Gene Set Enrichment Analysis: A Knowledge-Based Approach for Interpreting Genome-wide Expression Profiles. Proc. Natl. Acad. Sci. U.S.A. 102 (43), 15545–15550. doi:10.1073/pnas.0506580102
 Tang, L.-L., Chen, W.-Q., Xue, W.-Q., He, Y.-Q., Zheng, R.-S., Zeng, Y.-X., et al. (2016). Global Trends in Incidence and Mortality of Nasopharyngeal Carcinoma. Cancer Lett. 374 (1), 22–30. doi:10.1016/j.canlet.2016.01.040
 Tang, X.-R., Li, Y.-Q., Liang, S.-B., Jiang, W., Liu, F., Ge, W.-X., et al. (2018). Development and Validation of a Gene Expression-Based Signature to Predict Distant Metastasis in Locoregionally Advanced Nasopharyngeal Carcinoma: a Retrospective, Multicentre, Cohort Study. Lancet Oncol. 19 (3), 382–393. doi:10.1016/S1470-2045(18)30080-9
 Therneau, T. M. (2020). A Package for Survival Analysis in R. Published online: https://cran.r-project.org/package=survival (Accessed Date December 2018). 
 Tsang, C. M., Lui, V. W. Y., Bruce, J. P., Pugh, T. J., and Lo, K. W. (2020). Translational Genomics of Nasopharyngeal Cancer. Semin. Cancer Biol. 61, 84–100. doi:10.1016/j.semcancer.2019.09.006
 Xu, M., Yao, Y., Chen, H., Zhang, S., Cao, S.-M., Zhang, Z., et al. (2019). Genome Sequencing Analysis Identifies Epstein-Barr Virus Subtypes Associated with High Risk of Nasopharyngeal Carcinoma. Nat. Genet. 51, 1131–1136. doi:10.1038/s41588-019-0436-5
 Zhang, L., Li, Z., Skrzypczynska, K. M., Fang, Q., Zhang, W., O’Brien, S. A., et al. (2020). Single-Cell Analyses Inform Mechanisms of Myeloid-Targeted Therapies in Colon Cancer. Cell 181 (2), 442–459.e29. doi:10.1016/j.cell.2020.03.048
 Zheng, G. X., Terry, J. M., Belgrader, P., Ryvkin, P., Bent, Z. W., Wilson, R., et al. (2017). Massively Parallel Digital Transcriptional Profiling of Single Cells. Nat. Commun. 8 (1), 1–12. doi:10.1038/ncomms14049
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Shi, Pan, Qiu, Wu, Zhang, Feng, Gu, Zhao and Zheng. 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.
OPS/images/fcell-10-857137-g005.gif





OPS/images/inline_1.gif
Y [y = (B,x+B,))





OPS/images/fcell-10-857137-g003.gif





OPS/images/fcell-10-857137-g004.gif





OPS/images/inline_4.gif
B,





OPS/images/inline_2.gif





OPS/images/inline_3.gif
B,





OPS/xhtml/nav.xhtml
Contents

		Cover

		Multiscale Transcriptomic Integration Reveals B-Cell Depletion and T-Cell Mistrafficking in Nasopharyngeal Carcinoma Progression		Introduction

		Methods		Data Preparation and Integration

		Statistical Trend Analysis

		Single-Cell RNA-Sequencing Data Analysis

		Bulk Deconvolution of Bulk Expression Data

		Immunohistochemistry Staining of B Cells in NPC Samples

		Pan-Cancer Analysis





		Results		Survival Difference at Different NPC Progression Stages

		Overview of Multiscale Analytical Framework

		Transcriptional Signatures in NPC Progression

		Single-Cell RNA-Sequencing Analysis

		Deconvolved Immunological Composition and Biomarkers in NPC Progression

		Validation of B-Cell Depletion via Immunohistochemistry Staining

		Chemokine Upregulation at Pan-Cancer Scale





		Discussion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Supplementary Material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Cell and Developmental Biology






OPS/images/fcell-10-857137-g001.gif
A

= N
] |

o e il
(o) o e i

T e e






OPS/images/fcell-10-857137-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





