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Background

The tumor microenvironment in hepatocellular carcinoma (HCC) is complicated. Tumor-infiltrating T and B cells play a pivotal role in anti-tumor immunity. T cell receptor (TCR) and B cell receptor (BCR) features may reflect the disease-associated antigen response.





Methods

By combining bulk TCR/BCR-sequencing, RNA-sequencing, whole exome-sequencing, and human leukocyte antigen-sequencing, we examined the immune repertoire (IR) features of tumor and adjacent non-tumor tissues obtained from 64 HCC patients.





Results

High IR heterogeneity with weak similarity was discovered between tumor and non-tumor tissues. Higher BCR diversity, richness, and somatic hypermutation (SHM) were found in non-tumor tissues, while TCRα and TCRβ diversity and richness were comparable or higher in tumor. Additionally, lower immune infiltration was found in tumor than non-tumor tissues; the microenvironment in tumor appeared to keep stably inhibited and changed slightly with tumor progression. Moreover, BCR SHM was stronger, whereas TCR/BCR diversity declined with HCC progression. Importantly, we found that higher IR evenness in tumor and lower TCR richness in non-tumor tissues indicated better survival in HCC patients. Collectively, the results revealed that TCR and BCR exhibited distinct features in tumor and non-tumor tissues.





Conclusions

We demonstrated that IR features vary between different tissues of HCC. IR features may represent a biomarker for the diagnosis and treatment of HCC patients, providing references for subsequent immunotherapy research and strategy selection.
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Introduction

Liver cancer is the third leading cause of cancer-related death worldwide; hepatocellular carcinoma (HCC) accounts for 90% of liver cancer (1), with a 5-year survival of 18% (2). Approximately 72% of HCC occurred in Asia, with over 50% reported in China. Hepatitis B virus infection is the leading cause of HCC, followed by alcoholic, aflatoxin, hepatitis C virus infection, and nonalcoholic fatty liver disease (3).

Treatment options for HCC depend on the tumor burden, degree of liver dysfunction, and performance status. Radiofrequency ablation, surgical resection, transplantation, and radioembolization are the main treatment options for very early-stage HCC. Combination therapy is more commonly utilized in early- or intermediate-stage HCC. Regrettably, therapeutic choices for advanced-stage HCC are currently limited. Sorafenib or lenvatinib are used in first-line therapy for advanced-stage HCC; however, their effectiveness is not satisfactory. Although the use of immune checkpoint inhibitor may result in good outcome in melanoma, its overall efficacy in liver cancer remains limited (4). Adoptive cell transfer therapy with high affinity and high recognition ability for tumors (5), combined with immune regulator and neoantigen vaccination, is a potential approach to tumor therapy (6).

The tumor microenvironment (TME) includes immune cells, stromal cells, malignant cells. The TME exhibits high intertumor and intratumor heterogeneity (7, 8). Lower tumor mutation burden (TMB) or tumor neoantigen burden (TNB) has been observed in HCC compared with melanoma and lung carcinoma (9, 10). High TMB or TNB suggests higher sensitivity to immunotherapy and better outcome (11). Loss of heterozygosity (LOH) at a human leukocyte antigen (HLA) locus is an important mechanism for immune evasion by tumor (12, 13). Moreover, the mechanism through which tumor molecular features, (TMB, TNB, purity, ploidy), and immune infiltration influence T cell receptor (TCR) and B cell receptor (BCR) features or their associations remain unknown.

The immune repertoire (IR) includes the TCR repertoire and BCR repertoire. The diversity of both TCR and BCR is mainly composed of variable (V), diversity (D), and joining (J) gene segments. Additional diversity is generated by non-templated nucleotide (N) additions and/or deletions at gene junctional regions (14). Studies conducted thus far on IR have mostly focused on TCR (mainly TRB), ignoring other TCR chains and BCR. Despite the presence of fewer B cells in tumors compared with T cells, tumor-infiltrating B cells play a crucial role in tumor immunity. They can exhibit anti-tumor or pro-tumor activity, or interact with tumor-infiltrating T cells (15). During tumor progression, the role of features of TCR and BCR and their relationships in tumor and adjacent non-tumor tissues remain unknown. Research on TCR and BCR by combining tumor-infiltrating T and B cells may clarify the IR signatures in tumors.

In this study, we examined differences between BCR IgH and TCR in HCC. We also clarified the immune infiltration and their relationship between IR features in tumor and adjacent non-tumor tissues. Furthermore, we analyzed the correlations between IR features and prognosis in HCC patients.





Materials and methods




Patient cohort and sample collection

Samples were collected from May 2014 to December 2018 in Nanfang Hospital (Guangzhou China). A total of 64 HCC patients were enrolled in this study. Paired tumor and adjacent non-tumor tissues (at least 2 cm × 2 cm × 2 cm) were obtained from HCC patients during resection surgery. All specimens were frozen in liquid nitrogen or at −80°C. This study was conducted in accordance with the principles of the Declaration of Helsinki and approved by the Institutional Ethics Committee of Nanfang Hospital, approval number NFEC-201208-K3. All patients provided written informed consent.





High-throughput sequencing

Total RNA was isolated from tissues using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). For the TCR/BCR library construction, 5’ rapid amplification of cDNA ends and two-round PCR were performed using specific primers for TCR and BCR IgH amplification as previously described (16). All PCR products were identified on 2% agarose gels, and purified using the Qiaquick Gel Extraction kit (Qiagen, Hilden, Germany). Illumina adaptors (Illumina, San Diego, CA, USA) were ligated using the NEBnext Ultra DNA Library Prep kit (New England Biolabs, Ipswich, MA, USA). Subsequently, all products were subjected to high-throughput sequencing using the Illumina HiSeq3000 platform, with a read length of 2×150 bp.

All tissue samples were sent to Novegene (Beijing, China) for bulk RNA sequencing (RNA-seq), whole exome-sequencing (WES), and HLA sequencing (HLA-seq). Original sequencing data were processed by Novegene.





IR data processing and analysis

Original data provided by the sequencing company were converted to raw sequence by base calling. Next, the results were sorted in FASTQ format. Low-quality sequences were discarded. The V, D, and J gene identification, CDR3 sequence extraction, and error corrections in clean reads of TCR and BCR were performed using MiXCR (v3.0.13) (17). The productive reads meeting the following conditions were further analyzed: (i) any reads with CDR3 amino acid (CDR3aa) length ≥4; (ii) length in CDR3 nt was a multiple of 3; (iii) CDR3 nt sequences did not contain stop codons. The richness of one CDR3aa or VDJ repertoire was evaluated based on the number of unique clonotypes. The evenness of one CDR3aa or VDJ repertoire was evaluated with the normalized Shannon diversity entropy (NSDE). Diversity discussed in this study included richness and evenness. The similarity of two CDR3aa or VDJ profiles was evaluated using the Morisita–Horn similarity index (MHSI). All IR features are shown as the CDR3aa and VDJ level.

BCR mutated clone average degree was calculated as follows. Each mutated clone in each sample was considered as a node; the nodes were connected to construct a mutated clone net for each sample. The mutated clone average degree is equal to the number of connections each node has with other nodes, divided by the total number of nodes.





RNA-seq, WES, and HLA-seq data analysis

The bulk RNA-seq data were processed to filter out low-quality reads by “-w 5-| 75 -q 20” using FASTP (v 0.20.0) (18). Differential gene expression was analyzed using egdeR (19). TMB and TNB were determined using Mutect2 (20) and VarScan (21) and NetMHCpan (version 4) (22), respectively. HLA typing and HLA LOH analysis were performed using seq2HLA (23) and LOHHLA (12). Tumor ploidy and purity were analyzed with Sequenza (24). The immune score and immune cell infiltration were analyzed by CIBERSORT (25). Gene enrichment analysis was processed by Kyoto Encyclopedia of Gene and Genomes (KEGG) (26) and Gene Ontology (GO) (27).





Statistical analysis

The Wilcoxon signed-rank test and the Mann–Whitney U-test were used for comparisons between two groups. The Wilcoxon rank-sum test was used to compared independent samples of tumor or non-tumor tissues. The Spearman’s rank order correlation coefficient was used to calculate correlations. The χ2 or Fisher’s exact tests were used to analyze categorial variables. Continuous variables were expressed as the mean ± standard deviation or median and interquartile range. Two-side p-values <0.05 denoted statistically significant differences. The SPSS software version 24 (IBM Corporation, Armonk, NY, USA) was used for the statistical analysis.






Results




Patient cohort and characteristics of TCR/BCR sequences

In this study, we enrolled 64 patients with pathologically diagnosed HCC to analyze the differences in the TCR repertoire and BCR IgH repertoire, as well as their associations with outcome in HCC patients. For a better analysis of the IR features in HCC, TNM stage 1 was defined as early-stage disease, while TNM stage 2 and above were defined as advanced-stage disease. The number of patients with early- and advanced-stage disease was 31 and 33, respectively. The major clinical information of patients is presented in Table 1. All patients were treatment naïve and first diagnosed with HCC during resection surgery. IR-seq, RNA-seq, WES, and HLA-seq were combined for analysis (Figure 1A). There was no significantly difference found in sequences reads for TRA, TRB, and BCR between tumor and non-tumor tissues (Supplementary Figure 1).


Table 1 | Major clinical information of patients.






Figure 1 | Workflow and TCR and BCR features differ in tumor and adjacent non-tumor tissues. (A) Study workflow. Comparison of richness (B) and evenness (C) in tumor and adjacent non-tumor tissues in HCC patients. (D) Three values in BCR somatic hypermutation (SHM). (E) Comparison of MHSI value between tumor and adjacent non-tumor tissues in TCR and BCR. (F) BCR VDJ gene PCA clustering. T, tumor; N, adjacent non-tumor tissues. Left panel: BCR; right panel: TCR. *p<0.05, **p<0.01, ***p<0.001, according to Wilcoxon signed-rank test. BCR, B cell receptor; HCC, hepatocellular carcinoma; IR, immune repertoire; WES, whole exome sequencing; HLA, human leukocyte antigen; MHSI, Morisita–Horn similarity index; TCR, T cell receptor; Average degree (EXd1), mutated clone average degree removed node with connection only 1; PCA, principal component analysis. NS, no significance.







TCR and BCR signatures differed in HCC patients

After filtering all the sequences using MixCR, we analyzed the TCR and BCR features in HCC patients. We discovered that both richness and evenness of BCR and TRG were significantly higher in non-tumor than tumor (Figure 1B). However, in TCR, TRB VDJ evenness were significantly higher in tumor than non-tumor (Figure 1C; Supplementary Tables 1, 2). Furthermore, we calculated the BCR somatic hypermutation (SHM) in paired tissues (28), and found higher percentages of IgG and IgM mutated clones in non-tumor than tumor tissues (Figure 1D).

These findings suggest that BCR IgH and TRG clonotypes are distributed more abundantly and evenly in non-tumor tissues, in contrast to TRB diversity. In addition, higher BCR SHM indicated sustained and durable B cell response in non-tumor tissues. In summary, TCR and BCR exhibited different signatures between tumor and non-tumor tissues of HCC.





Stronger similarity and overlap between tumor and non-tumor tissues in TCR than BCR

To assess the similarity of TCR/BCR between tumor and non-tumor tissues obtained from each patient, we calculated the MHSI of each paired sample. The strongest and the weakest similarity were observed in TRD and TRB among all TCR, respectively. In BCR, IgM and IgG exhibited the lowest and the highest similarity, respectively (Figure 1E; Supplementary Table 3). In summary, the MHSI values were all markedly higher in TCR than BCR, indicating that BCR similarity between tumor and non-tumor tissues was weaker than TCR similarity.

Meanwhile, we compared two groups using principal component analysis (PCA) and multi-dimensional scaling (MDS). Tumor and non-tumor tissues can be well defined by MDS only combined BCR VDJ gene, combined all the heavy chain VDJ gene was better than one isotype alone (Figure 1F). Other combinations did not distinguish tumor from non-tumor tissues (Supplementary Figure 2). Greater dispersion was observed in tumor than non-tumor tissues.





Correlation between different TCR chains and/or BCR isotypes

Considering that neoantigen in the TME may induce T and B cell response. Moreover, B cells can present antigens to T cells, and their interaction can promote each other’s activation. Hence, we analyzed the correlation between richness and evenness in different TCR chains (Supplementary Figure 3A; Supplementary Tables 4, 5) and BCR isotypes (Supplementary Figures 3B, C; SupplementaryTables 6, 7). We discovered that correlations between TRA and TRB were both higher in richness (Figures 2A, E) and evenness (Figures 2B, F), while correlations between TRD and other TCR/BCR were lower than others’ (Figures 2A–D). However, correlations between TCR and BCR exhibited different signatures in tumor and non-tumor tissues (Figures 2C, D, G, H; Supplementary Figures 3B, C; Supplementary Table 6). Higher richness correlations between TCR and BCR were observed in tumor, with statistical significance only in VDJ level. However, higher evenness correlations were found in non-tumor tissues, with statistical significance only in CDR3aa. Collectively, these findings suggested that TRA and TRB expanded more collaboratively in TCR, whereas TRD expanded less collaboratively with others. In the TME, the change between TCR and BCR in richness occurred more simultaneously in tumor tissues, while changes in evenness occurred more simultaneously in non-tumor tissues.




Figure 2 | Correlation between TCR chains and BCR isotypes. Heatmap of correlations between TCR different chains in terms of richness (A) and evenness (B). Heatmap of correlations between TCR different chains and BCR isotypes in terms of richness (C) and evenness (D). The heatmap bar indicates the correlation index. (E–H) Dot plot of correlations between TCR and BCR. Red: tumor; green: adjacent non-tumor. BCR, B cell receptor; TCR, T cell receptor.







Less immune infiltration in tumor

IR features differed in tumor and non-tumor tissues, and these features may be affected by elements in the TME. To further investigate the possible mechanism involved in this process, we combined RNA-seq data to analyze the expression of some checkpoints and immune infiltration in paired tissues. The immune score was significantly higher in non-tumor than tumor (Figure 3A), indicating more immune infiltration in non-tumor. Next we found that both tumor and non-tumor tissues were infiltrated mainly by macrophages M2 and CD4 memory resting T cells, T cells follicular helper (Tfh) and Tregs expressed higher in tumor while CD8 expressed higher in non-tumor (Figure 3B; Supplementary Figures 4C, D). In addition, we found that CD28, OX40, GITR, CD137, HVEM, CTLA4, LAYN, CD39 and CD103 were highly expressed in tumor, whereas only LAG3 and CD161 exhibited higher levels in non-tumor tissues (Figure 3C). These findings suggested intra-tumoral microenvironment was more inhibited. Based on this evidence, the TME was inhibited and complex, potentially affecting the anti-tumor response.




Figure 3 | Molecular features and checkpoint expression in tumor and adjacent non-tumor tissues and their connection with IR in HCC patients. (A) Immune score in tumor and adjacent non-tumor tissues. (B) 22 different types of immune cells infiltration in tumor and adjacent non-tumor tissues. (C) Checkpoint expression levels in tumor and adjacent non-tumor tissues. Blue: tumor; green: adjacent non-tumor. *p<0.05, **p<0.01, ***p<0.001, according to Wilcoxon signed-rank test. (D) Correlation between immune infiltration and molecular features in tumors of HCC patients. (E) Correlation between immune infiltration and molecular features in adjacent non-tumor tissues obtained from HCC patients. The heatmap bar indicates the correlation index. Gene set enrichment analysis based on KEGG (F) and GO (G). The size of the circle indicates counts; the color indicates false-discovery rate adjusted p-value (q value). GO, Gene Ontology; HCC, hepatocellular carcinoma; IR, immune repertoire; KEGG, Kyoto Encyclopedia of Gene and Genomes. NS, no significance.



To further investigate the relationship between IR and immune infiltration, we analyzed the correlations between IR features and immune score, immune cell infiltration, and checkpoint expression (Figures 3D, E; Supplementary Figure 4A; Supplementary Table 8). IR richness was significantly positively related with the immune score, whereas it was negatively related with tumor purity, ploidy, TMB, and TNB. The relationship between IR evenness and immune score was weak and differed in paired tissues. Moreover, in non-tumor tissues, the correlations between naive B cell abundance and IR features were positive in richness and negative in evenness. The relationships between memory B cell and plasma cell abundance and IR features yielded opposite findings. Similar results were found for the correlations between IR features and checkpoints. Collectively, these results suggested that immune infiltration may have different influences in IR richness and evenness in tumor and non-tumor tissues.

Both KEGG (Figure 3F) and GO (Figure 3G) analyses were conducted to analyze the signaling pathway metabolism in tumor. We discovered that there was no abnormal regulation of immune-related pathways. However, the DNA replication and ATP-dependent activity related genes were enriched in tumor. Our findings indicated that influences on TCR and BCR features may be complex and attributed to multiple reasons, expansion of TCR and BCR in the suppressive microenvironment would be relatively compromised.





Weak relationship between IR features and tumor clinical characteristics

We also analyzed the correlation between IR features and clinical features. We found that there was weak correlation between most clinical variables and IR features (Supplementary Figure 5A). More variables were statistically correlated in terms of evenness, especially in different stages of HCC. TRA and TRB richness in non-tumor tissues was significantly correlated with sex; they were less abundant in female patients than male patients. Also, hypertension may likely influence BCR in tumor. Smoking history may affect IgH and IgG evenness in non-tumor tissues. Cancer thrombus was more strongly related with IR evenness than other clinical variables (Supplementary Figure 5B). In non-tumor, we found that BCR evenness decreased with the advancing age of HCC patients; however, this finding was not observed in tumor (Supplementary Figure 5C). In summary, the relationships between IR features and clinical variables mainly involved evenness, with few differences observed in richness. These results indicated that researchers should pay more attention to evenness analysis when investigating clinical variables.





Higher TCR/BCR evenness in early-stage HCC

We classified our patients into two groups to identify changes in IR features following progression of HCC. In tumor, we discovered that TRA and TRB CDR3aa richness and evenness, as well as IgH and IgA evenness, were higher in early-stage HCC than advanced-stage HCC (Figures 4A–D). Similarly, in non-tumor tissues, TRG and BCR evenness was all higher in early-stage HCC (Figures 4E, F). All other IR features in tumor were higher in early-stage HCC, while richness of TRA and TRB in non-tumor tissues was comparably higher in advanced-stage HCC (Supplementary Figures 6A–C). The results indicated that TCR and BCR evenness was reduced following HCC progression; however, richness did not change as obviously as evenness.




Figure 4 | Statistically significant differences in IR and molecular features between early- and advanced-stage HCC. (A) TRA and TRB VDJ/CDR3aa richness in tumor tissues. (B) IR VDJ evenness in tumor tissues. (C) IR CDR3aa evenness in tumor tissues. (D) BCR mutated clone percentage in tumor tissue. (E) IR VDJ evenness in adjacent non-tumor tissue. (F) IR CDR3aa evenness in adjacent non-tumor tissue. (G) BCR mutated clone percentage in adjacent non-tumor tissue. (H) IgG percentage and IgM average degree in adjacent non-tumor tissue. (I) Immune score in adjacent non-tumor tissue. (J) Checkpoint and CD markers expression levels in adjacent non-tumor tissue. green: early-stage HCC; red: advanced-stage HCC. *p<0.05, **p<0.01, ***p<0.001, according to Wilcoxon signed-rank test. BCR, B cell receptor; HCC, hepatocellular carcinoma; IR, immune repertoire; SHM, somatic hypermutation; VDJ, variable, diversity, and joining. NS, no significance.







Stronger BCR SHM and higher immune score in advanced-stage HCC

Besides that, we analyzed the original clone percentage, mutated clone percentage, and mutated clone average degree in BCR. IgA, IgG, and IgM mutated clone percentages were higher in tumor tissues of advanced-stage HCC than early-stage HCC; nevertheless, only IgM presented statistically significant results (Figure 4D). In non-tumor tissues, the percentages of IgA, IgG and IgM mutated clones, IgG clone percentage, and IgM mutated clone average degree were significantly higher in advanced-stage HCC (Figures 4G, H). Other BCR SHM features were also higher in advanced-stage HCC, in contrast to their original clone percentages (Supplementary Figures 6D, E). Therefore, as HCC progressed, the IgG clone percentage and BCR mutation load were increased, whereas IgM was decreased, indicating that B cells were under antigen stimulation and differentiation. These findings suggested local class switch recombination and SHM in advanced-stage HCC.

Next, we compared the immune infiltration at different stages of HCC. In non-tumor tissues, the immune score was significantly higher in advanced-stage HCC (Figure 4I). Meanwhile, in tumor, immune score, ploidy, tumor purity, TMB, and TNB were higher in advanced-stage HCC than early-stage HCC (Supplementary Figure 7A). There was no difference in MHSI between the disease stages for both TCR and BCR except TRG (Supplementary Figure 7B). In non-tumor tissues, the expression levels of some checkpoints, such as CD28, OX40, CD27, HVEM, CTLA4, PD1, B7-1, TIM3, VISTA, TIGIT, LAYN and CD39 were higher in advanced-stage HCC (Figure 4J). Notably, these differences were not found in tumor. Furthermore, in non-tumor tissues, we found that the memory B cells expressed higher in early-stage HCC, neutrophils expressed higher in advanced-stage HCC, there were no significant differences in other T or B cells (Supplementary Figures 7C, D) and HLA LOH (Supplementary Figure 7E) between early- and advanced-stage HCC in paired tissues. Ultimately, in advanced-stage HCC, there was less immune infiltration and more inhibition of the TME in tumor than in non-tumor tissues. In summary, unlike the microenvironment in non-tumor tissues, the TME appeared to keep stably inhibited and changed slightly during HCC progression.





Higher TCR richness in non-tumor tissues and lower IR evenness in tumor tissues of patients with disease recurrence

Subsequently, we compared the IR features in tumor and non-tumor tissues of HCC patients with or without recurrence or metastasis. Patients with recurrence had significantly lower TRB VDJ, IGH, and IgG (Figures 5A, B) evenness in tumor than that in patients without recurrence. Conversely, significantly higher TCR richness was found in patients with recurrence in non-tumor (Figures 5C, D). There was no difference in remaining IR features between patients with and without recurrence (Supplementary Figures 8A–D). The higher IR evenness in tumor and lower TCR richness in non-tumor tissues may indicate better outcome.




Figure 5 | Statistically significant differences in IR and molecular features between HCC patients with and without recurrence. (A) IR VDJ evenness in tumor. (B) IR CDR3aa evenness in tumor. (C) IR VDJ richness in non-tumor tissues. (D) IR CDR3aa richness in non-tumor tissues. (E) Purity and ploidy, checkpoints expression in tumor. (F) Immune score in adjacent non-tumor tissues. (G) Checkpoint expression in adjacent non-tumor tissues. blue: without recurrence; red: with recurrence. (H) BCR SHM. (I) BCR original clonotype percentages in patients with and without recurrence. green: non-tumor tissues; red: tumor. *p<0.05, **p<0.01, ***p<0.001, according to Wilcoxon signed-rank test. BCR, B cell receptor; HCC, hepatocellular carcinoma; IR, immune repertoire; SHM, somatic hypermutation; VDJ, variable, diversity, and joining; Average degree (EXd1), mutated clone average degree removed node with connection only 1. NS, no significance.



Thereafter, we analyzed BCR SHM in patients with or without recurrence. There was no difference in TMB and TNB between patients with and without recurrence (Supplementary Figure 8G). Also, there was stronger BCR SHM in patients with recurrence versus those without recurrence (Figure 5H), particularly IgH and IgA in tumor tissues, as well as IgG and IgM in non-tumor tissues. Furthermore, we discovered that the IgG clone percentage was higher in patients with recurrence, but that of IgM in tumor tissues was lower (Figure 5I). With tumor progression, the BCR SHM burden and the BCR class switch recombination in tumor were increased.

Next, we compared the immune infiltration in patients with or without recurrence. In tumor, we found that the expression of tumor ploidy, CTLA4, PD1, and B7-1 was significantly higher in patients with recurrence versus those without recurrence (Figure 5E), but there was no statistical significance found in immune score (Supplementary Figure 8H). In non-tumor tissues, immune score and the expression of CD28, OX40, CD137, CD27, PD1, TIGIT, and CD39 were significantly higher in patients with recurrence than those without recurrence (Figures 5F, G). However, there was no significant difference found in other markers and HLA LOH (Supplementary Figures 8F, I). These findings indicated that, despite the inhibited environment in tumor, there was more immune infiltration in non-tumor tissue from patients with recurrence.





Lower richness and higher evenness in non-tumor tissues were related with better survival

As the TCR and BCR features differed in HCC patients, we hypothesized that they may be biomarkers for HCC patients. Therefore, we analyzed progression-free survival (PFS), recurrence-free survival (RFS), and overall survival (OS) in this HCC cohort. We found that patients with lower TRA, TRB, TRD and TRG richness in non-tumor tissues had a longer PFS (Figure 6A) and RFS (Figure 6B). Similarly, Lower IgH-VDJ richness in non-tumor tissues was linked to better RFS (Figure 6B). For OS, we noted that TRB and TRD richness in non-tumor tissues was also significantly lower in patients with longer OS. Patients with higher IgA evenness and TRG CDR3aa evenness in non-tumor tissues had longer OS (Figure 6C). Moreover, lower tumor ploidy was found in patients with longer RFS. There was no connection found between other tumor molecular features or HLA LOH and PFS, RFS, and OS (Supplementary Figure 9). In summary, lower richness and higher evenness in non-tumor tissues indicated better prognosis in HCC patients.




Figure 6 | Survival of HCC patients with different IR features. (A) PFS. (B) RFS. (C) OS. green: low IR features; red: high IR features; solid line: CDR3aa; dashed line: VDJ. HCC, hepatocellular carcinoma; IR, immune repertoire; OS, overall survival; PFS, progression-free survival; RFS, recurrence-free survival.








Discussion

This study focused on IR in HCC patients. We combined IR-seq, RNA-seq, WES, and HLA-seq to investigate the characteristics of tumor-infiltrating T and B cells. We aimed to clarify the features of TCR and BCR, and identify an IR marker for the diagnosis and treatment of HCC. Studies have shown that tumor-infiltrating T cells are mainly exhausted phenotypes, with high expression of PD1, CD39, CLTA4, TIGIT, or LAG3 (29–31). The CD103, PD1, and CD137 have been considered markers of activated T cells in tumor (32–34). T cells expressing these markers possess more tumor-specific properties, and their TCR may be an alternative for TCR-T therapy. The role of B cells in anti-tumor immunity may be underestimated and controversial. Also, it is unknown whether the TCR and BCR signatures in HCC are similar. Numerous studies have shown high intratumor heterogeneity in clear cell renal cell carcinoma, lung cancer, and HCC (35–37). Neoantigen typically leads to intratumor heterogeneity, which induced different T or B cell anti-tumor immunity, and heterogeneity of TCR and BCR. Research on lung cancer showed that spatial differences of TCR in different regions were driven by different neoantigens (38). Single-cell sequencing is useful for analyzing tumor heterogeneity. However, both the number of cells and patients enrolled are very limited, and different regions may yield varied results. Therefore, we analyzed the TCR and BCR richness, evenness, and similarity in tumor and non-tumor tissues of HCC patients by bulk IR-seq to examine IR features more comprehensively in HCC.

We demonstrated that IR features may differ between tumor and non-tumor tissues. Firstly, BCR IgH exhibited higher richness and evenness in non-tumor tissues. Studies on other tumors also yielded similar results, showing that BCR diversity was lower in tumor than non-tumor, with an overlap <10% (39). In contrast, TCR richness did not differ between tumor and non-tumor tissues. However, TRA and TRB had a relatively higher evenness in tumor, in agreement with our previous study (16). Secondly, we found out that there was low similarity of BCR repertoire between tumor and adjacent non-tumor tissues. The TCR repertoire similarity was slightly higher than that of BCR, indicating that weak clonotypes overlap in tumor and adjacent non-tumor. Thirdly, change in richness between TCR and BCR occurred more simultaneously in tumor, while change in evenness occurred more simultaneously in adjacent non-tumor tissues. Moreover, we focused on B cells in this study. In triple-negative breast cancer, tumor-infiltrating B cells may have a unique antibody repertoire; BCR diversity was lower in tumors, whereas SHM was high (40). Thus, we compared the BCR SHM between tumor and non-tumor tissues, and found higher BCR SHM in the latter type. Subsequently, PCA clustering revealed that the BCR VDJ gene combinations can distinguish tumor and non-tumor tissues, particularly the IgH VDJ gene combination.

TCR and BCR in tumor and adjacent non-tumor tissues exhibited completely different signatures. This is attributed to different roles of TCR and BCR, and the involvement of the TME. The T cells, particularly cytotoxic T lymphocytes, are the pioneers in anti-tumor reactions. They recognized neoantigens or tumor associated antigens, and kill tumor cells directly or by secreting cytokines. B cells mostly kill tumor cells by secreting antibody or inducing antibody-dependent-cell-mediated cytotoxicity to react. Repertoire measures may facilitate our understanding of antigen-driven B cell response in cancer.

To clarify the aforementioned differences, we compared the immune infiltration in tumor and non-tumor tissues. Total immune infiltration was significantly higher in non-tumor than tumor. The type of immune cells in tumor and non-tumor tissues were similar. Studies focusing on HCC showed that M2 macrophages were the main immune cells in tumor (37, 41). That tumor-associated macrophages infiltration may suppress CD8+ T cells infiltration, which further induced the state of immune cells towards a more immunosuppressive and exhausted status (42). It was negatively related with survival because it can promote tumor progression. Thus, activated immune infiltration appeared to be slightly higher in non-tumor tissues, while immune infiltration was more complicated in tumor. Nevertheless, immune infiltration cannot totally reflect the actual immune reaction. Research on esophageal squamous cell carcinoma showed that higher immune score indicated higher TCR diversity in tumor (43). However, the relationship between immune score and IR diversity remains unknown.

We further analyzed the relationship between immune infiltration and IR features. The immune score was positively related with IR richness, and negatively related with the molecular features of tumors (Supplementary Figure 4B). Similarly, checkpoint expression was positively related with IR richness in paired tissues. We hypothesized that richness may be less affected by others. Nonetheless, greater diversity was linked to more immune infiltration in tumor, but not in non-tumor tissues. We also observed that correlations between BCR signatures and some checkpoint expression differed in paired tissues. In tumors, increased expression of those checkpoints may be associated with a more diverse BCR repertoire. However, such connection wasn’t found in non-tumor tissues. These results suggested the presence of a more complicated microenvironment in tumors. Therefore, using a single metric may not be sufficient for the accurate evaluation of the microenvironment in HCC.

We analyzed the TCR and BCR features at different stages of HCC. IR diversity declined while the BCR SHM and mutated clone percentages were increased with the progression of HCC. Thus, as tumors grow, the BCR may be under markedly more selection pressure and experience more antigen stimulation. This process leads to more SHM in B cells (44) and potentially higher affinity after several rounds of SHM (39). The presence and number of neoantigen-related B cells contained warrants further investigation (45). Moreover, a study on HCC demonstrated that the expression of some inhibited checkpoints was upregulated in tumor, and this effect was related with a more exhausted microenvironment (46). Although IR diversity was lower, immune infiltration in non-tumor tissues was increased with HCC progression. One of the hypothesis is that these immune elements were attracted by tumor signals, but are unable to enter the tumor. The immune cells appeared to gather around the tumors and mostly accumulated in non-tumor tissues. The reasons for this inability of immune cells remain to be determined. A reason may be the presence of a barrier between tumor and non-tumor tissues. A study investigating spatial architecture in primary liver cancer revealed that the tumor capsule potentially affects immune cell infiltration and transcriptome diversity (47), further reflecting the IR features. In addition to that, there was the immune barrier structure located near the tumor boundary, which was a spatial niche composed of SPP1+ macrophages and cancer-associated fibroblasts. The tumor immune barrier may limit the immune infiltration in the tumor core (48).

We noticed that while TCR richness in non-tumor tissues was elevated, suppressive CD4+ T cells such as Treg, which are highly expressed in tumor compared with non-tumor tissues, changed less with tumor progression. First, the expression of genes associated with tumor-infiltrating Tregs (46) such as CTLA4, GITR, LAYN and OX40 was significantly higher in tumor tissues compared to non-tumor tissues. Second, it has been shown that Treg is enriched within tumors as a result of several different mechanisms: increased infiltration, local expansion, survival advantage, and in situ development from conventional CD4+ T cells (49). There are also combined Treg TCR and transcriptome sequencing results suggesting that intra-tumor Treg enrichment is the result of in situ amplification, with clonal Treg TCRs within tumors are 2-fold higher than paraneoplastic ones, whereas clonal Treg TCRs can be 4-5-fold higher than paraneoplastic ones (46, 50). Moreover, increased mitochondrial metabolism and oxidation-related metabolism within the tumor tissue, combined with increased neutrophil expression within the tumor, which we could also find in this study, will synergize again to naive T to Treg conversion. Increased Treg expression within tumors is a result of local antigen-driven selection and environmental induction.

Studies on other tumors analyzed the relationship between TCR diversity and clinical outcome, and yielded complex results. T cell function and abundance may differ in tumors, and TCR sequences can reflect dynamic change in T cells (8). In non-small cell lung cancer, greater numbers of T cells and higher clonality of TCR were positively associated with OS (9). However, there is limited research on the relationship between BCR diversity and prognosis. In the present study, higher IgA evenness and lower IgH richness in non-tumor tissues were related with longer OS and PFS. HLA loss is a potential mechanism of immune escape, and higher TMB and lower tumor purity may be related to longer OS (51). Nevertheless, we did not observe such results in our study.

There were some limitations in this study. Firstly, this investigation was mainly based on bulk sequencing, which cannot accurately distinguish the immune cells in tumor and non-tumor tissues. Secondly, we could not identify the functional TCR or BCR for the treatment of tumors. Finally, we have not examined in detail the relationship between IR and tumors. Thus, further investigation is warranted.

In conclusion, this study provides a landscape for IR features in HCC. We demonstrated the IR features and their relationship with immune infiltration and molecular signature by combining bulk TCR/BCR sequencing, bulk RNA-seq, WES, and HLA-seq. We discovered that IR features varied with HCC progression, though some were consistent with others. Furthermore, we found that TCR richness in non-tumor tissues may be used as potential indicators for predicting the prognosis of HCC. The present findings may serve as a basis for further studies of particular T or B cells, as well as the development of novel immunotherapeutic strategies by combining single-cell sequencing, cell phenotyping, expression profiling, and functional analysis.
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Supplementary Figure 1 | Match reads from sequence data for each patient. Results based on TCR or BCR index in expansion. (A) TCR-alpha and TCR-beta clone percentage. (B) BCR clone percentage. Top panel: tumor tissue; bottom panel: adjacent non-tumor tissue. BCR, B cell receptor; TCR, T cell receptor.

Supplementary Figure 2 | Cluster analysis for VDJ gene in TCR and BCR. MDS for clonotype abundance clustering in TCR (A) and BCR (B). PCA for clonotype frequency cluster in TCR (C) and BCR (D). BCR, B cell receptor; TCR, T cell receptor; MDS, multi-dimensional scaling; PCA, principal component analysis; VDJ, variable, diversity, and joining.

Supplementary Figure 3 | Boxplot for the correlation between TCR chains and BCR isotypes. (A) Different TCR chains. (B) TCR chains versus BCR isotypes. (C) BCR isotypes versus TCR chains. Red: tumor tissue; green: adjacent non-tumor tissue. BCR, B cell receptor; TCR, T cell receptor.

Supplementary Figure 4 | Correlation between immune cell infiltration and tumor molecular features in tumor and adjacent non-tumor tissues. (A) Correlation between immune score and TRB CDR3aa richness and IgA CDR3aa evenness in tumor tissues, and IgA CDR3aa evenness in adjacent non-tumor tissues. (B) Correlations between scores and molecular features of tumors. Circle size and number in it indicate the correlation index. Immune cell infiltration in tumor tissues (C) and adjacent non-tumor tissues (D). TRB, T cell receptor-beta.

Supplementary Figure 5 | Immune repertoire and clinical variables. (A) Range of correlation index and p-value for IR and clinical variables. (B) Correlation between IR and categorical clinical variables in terms of richness and evenness. (C) Correlation between IR and continuous clinical variables in terms of richness and evenness. IR, immune repertoire.

Supplementary Figure 6 | Differences in IR and BCR SHM between early- and advanced-stage HCC. (A) IR richness in tumor tissues. (B) IR richness in adjacent non-tumor tissues. (C) IR evenness in non-tumor tissues. BCR SHM differences in tumor (D) and adjacent non-tumor tissues (E). green: early-stage HCC, red: advanced-stage HCC. BCR, B cell receptor; HCC, hepatocellular carcinoma; IR, immune repertoire; SHM, somatic hypermutation.

Supplementary Figure 7 | Difference in immune infiltration between early- and advanced-stage HCC. (A) Tumor molecular and stromal score, immune score and estimate score. (B) MHSI. Immune cell infiltration in tumor and adjacent non-tumor tissues (C, D) green: early-stage HCC, red: advanced-stage HCC. (E) Frequency of HLA LOH at different stages of HCC. Left: early-stage HCC, right: advanced-stage HCC; grey: without HLA LOH; black: with HLA LOH. HCC, hepatocellular carcinoma; HLA, human leukocyte antigen; LOH, loss of heterozygosity; MHSI, Morisita–Horn similarity index.

Supplementary Figure 8 | Differences in IR and molecular features between HCC patients with and without recurrence. (A) IR richness in tumor tissues. (B) IR evenness in tumor tissues. (C) IR richness in non-tumor tissues. (D) IR evenness in non-tumor tissues. (E) Immune cells infiltration in tumor and non-tumor tissues. (F) Checkpoint expression in tumor and non-tumor tissues. (G) Molecular features of tumors. (H) Immune score in tumor tissues. blue: without recurrence; red: with recurrence. (I) LOH in HLA. Left: without recurrence, right: with recurrence; grey: without HLA LOH; black: with HLA LOH. HCC, hepatocellular carcinoma; HLA, human leukocyte antigen; IR, immune repertoire; LOH, loss of heterozygosity.

Supplementary Figure 9 | Survival analysis based on HLA LOH, tumor ploidy, TMB, and TNB in HCC. (A) Better survival in patients with HLA LOH. (B) Longer RFS in patients with low tumor ploidy. (C) No significant difference between high TMB/TNB and low TMB/TNB. HCC, hepatocellular carcinoma; HLA, human leukocyte antigen; LOH, loss of heterozygosity; RFS, recurrence-free survival; TMB, tumor mutation burden; TNB, tumor neoantigen burden.

Supplementary Table 2 | Original information for CD markers expression.




References

1. Li, S, and Mao, M. Next generation sequencing reveals genetic landscape of hepatocellular carcinomas. Cancer Lett (2013) 340:247–53. doi: 10.1016/j.canlet.2012.09.027

2. Villaneuva, A. Hepatocellular carcinoma. N Engl J Med (2019) 105:1450–62. doi: 10.1056/NEJMra1713263

3. Singal, AG, Lampertico, P, and Nahon, P. Epidemiology and surveillance for hepatocellular carcinoma: new trends. J Hepatol (2020) 72:250–61. doi: 10.1016/j.jhep.2019.08.025

4. Qin, S, Ren, Z, Meng, Z, Chen, Z, Chai, X, Xiong, J, et al. Camrelizumab in patients with previously treated advanced hepatocellular carcinoma: a multicentre, open-label, parallel-group, randomised, phase 2 trial. Lancet Oncol (2020) 21:571–80. doi: 10.1016/S1470-2045(20)30011-5

5. Rosenberg, SA, and Restifo, NP. Adoptive cell transfer as personalized immunotherapy for human cancer. Science (2015) 348:62–8. doi: 10.1126/science.aaa4967

6. Tran, E, Robbins, PF, and Rosenberg, SA. ‘ final common pathway ‘ of human cancer immunotherapy: targeting random somatic mutations. Nat Immunol (2017) 18:255–62. doi: 10.1038/ni.3682

7. Nguyen, PHD, Ma, S, Phua, CZJ, Kaya, NA, Lai, HLH, Lim, CJ, et al. Intratumoural immune heterogeneity as a hallmark of tumour evolution and progression in hepatocellular carcinoma. Nat Commun (2021) 12:227. doi: 10.1038/s41467-020-20171-7

8. Zheng, L, Qin, S, Si, W, Wang, A, Xing, B, Gao, R, et al. Pan-cancer single-cell landscape of tumor-infiltrating T cells. Science (2021) 374:6574. doi: 10.1126/science.abe6474

9. Reuben, A, Zhang, J, Chiou, SH, Gittelman, RM, Li, J, Lee, WC, et al. Comprehensive T cell repertoire characterization of non-small cell lung cancer. Nat Commun (2020) 11:603. doi: 10.1038/s41467-019-14273-0

10. Liu, T, Tan, J, Wu, M, Fan, W, Wei, J, Zhu, B, et al. High-affinity neoantigens correlate with better prognosis and trigger potent antihepatocellular carcinoma (HCC) activity by activating CD39(+)CD8(+) T cells. Gut (2020) 70:1965–77. doi: 10.1136/gutjnl-2020-322196

11. Chan, TA, Yarchoan, M, Jaffee, E, Swanton, C, Quezada, SA, Stenzinger, A, et al. Development of tumor mutation burden as an immunotherapy biomarker: utility for the oncology clinic. Ann Oncol (2019) 30:44–56. doi: 10.1093/annonc/mdy495

12. McGranahan, N, Rosenthal, R, Hiley, CT, Rowan, AJ, Watkins, TBK, Wilson, GA, et al. Allele-specific HLA loss and immune escape in lung cancer evolution. Cell (2017) 171:1259–1271.e11. doi: 10.1016/j.cell.2017.10.001

13. Shukla, SA, Rooney, MS, Rajasagi, M, Tiao, G, Dixon, PM, Lawrence, MS, et al. Comprehensive analysis of cancer-associated somatic mutations in class I HLA genes. Nat Biotechnol (2015) 33:1152–8. doi: 10.1038/nbt.3344

14. Tonegawa, S. Somatic generation of antibody diverisy. Nature (1983) 302:575–81. doi: 10.1038/302575a0

15. Burger, JA, and Wiestner, A. Targeting b cell receptor signalling in cancer: preclinical and clinical advances. Nat Rev Cancer (2018) 18:148–67. doi: 10.1038/nrc.2017.121

16. Chen, Y, Xu, Y, Zhao, M, Liu, Y, Gong, M, Xie, C, et al. High-throughput T cell receptor sequencing reveals distinct repertoires between tumor and adjacent non-tumor tissues in HBV-associated HCC. Oncoimmunology (2016) 5:e1219010. doi: 10.1080/2162402X.2016.1219010

17. Bolotin, DA, Poslavsky, S, Mitrophanov, I, Shugay, M, Mamedov, IZ, Putintseva, EV, et al. MiXCR: software for comprehensive adaptive immunity profiling. Nat Methods (2015) 12:380–1. doi: 10.1038/nmeth.3364

18. Chen, S, Zhou, Y, Chen, Y, and Gu, J. Fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinformatics (2018) 34:i884–90. doi: 10.1093/bioinformatics/bty560

19. Robinson, MD, McCarthy, DJ, and Smyth, GK. edgeR: a bioconductor package for differential expression analysis of digital gene expression data. Bioinformatics (2009) 26:139–40. doi: 10.1093/bioinformatics/btp616

20. Cibulskis, K, Lawrence, MS, Carter, SL, Sivachenko, A, Jaffe, D, Sougnez, C, et al. Sensitive detection of somatic point mutations in impure and heterogeneous cancer samples. Nat Biotechnol (2013) 31:213–9. doi: 10.1038/nbt.2514

21. Koboldt, DC, Zhang, Q, Larson, DE, Shen, D, McLellan, MD, Lin, L, et al. VarScan 2: somatic mutation and copy number alteration discovery in cancer by exome sequencing. Genome Res (2012) 22:568–76. doi: 10.1101/gr.129684.111

22. Jurtz, V, Paul, S, Andreatta, M, Marcatili, P, Peters, B, and Nielsen, M. NetMHCpan-4.0: improved peptide–MHC class I interaction predictions integrating eluted ligand and peptide binding affinity data. J Immunol (2017) 199:3360–8. doi: 10.4049/jimmunol.1700893

23. Boegel, S, Löwer, M, Schäfer, M, Bukur, T, de Graaf, J, Boisguérin, V, et al. HLA typing from RNA-seq sequence reads. Genome Med (2012) 4:102. doi: 10.1186/gm403

24. Favero, F, Joshi, T, Marquard, AM, Birkbak, NJ, Krzystanek, M, Li, Q, et al. Sequenza: allele-specific copy number and mutation profiles from tumor sequencing data. Ann Oncol (2015) 26:64–70. doi: 10.1093/annonc/mdu479

25. Newman, AM, Liu, CL, Green, MR, Gentles, AJ, Feng, W, Xu, Y, et al. Robust enumeration of cell subsets from tissue expression profiles. Nat Methods (2015) 12:453–7. doi: 10.1038/nmeth.3337

26. Kanehisa, M, and Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res (2000) 28:27–30. doi: 10.3892/ol.2020.11439

27. Blake, JA, Christie, KR, Dolan, ME, Drabkin, HJ, Hill, DP, Ni, L, et al. Gene ontology consortium: going forward. Nucleic Acids Res (2015) 43:D1049–56. doi: 10.1093/nar/gku1179

28. Horns, F, Vollmers, C, Croote, D, Mackey, SF, Swan, GE, Dekker, CL, et al. Lineage tracing of human b cells reveals the in vivo landscape of human antibody class switching. Elife (2016) 5:1–20. doi: 10.7554/elife.16578

29. Zhang, L, and Zhang, Z. Recharacterizing tumor-infiltrating lymphocytes by single-cell RNA sequencing. Cancer Immunol Res (2019) 7:1040–6. doi: 10.1158/2326-6066.CIR-18-0658

30. Ostroumov, D, Duong, S, Wingerath, J, Woller, N, Manns, MP, Timrott, K, et al. Transcriptome profiling identifies TIGIT as a marker of T-cell exhaustion in liver cancer. Hepatology (2021) 73:1399–418. doi: 10.1002/hep.31466

31. Sun, Y, Wu, L, Zhong, Y, Zhou, K, Hou, Y, Wang, Z, et al. Single-cell landscape of the ecosystem in early-relapse hepatocellular carcinoma. Cell (2021) 184:404–421.e16. doi: 10.1016/j.cell.2020.11.041

32. Guo, X, Zhang, Y, Zheng, L, Zheng, C, Song, J, Zhang, Q, et al. Global characterization of T cells in non-small-cell lung cancer by single-cell sequencing. Nat Med (2018) 24:978–85. doi: 10.1038/s41591-018-0045-3

33. Yost, KE, Satpathy, AT, Wells, DK, Qi, Y, Wang, C, Kageyama, R, et al. Clonal replacement of tumor-specific T cells following PD-1 blockade. Nat Med (2019) 25:1251–9. doi: 10.1038/s41591-019-0522-3

34. Kim, H, Park, S, Jeong, S, Lee, YJ, Lee, H, Kim, CG, et al. 4-1BB delineates distinct activation status of exhausted tumor-infiltrating CD8 + T cells in hepatocellular carcinoma. Hepatology (2019) 71:955–71. doi: 10.1002/hep.30881

35. Krishna, C, DiNatale, RG, Kuo, F, Srivastava, RM, Vuong, L, Chowell, D, et al. Single-cell sequencing links multiregional immune landscapes and tissue-resident T cells in ccRCC to tumor topology and therapy efficacy. Cancer Cell (2021) 39:662–677.e6. doi: 10.1016/j.ccell.2021.03.007

36. Joshi, K, Robert de Massy, M, Ismail, M, Reading, JL, Uddin, I, Woolston, A, et al. Spatial heterogeneity of the T cell receptor repertoire reflects the mutational landscape in lung cancer. Nat Med (2019) 25:1549–59. doi: 10.1038/s41591-019-0592-2

37. Dong, Lq, Peng, Lh, Ma, Lj, Liu, Db, Zhang, S, Luo, Sz, et al. Heterogeneous immunogenomic features and distinct escape mechanisms in multifocal hepatocellular carcinoma. J Hepatol (2020) 72:896–908. doi: 10.1016/j.jhep.2019.12.014

38. Reuben, A, Gittelman, R, Gao, J, Zhang, J, Yusko, EC, Wu, CJ, et al. TCR repertoire intratumor heterogeneity in localized lung adenocarcinomas: an association with predicted neoantigen heterogeneity and postsurgical recurrence. Cancer Discovery (2017) 7:1088–97. doi: 10.1158/2159-8290.CD-17-0256

39. Hu, X, Zhang, J, Wang, J, Fu, J, Li, T, Zheng, X, et al. Landscape of b cell immunity and related immune evasion in human cancers. Nat Genet (2019) 51:560–7. doi: 10.1038/s41588-018-0339-x

40. Aizik, L, Dror, Y, Taussig, D, Barzel, A, Carmi, Y, and Wine, Y. Antibody repertoire analysis of tumor-infiltrating b cells reveals distinct signatures and distributions across tissues. Front Immunol (2021) 12:705381. doi: 10.3389/fimmu.2021.705381

41. Gentles, AJ, Newman, AM, Liu, CL, Bratman, SV, Feng, W, Kim, D, et al. The prognostic landscape of genes and infiltrating immune cells across human cancers. Nat Med (2015) 21:938–45. doi: 10.1038/nm.3909

42. Ho, DW-H, Tsui, Y-M, Chan, L-K, Sze, KM-F, Zhang, X, Cheu, JW-S, et al. Single-cell RNA sequencing shows the immunosuppressive landscape and tumor heterogeneity of HBV-associated hepatocellular carcinoma. Nat Commun (2021) 12:3684. doi: 10.1038/s41467-021-24010-1

43. Sudo, T, Kawahara, A, Ishi, K, Mizoguchi, A, Nagasu, S, Nakagawa, M, et al. Diversity and shared t−cell receptor repertoire analysis in esophageal squamous cell carcinoma. Oncol Lett (2021) 22:618. doi: 10.3892/ol.2021.12879

44. Hu, Q, Hong, Y, Qi, P, Lu, G, Mai, X, Xu, S, et al. Atlas of breast cancer infiltrated b-lymphocytes revealed by paired single-cell RNA-sequencing and antigen receptor profiling. Nat Commun (2021) 12:2186. doi: 10.1038/s41467-021-22300-2

45. Wieland, A, Patel, MR, Cardenas, MA, Eberhardt, CS, Hudson, WH, Obeng, RC, et al. Defining HPV-specific b cell responses in patients with head and neck cancer. Nature (2021) 597:274–8. doi: 10.1038/s41586-020-2931-3

46. Zheng, C, Zheng, L, Yoo, J-K, Guo, H, Zhang, Y, Guo, X, et al. Landscape of infiltrating T cells in liver cancer revealed by single-cell sequencing. Cell (2017) 169:1342–1356.e16. doi: 10.1016/j.cell.2017.05.035

47. Wu, R, Guo, W, Qiu, X, Wang, S, Sui, C, Lian, Q, et al. Comprehensive analysis of spatial architecture in primary liver cancer. Sci Adv (2021) 7:eabg3750. doi: 10.1126/sciadv.abg3750

48. Liu, Y, Xun, Z, Ma, K, Liang, S, Li, X, Zhou, S, et al. Identification of a tumour immune barrier in the HCC microenvironment that determines the efficacy of immunotherapy. J Hepatol (2023) 78:770–82. doi: 10.1016/j.jhep.2023.01.011

49. Tanchot, C, Terme, M, Pere, H, Tran, T, Benhamouda, N, Strioga, M, et al. Tumor-infiltrating regulatory T cells: phenotype, role, mechanism of expansion in situ and clinical significance. Cancer Microenviron (2013) 6:147–57. doi: 10.1007/s12307-012-0122-y

50. Ferradini, L, Mackensen, A, Genevée, C, Bosq, J, Duvillard, P, Avril, MF, et al. Analysis of T cell receptor variability in tumor-infiltrating lymphocytes from a human regressive melanoma. evidence for in situ T cell clonal expansion. J Clin Invest (1993) 91:1183–90. doi: 10.1172/JCI116278

51. Wang, H, Zhang, H, Wang, Y, Brown, ZJ, Xia, Y, Huang, Z, et al. Regulatory T-cell and neutrophil extracellular trap interaction contributes to carcinogenesis in non-alcoholic steatohepatitis. J Hepatol (2021) 75:1271–83. doi: 10.1016/j.jhep.2021.07.032




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 © 2023 Xie, Yan, Zheng, Shi, Tang, Li, Liu, Gan, Wang, Jiang, Liu, Wu and Wang. 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-14-1161417-g004.jpg
A richness_tumor B VDJ evenness_tumor c CDR3aa evenness_tumor D BCR-SHM_tumor
" s 3 b 109 #% % NS % #x #% NS NS 109 %% x NS ks » k& NS % 5 NS Ns *k
E
ﬂ 0. 0.
< o
g 0. Y 4 g 4 [a]
: : H
S 2
: 03 B 2 Bk i Ea
g 2 E 2
=Wﬂ%%%llll : :
X 0.0 T T T T T T T o T T T
TRA-VDI  TRB-VDJ TRA-CDR3aa TRB CDR3aa TRA TRB TRD TRG IgH TgA IgG IgM TRA TRB TRD TRG IgH TgA IgG IeM TgA TG oM
BCR-SHM_non-tumor
E VDJ evenness_non-tumor F CDR3aa evenness_non-tumor G = H non-tumor non-tumor
1 - ** ok . * 8 * 4 ok
0. » o 6 -;g 3
] T = b 4 Y
D s of
0. £ £ “ £
@ w 8 g s
50 : Sl EI .
0. g o L] 2
A £ o <
E 2 2 L
0. Ce B
g
(X g
TRG TgH TeA IeG oM 1eG
1 non- = J non-tumor
100 ® *t NS NS sx & NS & s s s+ mes NS £ NS 4k NS & N5 e
1 early-stage HCC
10 ‘6 H 3 advanced-stage HCC
=
=]
T e Mg
S
5
S o1
5
001
0.001

o ® & SIS S &
&F 0(‘(9 (9'”4*' & 2 &\‘% S VY’@&\ 0‘\3 @’5@\“ . é{“}@






OEBPS/Images/fimmu-14-1161417-g002.jpg
A B

Unique clonotype (richness)

NSDE (evenness)
N N
TRG. .
| s | 3
Comelation X2 Correlation
index index
TRA- 08
075 —
et e 06
025 o4
TRD ‘ % TRD- 02
TRB g TRB.
TRA TRA-
TRA TRB TRD TRG TRA TRB TRD TRG TRATRBTRDTRG TRATRBTRDTRG
- T= N
E ‘TRA vs TRB TRA vs TRD

40000-

20000-

" 500- %

.o
. ~
16000 20000 30000 0
TRB vs TRG

16000 20000 30000
TRG vs TRD

No. of ungiue CDR3aa (richness) reads 2

0l
0 20000 40000
No. of ungiue CDR3aa (richness) 1

TRA vs TRD

04 05 06 07 08

Cc

MNo. ofungive CDR3aa 2 (*10%)

NSDE 2

Unique clonotype (richness)
T

NSDE (evenness)

IeM

TRATRBTRDTRG TRATRBTRDTRG

- T+ N

0 o 30 30 4o 0
IgMVSTRA |

io 30 30 40
1eMvs TRG

025 050 075
186G vs TRA
; e

025 050 075
16G vs TRG

08-

04"
02 B

64 06 s G4 06 08
1gM vs TRB IgMVSTRD |
B s 0.8 g + 08

08
07 = 06+
9.5 04 .
. 0.5 :
4 ¥ s 04 [ L N s
025 050 075 025 050 075 025 050 075 025
NSDE 1

050 075





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        T cell receptor and B cell receptor exhibit unique signatures in tumor and adjacent non-tumor tissues of hepatocellular carcinoma

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Patient cohort and sample collection

          



          		

            High-throughput sequencing

          



          		

            IR data processing and analysis

          



          		

            RNA-seq, WES, and HLA-seq data analysis

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Patient cohort and characteristics of TCR/BCR sequences

          



          		

            TCR and BCR signatures differed in HCC patients

          



          		

            Stronger similarity and overlap between tumor and non-tumor tissues in TCR than BCR

          



          		

            Correlation between different TCR chains and/or BCR isotypes

          



          		

            Less immune infiltration in tumor

          



          		

            Weak relationship between IR features and tumor clinical characteristics

          



          		

            Higher TCR/BCR evenness in early-stage HCC

          



          		

            Stronger BCR SHM and higher immune score in advanced-stage HCC

          



          		

            Higher TCR richness in non-tumor tissues and lower IR evenness in tumor tissues of patients with disease recurrence

          



          		

            Lower richness and higher evenness in non-tumor tissues were related with better survival

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-14-1161417-g006.jpg
N_TRA richness N_TRB._richness N_TRA _richness N_TRB_richness

100 100

80 80

= E 2 ]
£ 60 Z 60 z £ w
T 40 T 40 < £
5 VDJ: p=0.025 g VDJ: p=0.025 z E 4
5 CDR3aa: p=0.025 g CDR3aa: p=0.037 g g VDI: p=0.015
= 20 & 20 | & £ g CDR3aa: p=0.026
|
0 - o
0 20 40 60 80 100 20 40 60 80 100 o 26 40 e0 a0 ‘iod
PFS(months) PES(months) RFS(months) RFS(months)
N_TRD richness N_TRG _richness . .
= = N_TRD_richness N_TRG richness
100 100 = — 100 |, = =
e — il
s 80 80 -
k- ] E 3 i
E Z Z 60 Z 60 , SR
t e ” : :
2 2 £ 2 £ 40 .
2 VDI: p=0.001 3 il VDI p-0.028 2 VDI: p=0.001 g VDI: p=0.03
8 : p=0. g : p=0. g s 5
£ 2 CDR3aa: p=0.046 2 - £ 2 CDR3aa: p=0.03 2 2
o T T T T 1 o 0
0 20 40 60 80 100 0 20 40 60 80 100 020 406080100 0 0 40 60 %0100
PES(months) PFS(months) RFS(months) RES(months)
N_IgH _richness
1005 -
c A A I S
N_TRB_richness N_TRD _richness = I e
80 30 — é 40 VDJ: p=0.036 :
2 e 00000 b= E 60 & 2 |
z H |
7 H " ‘H
T 4 VDI: p=0.014 £ 40 VDI: p=0.003 y : ) :
] : p=0.
H CDR39a: p=0.026 3 0 20 40 60 80 100
& 20 £ 5 RFS(months)
N o T T T T 1
0 20 40 60 80 100 0 20 40 60 80 100
OS(months) OS(months) )
-+ low_VDIJ high VDJ
T_TRG_evenness T_IgA_evenness
16 100
—— low_CDR3aa —— high CDR3aa
- 0
] 3
£ o £ 6
5 2
& — £ 40 VDI: p=0.025
E 40 CDR3aa: p=0.044 %1 CDR3an: p-0.025
g & 20
& 0
0 20 40 60 80 100 0 04 60 80100

OS(months) ‘OS(months)





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1161417-g001.jpg
O

A (7 64 HCC patients
Tamor Adjacent non-tumor-
i
; 3 ) ]

Bulk TCR/BCR-seq Bulk RNA-seq WES HLA-seq

5 G immune infltration ’

0goimmune & wnesgnaturs

tumor molecular features —7 signal pathviays

+

* tumor vs. non-tumor

+ carly vs. advanced

+ with or without recurrence
+ survival analysis

075

0.50:

cvenness
[ IGH TgG| [ IGH TaM

1 o |
0.0 |
IR features in I %
richness D
e
g L kR 2000 0.
2000 30001 o [**
a0 1500
30 5
2000 =
200 100
200
2000-
1000 P 2
oo Yool o 0.
3 1000
o 5
TGH A TGH 1M S
& 0000 2
S 60000 e # 250001 sk
Z 2000 R 2001
30000, 2
150 - 1500
20000
10000f 00 1000{
1000
5000 5000 500-
o o 0l
TN T X TN TN

() 3uo[) pawmi

3aifaq] ARRIAAY

(IPX) doaiaq atwiany.

logFC

3

& logFC d

similarity

] 0 i
Leading logFC dim 1

IgA VDJ gene—+~ T -+~ N

1o s do
Leading loghC dim 1

1gM VD gene -+~ T -+- N

o 05 60 05 1o
Leading logFC dim 1

0.8 T T T
-10 05 00 05
Leading logFC dim 1





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





OEBPS/Images/fimmu-14-1161417-g003.jpg
4000. 506 %
2000 s
g .EAN é
2 13
0 % 3
e
0.001
L% S S S YR e o g s T
IR RS O P4 P F TP S S & L
FFEF ST SIS S

[ 0 J—

= o

] o6 immnescore

ne estmatescore

- B cells nanve

B el ey B cells memory

] os Plasma cele

T i T cels (DS

T el DS naive DA memory resing

O memory g D mermory acteated

CD4 memory actwated o T cells follicular helper

oot o belper T cells regltory (Tregs)
T el ety Ty el

T cells gamma deita T

N e et

N i o3 Nl

Monocytes Macrophages MO

Maczophages MO ‘Macrophages M1

Macroptages M1 Maccophages M1

N 02 ppreie 2

il esing ‘Mas el restng

Mas cells resing Mast cells activaie

Mt el actted s Nevtrophils

“Eosinophils 2

Nestophls OXdo

D28 GITR

%3 b3y

Girw o D27

iy HVEM

o7 i

AR CTLAY

Do 01 D1

ciat 571

™

BIIA

02 VISTA

LAG

TiGHT

FOXP3

03 TAYN

Coss

cDio3

Dist

08 1D

LI7RA

ILI7RE

LI7RC

us LI7RD

ILITRE
TNFa
PN

06

NSDE

Correlation in N

‘Unique clonotypes

06

0s

04

03

02

01

NS NS

Cell e
PI3K-Akt signaling pathway
Focal adbesion
ECM-receptor interaction.
Cellular senescence
Oocyte meiosis
Small cell lung cancer
Progesterone—mediated oocyte maturation
Protein digestion and absorption
Amocbiasis
P53 signaling pathway
DNA replication
Fanconi ancmia pathway

‘Homologous recombination

0.02

0.04 0.06
GeneRatio

0.08

qualue
Joo4
003
002
0.01

organelle fission
muclear division

chromosome segregation -

‘miltotic nuclear division -

suiclear chromosome segregation-
mitoic cell cycle phase transition
sister chromatid segregation

‘mitotic sister chromatid segregation
DNA replication-

regulation of nuclear division-

chromosoma region

collsgen-containing exacelular matx

spindle

microrubule |

chromosome, centromeric region-

condensed chromosome 1

condeased chromosoenecentromesi gion]
Kinetochore

spindic pole |

‘mitotic spindle {

i

F5)

tubulin binding
‘microtubule binding |

extracellular matrx structusal constituent |
single—stranded DNA binding -
ATP- dependent activity, acting on DNA
‘microtubule motor activiy
DNA helicase activity
extracellular matrix binding |
single—stranded DNA helicase activity |
DNA polymerase binding <

0.025 0.050

GeneRatio

0.075

N

0.100

Count
® 20
@ 40
@® 0
@ 80

qualue

0.002
0.001





OEBPS/Images/fimmu-14-1161417-g005.jpg
'VDIJ evenness_tumor CDR3aa evenness_tumor VDI richness_non-tumor CDR3aa richness_non-tumor
1.0
P

107« o NS * *
. 3
o8 _ 08 £ 2000 230000
£ 1500 = £ 20000
Ao6 B o6 £ 8
2 EI 2 <1000 2 10000 T
“Z04 “ 04 g5 I g T B -
2 5 E

oo ) mll | Pl |1 14 gd

25004 * * * ns 5 40000 4 * * *

0.
0.0 : : ; - : ey 0
TRB IGH 1GG TRB IGH IGG TRA TRB TRD TRG TRA TRB TRD TRG
3 without recurrence
E F G 1 with recurrence
tumor tumor non-tumor non-tumor
89 s N P 1001 Ns Ns Ns Ns s % x NS NS 6000 4 » * * 5 109, e x & Ns #5 Ns &
B k1
6 7 10 4000 Z 1 %%
. ?. a t
L g1 &
24 s S 2000 5 01
© [j 2 o1 2 %' S
= 20
=) =)
2 2 ool 0 rlt.\% 20
0 = 0.001 -2000 0.001
purity  ploidy CD28 OX40CDI137CD27CTLA4PD1  B7-1 TIGIT CD39 ¢ & & D28 0X40CD137CD27CTLA4PD1  B7-1 TIGIT CD39
Sy \{y»
& ¢ F
1 « T N
100
=
£
g
& 80+
Q
: g
g g 604 -
5 (11
g o ¥
2 .
o 04 | e
5 =1
S .
> . z 20 4 3
” .o 5 et I
= Ll law o D3
"a e oq 0
15 : %g :5I‘ @L
192 ™
1 = M & §§ $e
1.0- ¥ S &L &
& ES
6- . §
EX] * * NS NS * * o = =~
5-

(1pxa) 22132 2Fesany






OEBPS/Images/fimmu.2023.1161417_cover.jpg
& frontiers | Frontiers in Immunology

T cell receptor and B cell receptor exhibit
unique signatures in tumor and adjacent
non-tumor tissues of hepatocellular
carcinoma





OEBPS/Images/table1.jpg
Characteristics Cases Frequency

Total patients 64

Sex

Male 55 85.9%
Female 9 14.1%
Age

18 1 40y gl 17.2%
40~60y 39 60.9%
60y 14 21.9%
HBV-related

Yes 59 92.2%
No 5 7.8%
Stage 7

Early 31 48.4%
Advanced 33 51.6%
Grade 7
High/Mediate-High 11 17.2%
Mediate 46 71.9%
Others 7 10.9%

Vascular invasion

Yes 21 32.8%
No 43 67.2%

Recurrence/Metastatic

Yes 35 54.7%
No 24 37.5%
Unknown 5 7.8%
Status 7

Alive 41 64.1%
Died 17 26.6%

Censored 6 9.3%





