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            Abstract
Tumours often contain B cells and plasma cells but the antigen specificity of these intratumoral B cells is not well understood1,2,3,4,5,6,7,8. Here we show that human papillomavirus (HPV)-specific B cell responses are detectable in samples from patients with HPV-positive head and neck cancers, with active production of HPV-specific IgG antibodies in situ. HPV-specific antibody secreting cells (ASCs) were present in the tumour microenvironment, with minimal bystander recruitment of influenza-specific cells, suggesting a localized and antigen-specific ASC response. HPV-specific ASC responses correlated with titres of plasma IgG and were directed against the HPV proteins E2, E6 and E7, with the most dominant response against E2. Using intratumoral B cells and plasma cells, we generated several HPV-specific human monoclonal antibodies, which exhibited a high degree of somatic hypermutation, consistent with chronic antigen exposure. Single-cell RNA sequencing analyses detected activated B cells, germinal centre B cells and ASCs within the tumour microenvironment. Compared with the tumour parenchyma, B cells and ASCs were preferentially localized in the tumour stroma, with well-formed clusters of activated B cells indicating ongoing germinal centre reactions. Overall, we show that antigen-specific activated and germinal centre B cells as well as plasma cells can be found in the tumour microenvironment. Our findings provide a better understanding of humoral immune responses in human cancer and suggest that tumour-infiltrating B cells could be harnessed for the development of therapeutic agents.
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                    Fig. 1: HPV-specific antibody-secreting cells are present in the TME of patients withÂ HPV-positive HNSCC.


Fig. 2: HPV-specific IgG antibody titres correlate with HPV-specific IgG-secreting cells in the TME.


Fig. 3: Generation of human monoclonal antibodies against HPV from patients with HNSCC.


Fig. 4: The TME contains activated B cells, germinal centre B cells and ASCs.


Fig. 5: Transcriptomic and spatial characterization of B cells and plasma cells in the TME.



                


                
                    
                
            

            
                Data availability

              
              The following protein sequences were used for generating recombinant HPV proteins: E2 (Uniprot P03120), E6 (Uniprot03126) and E7 (Uniprot P03129). RNA-seq and scRNA-seq data are available in the NCBI Gene Expression Omnibus (GEO) database under the SuperSeries accession numbers GSE149327 and GSE153559, respectively. Normalized gene expression counts of sorted B cell subsets are available in Supplementary Table 1. HPV-specific monoclonal antibodies are available with a completed Material Transfer Agreement. Other relevant data are available from the corresponding authors upon reasonable request.

            

Code availability

              
              Custom code for RNA-seq and scRNA-seq is available from the corresponding authors upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 ASC responses in patients with HPV-positive HNSCC.
a, Sequencing-based HPV genotyping of p16+ HNSCC cases (nÂ =Â 32). b, Representative ELISPOT showing total ASCs among lymphocytes from metLNs, primary tumours (TILs) and PBMCs of a patient with p16+ HNSCC. câ€“e, Summary graphs showing the frequency of ASCs producing IgG, IgA and IgM among lymphocytes from metLNs (nÂ =Â 37) (c), TILs (nÂ =Â 22) (d) or PBMCs (nÂ =Â 39) of patients with p16+ HNSCC (e). Data are meanÂ Â±Â s.e.m. ***PÂ =Â 0.0001, ****PÂ <Â 0.0001 (c); **PÂ =Â 0.0021, ****PÂ <Â 0.0001 (d); ****PÂ <Â 0.0001 (e), Friedman test with two-sided Dunnâ€™s multiple comparisons test. Not significant (ns)Â =Â 0.1720. f, Representative ELISPOT of E2/6/7-specific IgG-secreting ASCs in PBMCs, metLNs and TILs of a patient with p16+ HNSCC. MBP indicates negative control. g, Correlation (Spearman) of antigen-specific IgG-secreting ASCs in metLNs and TILs (nÂ =Â 18 patients) with rÂ =Â 0.7536 and PÂ <Â 0.0001.


Extended Data Fig. 2 Patients with HPV-negative HNSCC exhibit reduced lymphocyte infiltration into the tumour and lack HPV-specific ASCs.
a, Number of isolated lymphocytes per gram primary tumour in patients with p16+ (nÂ =Â 35) and p16âˆ’ (nÂ =Â 9) HNSCC. ***PÂ =Â 0.0007, two-tailed Mannâ€“Whitney test. b, Frequency of ASCs producing IgG, IgA and IgM among lymphocytes from metLNs of patients with p16+ (nÂ =Â 37) and p16âˆ’ (nÂ =Â 6 for IgG, nÂ =Â 5 for IgA and IgM) HNSCC. c, Frequency of E2/6/7-specific IgG-secreting ASCs among total IgG-secreting ASCs in metLNs (nÂ =Â 6) and TILs (nÂ =Â 1) of patients with p16âˆ’ HNSCC. d, Frequency of E2/6/7- and influenza-specific IgG+ MBCs among total IgG+ MBCs in the peripheral blood of patients with p16+ (nÂ =Â 27) and p16âˆ’ (nÂ =Â 9) HNSCC. Numbers indicate detected responses among tested samples. Data are meanÂ Â±Â s.e.m.


Extended Data Fig. 3 Serological analyses.
aâ€“c, IgG titres against E2 (a), E6 (b) and E7 (c) in plasma of healthy individuals (nÂ =Â 50) and patients with p16+ HNSCC (nÂ =Â 39). Data are median and quartiles. ****PÂ <Â 0.0001, two-tailed Mannâ€“Whitney test. d, e, E2/6/7-specific IgA (d) and IgM (e) titres in plasma of patients with p16+ HNSCC (nÂ =Â 39). f, E2/6/7-specific IgG titres in plasma of p16+ patients and graph demonstrating an IgG response against at least two HPV proteins in the vast majority of patients (nÂ =Â 39). Data are median and quartiles. ***PÂ =Â 0.0006, Friedman test with two-sided Dunnâ€™s multiple comparisons test. ns,Â 0.1852. g, Heat map showing E2/6/7-specific IgG antibody titres in patients with p16+ HNSCC (nÂ =Â 39) with each column representing a patient. h, Correlation (Spearman) between E2/6/7-specific IgG+ ASCs in primary tumour and E2/6/7-specific IgG titres in plasma (nÂ =Â 18 patients) with rÂ =Â 0.7343 and PÂ <Â 0.0001.


Extended Data Fig. 4 Human monoclonal antibodies against HPV E antigens.
a, Clustered binding pattern of E2-specific monoclonal antibodies performed by competition ELISA. Recognition of linear epitopes was determined by western blot. b, ELISA of E6-specific antibodies (21E2, 21E11, 21H3) generated from single-cell sorted ASCs from metLNs of a patient with HPV+ HNSCC. An E2-specific monoclonal antibody 22B10) is shown as negative control. a.u., arbitrary units. c, Number of SHMs in the Vh and Vl chain of E6-specific monoclonal antibodies (nÂ =Â 3) with indicated mean.


Extended Data Fig. 5 Activated cells of the B cell lineage from the TME are present in distinct clusters.
a, UMAP plots showing enrichment for ABC, ASC, GCB and proliferation gene sets. b, Violin plots showing gene set enrichment scores among the four clusters identified by scRNA-seq. P values determined by two-sided Pearsonâ€™s Chi-squared test for binary variables with Yates continuity correction. c, UMAP plots showing expression of selected genes. d, UMAP plots showing distribution of cells of the indicated patient and tissue origin (in red) among the identified clusters. Bar graphs quantifying the composition of the respective sample in terms of frequency among the identified clusters: ASCs, ABCs, GCBs and transitory cells.


Extended Data Fig. 6 Gene expression of cytokines and other immunomodulators by B cells and plasma cells in the TME.
a, Flow plots showing the presence of ASCs and ABCs but absence of germinal centre (GC) B cells in the peripheral blood of a healthy volunteer 7 days after vaccination with Fluarix. b, ASC ELISPOT showing total IgG/A/M-secreting cells (top) and influenza-specific IgG/A/M-secreting cells (bottom) in PBMCs 7 days after vaccination with Fluarix. c, Representative histogram of ASCs from peripheral blood (red) or metLNs (blue) of patients with p16+ HNSCC showing Ki67 expression. Numbers indicate frequency of Ki67+ cells among total ASCs. Summary graph showing paired frequencies of Ki67-expressing ASCs in PBMCs, metLNs and TILs (nÂ =Â 14). ****PÂ <Â 0.0001, paired two-tailed t-test. d, Heat map showing gene expression (normalized reads) of selected cytokines and immunomodulators as well as CD19 and CXCR5 as reference. Immunomodulators related to B cells and previously described as negative regulators in the TME are highlighted in red. An expression threshold was set to 50 normalized reads, with reads less than 50 displayed in white.


Extended Data Fig. 7 Multiplex immunohistochemistry analysis of B cells and ASCs in the TME.
a, Representative multiplex immunohistochemistry (mIHC) section of HPV+ HNSCC tumour (nÂ =Â 7) with B cell infiltrates and associated germinal centres (white arrows) (see also Fig. 5e). Seven-colour composite mIHC images of CD19, CD20, Ki67, IRF4, CD138, P16 and DAPI (left), individual images of CD20, CD19, Ki67, and IRF4 (middle), and high magnification (right) of a region of interest (white box). b, Frequency of Ki67+ and CD138+ ASCs (CD19+CD20âˆ’IRF4+) in mIHC sections of seven HPV+ HNSCC tumours. Data are meanÂ Â±Â s.e.m. c, Quantification of B cells (CD19+CD20+), ABCs (CD19+CD20+Ki67+), and ASCs (CD19+CD20âˆ’IRF4+) in the stroma and tumour parenchyma of three patients with HPVâˆ’ HNSCC.


Extended Data Fig. 8 Gating strategy for isolation and analysis of B cell subsets.
Gating strategy for B cell subsets used for flow cytometric analyses, bulk RNA-seq analyses, scRNA-seq analyses or the generation of E2-specific monoclonal antibodies. B cell subsets used for bulk RNA-seq analyses are highlighted in red: ASCs, ABCs and GCBs.


Extended Data Table 1 Patient characteristicsFull size table


Extended Data Table 2 List of antibodies and reagentsFull size table
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