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            Abstract
Primary tumors may create the premetastatic niche in secondary organs for subsequent metastasis. Humoral immunity contributes to the progression of certain cancers, but the roles of B cells and their derived antibodies in premetastatic niche formation are poorly defined. Using a mouse model of spontaneous lymph node metastasis of breast cancer, we show that primary tumors induced B cell accumulation in draining lymph nodes. These B cells selectively promoted lymph node metastasis by producing pathogenic IgG that targeted glycosylated membrane protein HSPA4, and activated the HSPA4-binding protein ITGB5 and the downstream Src/NF-ÎºB pathway in tumor cells for CXCR4/SDF1Î±-axis-mediated metastasis. High serum anti-HSPA4 IgG was correlated with high tumor HSPA4 expression and poor prognosis of breast cancer subjects. Our findings identify a key role for tumor-educated B cells and their derived antibodies in lymph node premetastatic niche formation, providing potential targets for cancer intervention.
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                    Fig. 1: Characteristics of B cells in DLNs of breast-cancer-bearing mice.[image: ]


Fig. 2: B cells promote breast cancer lymph node metastasis though pathogenic antibodies.[image: ]


Fig. 3: Pathogenic IgG promotes lymph node metastasis through CXCR4/SDF1Î± axis.[image: ]


Fig. 4: Pathogenic IgG activates CXCR4/SDF1Î± axis via NF-ÎºB pathway by binding to the tumor glycosylated membrane protein HSPA4.[image: ]


Fig. 5: Pathogenic IgG and HSPA4 ligation activates Src/NF-ÎºB pathway via interacting with ITGB5.[image: ]


Fig. 6: High serum anti-HSPA4 IgG is positively correlated with high tumor cell HSPA4 expression and lymph node metastasis in breast cancer subjects.[image: ]
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Extended data

Extended Data Fig. 1 B cell profiles in peripheral blood, spleen and bone marrow of tumor-bearing mice.
(a) Immunohistochemistry staining of B cells with anti-CD19 antibody in DLN, NDLN and NLN. Scale bars, 500Î¼m. (b) Proportions of CD4â€‰+â€‰T cells, CD8â€‰+â€‰T cells, dendritic cells (DCs, Ia/eâ€‰+â€‰CD11Chi) and macrophages (CD11bhi F4/80â€‰+â€‰) were detected by flow cytometry in DLNs collected from 0 to 28 days after 4T1 tumor inoculation. (c) The proportions (left) and absolute numbers (right) of B cells in lymph nodes after EMT6 inoculation are shown in linear graph (nâ€‰=â€‰4 biologically independent animals for each time point). (d) Proportions of B cells (CD19â€‰+â€‰) within mononuclear cells were detected in peripheral blood (d), spleen (h), and bone marrow (l) at day 21 after tumor burden (nâ€‰=â€‰6 biologically independent animals). (e) Proportions of B cells (CD19â€‰+â€‰) within lymphocytes were detected in peripheral blood (e), spleen (i), and bone marrow (m) at day 21 after tumor burden (nâ€‰=â€‰6 biologically independent animals). (f) Absolute numbers of B cells (CD19â€‰+â€‰) were detected in peripheral blood (f, per 200â€‰Î¼l volume), spleen (j), and bone marrow (n, per one lower limb) at day 21 after tumor burden. (g) B cell subsets in peripheral blood (g), spleen (k), and bone marrow (o) were detected at day 21 after tumor burden (nâ€‰=â€‰6 biologically independent animals). Unpaired two-tailed Studentâ€™s t-tests for d-o. Data are plotted as mean +/âˆ’ s.d., which are representative of two (b-o) and three (a) independent replicates.


Extended Data Fig. 2 Characteristics of tumor-induced B cell and LN stromal cells in different lymph nodes.
(a) Semi-qPCR analysis of IgÎ± and luciferase gene expression in lymph node extracts. Î²-actin was assayed as a control. (b,c) Representative FACS staining of BrdUâ€‰+â€‰B cells (gated on CD19â€‰+â€‰) detected in DLNs, non-DLNs and NLNs at 14 days after BrdU feeding (b), and proportions of BrdUâ€‰+â€‰B cells are also showed in histogram (nâ€‰=â€‰5 biologically independent animals) (c). Unpaired two-tailed Studentâ€™s t-tests. (d) Stromal cells from DLNs or NLNs were pre-coated on the plates, and B cells cultured without serum were seeded on transwell chambers (3â€‰Âµm pore size). Chemoattractant B cells (CD19â€‰+â€‰) were counted 20â€‰h after incubation by FACS (nâ€‰=â€‰6 biologically independent samples). Unpaired two-tailed Studentâ€™s t-tests. (e) Network of the top 5 increased phosphorylated proteins identified by phosphoprotein profiling with antibody microarray. Red nodes represent phosphorylated proteins with node size for quantity of protein, and green nodes represent related pathways. (f) List of top 20 genes unregulated in DLN B cells vs NLN B cells in the gene chip. The genes withâ˜…are immunoglobulin-related. (g) Four subsets of LN stromal cells according to the expression of gp38 and CD31 were detected by flow cytometry. (h) Proportions (h) and quantitation (i) of four subsets of LN stromal cells detected by flow cytometry in NLNs, NDLNs and DLNs (nâ€‰=â€‰6 biologically independent animals). Unpaired two-tailed Studentâ€™s t-tests. Data for c, d, h and i are plotted as mean +/âˆ’ s.d. Data are representative of three (a-d, g-i) independent replicates.

                          Source data
                        


Extended Data Fig. 3 Surface markers and cytokine production of B cells in different LNs.
(a) Common surface markers of B cells in DLNs, non-DLNs and NLNs analyzed by FACS. (b) IL10, IL6, TNFÎ±, PGE2, TGFÎ², IFNÎ³, IL12p70, and IL2 produced by different B cells stimulated with LPS for 24â€‰h were detected by ELISA (nâ€‰=â€‰6 biologically independent samples). Data are plotted as mean +/âˆ’ s.d. Data are representative of three independent replicates.


Extended Data Fig. 4 Immunoglobulin production of different B cells from tumor-bearing mice.
(a,b) Î» chain of IgA, IgG1, IgG2a, IgG2b, IgG3, IgM, and IgE produced by different B cells stimulated with lipopolysaccharide (5â€‰Î¼g/ml) for 48â€‰h (nâ€‰=â€‰6 biologically independent samples) (a) or from mouse serum (nâ€‰=â€‰8 biologically independent animals) (b) were detected by CBA. (c,d) Îº chain (c) and Î» chain (d) of IgA, IgG1, IgG2a, IgG2b, IgG3, IgM, and IgE from MMTV-PyMT or WT mouse serum were detected by CBA (nâ€‰=â€‰6 biologically independent animals). (e) Quantitation of IgG using IgG1, IgG2a, IgG2b, IgG3 ELISA kits for normal and 4T1 tumor-bearing mouse serum (nâ€‰=â€‰6 biologically independent animals). (f) Quantitation of IgG using ELISA kits for MMTV-PyMT or WT mouse serum (nâ€‰=â€‰6 biologically independent animals). (g,h) Quantitation of IgG from different LNs (g) or 4T1 tumors (h) (nâ€‰=â€‰8 biologically independent animals). (i) Î» chain of IgG1, IgG2a, IgG2b, IgG3, IgA, IgM, and IgE produced by B cells from peripheral blood (i), spleen (k), and bone marrow (m) with 5â€‰Î¼g/ml lipopolysaccharide stimulation for 48â€‰h were detected by CBA (nâ€‰=â€‰6 biologically independent animals). (j) Îº chain of IgG1, IgG2a, IgG2b, IgG3, IgA, IgM, and IgE produced by B cells from peripheral blood (j), spleen (l), and bone marrow (n) with 5â€‰Î¼g/ml lipopolysaccharide stimulation for 48â€‰h were detected by CBA (nâ€‰=â€‰6 biologically independent animals). Unpaired two-tailed Studentâ€™s t-tests. Data are plotted as mean +/âˆ’ s.d., which are representative of three independent replicates.


Extended Data Fig. 5 B cells promote breast cancer LN metastasis though pathogenic antibodies.
(a) Qualitative analysis of normal and metastatic LNs from 4T1 tumor-bearing mice by H&E staining. Scale bars, 100â€‰Î¼m. (b) LN metastatic burden of normal or Bnull mice treated with PBS, normal or tumor Ig (nâ€‰=â€‰12 biologically independent animals). (c) Growth curves of tumors arising from 4T1 tumor cells in each group (nâ€‰=â€‰12 biologically independent animals). Mammary tumor growth was measured with a digital caliper. (d) Qualitative analysis of metastatic LNs from PyMT or PyMT/Bnull mice treated with PBS, normal or tumor Ig by H&E staining. Scale bars, 100â€‰Î¼m. (e) LN metastatic burden of PyMT or PyMT/Bnull mice treated with PBS, normal or tumor Ig (nâ€‰=â€‰10 biologically independent animals). (f) Lung metastatic burden of PyMT or PyMT/Bnull mice treated with PBS, normal or tumor immunoglobulin (nâ€‰=â€‰10 biologically independent animals). (g) Invasion assay of 1â€‰Ã—â€‰105 4T1 cells with or without immunoglobulin stimulation (nâ€‰=â€‰8 biologically independent samples). (h,i) Representative FACS staining of B cells (CD19â€‰+â€‰) and CD4â€‰+â€‰T cells was detected in LNs and spleens after control or anti-CD20 antibody treatment (nâ€‰=â€‰6 biologically independent animals) (h), and proportions of B cells are also showed in histogram (i). (j) Proportions of regulatory T cell (Tregs), CD8â€‰+â€‰T cells, macrophages and dendritic cells (DCs) related to CD4â€‰+â€‰T cells are showed in histogram (nâ€‰=â€‰6 biologically independent animals). Unpaired two-tailed Studentâ€™s t-tests. Data are plotted as mean +/âˆ’ s.d. Data are representative of two (c,h-j) and three (a,b,d-g) independent replicates.


Extended Data Fig. 6 Pathogenic IgG promotes LN metastasis through CXCR4/SDF1Î± axis.
(a) Related expression of candidate chemokine receptor genes stimulated by IgG was detected by quantitative PCR (nâ€‰=â€‰6 biologically independent samples). Î²-actin was assayed as a control. (b) Tumor cell migration assay of 1â€‰Ã—â€‰105 4T1 cells induced by immunoglobulin stimulation with or without RNA silence of CXCR2, CXCR4 and CCR2 (nâ€‰=â€‰6 biologically independent samples). Î²-actin was assayed as a control. (c) HIF1Î± stimulated by IgG for different times (12, 24, 48â€‰h) were detected by immunoblot. Î²-actin was assayed as a control. (d) Bnull mice were reinfused with either tumor immunoglobulin or ctrl immunoglobulin and inoculated 4T1 tumor cells with or without silence of Hif1Î±. Representative immunohistochemistry images of HIF1Î± and related CXCR4 expression stained in tumors from the four groups were shown. Scale bars, 50Î¼m. (e) Expression of PGE2 in tumor cells stimulated by ctrl immunoglobulin or tumor immunoglobulin for different times (12, 24, 48â€‰h) (nâ€‰=â€‰6 biologically independent samples). (f) Bnull mice were reinfused with either tumor immunoglobulin or ctrl immunoglobulin and inoculated 4T1 tumor cells with or without treatment of COX2 inhibitor celecoxib. Representative immunohistochemistry images of SDF1Î± expression stained in LNs from the four groups were shown. Scale bars, 50Î¼m. (g) Related expression of Sdf1Î± in four subsets of stromal cells from DLN, NDLN and NLN was detected by quantitative PCR (nâ€‰=â€‰6 biologically independent animals). Î²-actin was assayed as a control. In all panels, data are plotted as mean +/âˆ’ s.d. and analyzed using unpaired two-tailed Studentâ€™s t-tests. Data are representative of three independent replicates.

                          Source data
                        


Extended Data Fig. 7 Pathogenic IgG activates CXCR4/SDF1Î± axis through NF-ÎºB pathway via binding with HSPA4.
(a) mRNA expression of Cxcr4 in tumor cells pretreated with PDTC, SB203580, SP600125, PD98059, or wortmannin and then stimulated by pathogenic immunoglobulin for 24â€‰h (nâ€‰=â€‰5 biologically independent samples). (b) CD16/32 expression of 4T1, EMT6 tumor cells and macrophages (positive control) were analyzed by FACS. (c) NF-ÎºB luciferase activation was measured using Dual-Luciferase Reporter Assay system 24â€‰h after transfection (nâ€‰=â€‰5 biologically independent samples). (d) Binding of whole lysates of 4T1 tumor cells by ctrl or tumor immunoglobulin was detected by western blot. (e) The list of candidate proteins for antigen screening from mass spectrometry analysis. (f) NF-ÎºB luciferase activation was measured using Dual-Luciferase Reporter Assay system 24â€‰h after transfection with or without silence of candidate genes (nâ€‰=â€‰5 biologically independent samples). (g) mRNA expression of Hspa4, Ncl, Itgb3 and Itgb5 in tumor cells (nâ€‰=â€‰6 biologically independent samples). (h) HSPA4-Flag and Myc-tagged Ncl, Itgb3, Itgb5 were transfected into tumor cells. Then HSPA4-Flag was immunoprecipitated and other proteins were blotted by anti-Myc antibody. (i) Flag-tagged Hspa4 and Itgb5 were transfected into 4T1 cells. These proteins were immunoprecipitated (IP) with anti-flag antibody and immunoblotted (IB) with normal or tumor immunoglobulin. (j) Immunoblot analysis of HSPA4 level in HSPA4 knock-out (KO) (j) or ITGB5 level in ITGB5âˆ’KO (k) tumor cells. (l) Different N-glycosylation sites in the peptide of HSPA4 purified from 4T1, B16/F10 and Hepa 1-6 cells are characterized by mass spectrometry. Red color, underscore, italic represents N-glycosylation sites in 4T1, B16/F10 and Hepa 1-6 cells respectively. (m) Î» chain of IgG1, IgG2a, IgG2b, IgG3, IgA, IgM and IgE from the serum of WT or two HSPA4-KO clone bearing mice (nâ€‰=â€‰8 biologically independent animals) were detected by CBA. (n) Representative immunohistochemistry images of CXCR4, and PGE2 expression in tumors with or without HSPA4 knock out. Scale bars, 50â€‰Î¼m. In all panels, data are plotted as mean +/âˆ’ s.d. and analyzed using unpaired two-tailed Studentâ€™s t-tests. Data are representative of three (a-k, m,n) independent replicates.

                          Source data
                        


Extended Data Fig. 8 ITGB5 knock out impaired CXCR4, PGE2 and SDF1Î± expression and LN metastasis.
(a) Representative immunohistochemistry images of CXCR4, PGE2 expression in tumors and SDF1Î± expression in LNs with or without ITGB5 knock out. Scale bars, 50Î¼m. (b) Statistics of metastatic LNs from WT or two ITGB5-KO clone bearing mice (nâ€‰=â€‰8 biologically independent animals). (c) IgG subclass analysis of anti-HSPA4 immunoglobulin was detected by ELISA (nâ€‰=â€‰5 biologically independent samples). Data are plotted as mean +/âˆ’ s.d. and analyzed using unpaired two-tailed Studentâ€™s t-tests. Data are representative of three independent replicates.


Extended Data Fig. 9 High serum anti-HSPA4 IgG is positively correlated with high tumor cell HSPA4 expression and LN metastasis in breast cancer subjects.
(a) Representative images of negative, weak, median and strong expression of HSPA4 in tumor tissues from subjects with invasive ductal carcinoma (IDC). Scale bars, 50Î¼m. (b) Schematic illustration for the detection of serum anti-HSPA4 IgG levels by enzyme-linked immunosorbent assay (ELISA). (c,d) Representative immunohistochemistry images (c) and comparison (d) of SDF1Î± expression in benign LNs from breast cancer subjects with (LNâ€‰+â€‰, nâ€‰=â€‰56 biologically independent subject samples) or without (LN-, nâ€‰=â€‰52 biologically independent subject samples) LN metastasis. Unpaired two-tailed Studentâ€™s t-tests. (e) Immunofluorescent analysis of Î±SMA and SDF1Î± expression in LNs from subjects with IDC. Scale bars, 50Î¼m. (f) Representative immunohistochemistry images of HSPA4, CXCR4 expression in tumors and SDF1Î± expression in LNs from three subjects with IDC. Scale bars, 50Î¼m. Data are representative of three independent replicates for a,c-f.


Extended Data Fig. 10 Working model.
Working model of B cells in the promotion of breast cancer metastasis to lymph node (LN) via pathogenic antibodies which target tumor antigen HSPA4 to activate CXCR4/SDF1Î± axis in cancer cells through ITGB5 and Src/NF-ÎºB pathway.
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